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Abstract

Geological storage of C 02 in disused oil and gas reservoirs is perhaps the most promising 

technique to reduce C 02 emissions into the atmosphere because of the economic benefits that 

incremental oil recovery can bring in a tight energy market. However, the acceptance of this new 

paradigm will require a perception of geological storage as a safe and environmentally sound 

practice. Therefore, it is necessary to make C 02 storage predictable to avoid any negative impacts 

to the environment or society and implement a carbon emissions market. In the short-term, or 

injection stages, the main trapping element is a competent caprock, and its performance is a vital 

component of the risk assessment of any C 02 storage project. Geomechanics plays a key role in 

the performance assessment of the caprock and the reservoir as the hydraulic integrity of this 

system must be ensured both during the exploitation and production stages (pre-C02 injection), 

and during C 02 injection in any C 02-E0R storage project. The IEA Weybum C 02 Monitoring 

and Storage Project has offered a unique opportunity to conduct a geomechanical performance 

assessment of a caprock system overlying a large scale C 02-E0R storage project. New 

experimental facilities to evaluate the hydro-mechanical properties of caprocks at high pressures 

and high temperatures were built. In-situ stresses evolution and thermomechanical considerations 

were identified as the most relevant issues for any C 02-E0R storage project from a 

geomechanical perspective. In-situ stress measurements and downhole monitoring of pressure and 

temperature should become mandatory as part of the regulatory and/or operational process for 

these projects. These conclusions were achieved through the systematic use of performance 

assessment techniques that include scenario analysis, model development, and development of 

working criteria. Moreover, it was found that the Weybum field is a safe and sound sink for C 02 

storage as long as the C 02 injection does not cause the development of tensional thermal stresses 

in the caprock, and the injection pressure remains below the minimum horizontal stress. Finally a 

methodology to carry out geomechanical performance assessments in C 0 2-E0R storage projects 

and manage uncertainty was developed, which can be applied elsewhere.
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1 Introduction

1.1 Statem ent of the Problem

The natural greenhouse effect is a well-understood phenomenon whereby gases such as methane, 

ozone, carbon dioxide, and water vapor contribute to the warming of the earth’s atmosphere by 

absorbing and re-emitting the infrared or heat radiation [1]. Without this, global mean annual 

temperature would be about -6°C instead of the current 15°C [2], Among the different greenhouse 

gases (GHG) C 02 is not the most effective, with one molecule causing 0.13 times the effect of 

one molecule of CH4, however, C 02 accounts for around 56% of the anthropogenic greenhouse 

effect at present [3], and although hotly debated, there is growing acceptance that increasing C 02 

emissions are contributing to the rise of global temperature. The possible consequences of such 

climate change are causing international concern.

Geological storage can serve a powerful role as an emissions reduction technology but the 

acceptance of this new “paradigm” will require a view of geological storage as safe and 

environmentally sound. Caprock and reservoir integrity as well as an adequate understanding of 

the possible leakage mechanisms through the caprock is one of the technical development issues 

of critical importance to the safe and effective implementation of geological storage. The 

IEA'Weybum C 02 Monitoring and Storage Project offers one of the best opportunities to conduct 

a performance assessment of a caprock system overlying a large scale storage project.

The IE A Weyburn C 02 Monitoring and Storage Project is an enhanced oil recovery (EOR) 

project, where C 02 injection is used to carry out a miscible flood. The Weybum field is a matured 

reservoir, and although depleted oil and gas reservoirs are regarded as safe sinks for geological 

storage of greenhouse gases, the depletion of reservoirs can give rise to a variety of coupled 

physical and chemical processes, which may affect the hydraulic integrity of bounding seals, both 

caprocks and wellbores. Therefore, the project presents not only the opportunity to carry out a 

performance assessment of a caprock system, but to gain a better understanding of safety issues 

associated with the history of the reservoir for storage projects.

1 1nternational Energy Agency

1

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.2 O bjectives and S cope

Geological storage of C 02 is a promising novel technology to reduce emissions of C 0 2 into the 

atmosphere. However, such a technology has many particularities, such as large scales and long 

timeframes that make it different from any other waste disposal technique. Consequently, there is 

the need for performance assessment of the system to gain confidence that C 02 storage is a safe 

and sound process. The IEA Weybum C 02 Monitoring and Storage Project is the first large-scale 

project in C 02-E0R storage in the world, and as such a prime opportunity to addresse many of 

the scientific and technical concerns that C 02 storage raises.

This thesis will put into context the geomechanics implications of injecting C 02 into deep 

geological formations and it will carry out the geomechanical performance of Weybum’s 

reservoir and caprock. The main research objectives are:

i. Develop an understanding of the impact that geomechanics has in the performance of the 

reservoir and its caprocks, with particular attention to caprock integrity.

ii. Carry out a geomechanical performance assessment of the caprock system at Weybum. 

This task will be accomplished through the following research tasks:

a. Utilize the available information of the Weybum reservoir to characterize it as 

well as its caprock, in order to build a realistic model for geological storage. Such 

a task will include geomechanical testing on Weybum’s anhydrites, gathering 

and interpretation of data such as geological studies, geophysical surveys, 

reservoir modeling and others.

b. To build an earth model that will put “numbers” to the caprock system geological 

model for the most relevant hydraulic, mechanical and seismical parameters, as 

well as any other relevant information for performance assessment.

c. Develop a geomechanical model, where the influence of the history of production 

and exploitation of the reservoir will be studied through geomechanical 

modeling. Such modeling will also include a sensitivity analysis of parameters 

such as in-situ stresses and material properties.

d. Analyze the specific scenario of salt dissolution, a phenomenon that has occurred 

extensively in the Williston Basin. Such analysis will include the influence of salt 

dissolution on the actual integrity of the reservoir, and the possible influence of 

future dissolution in the basin.

2
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iii. Using the geomechanical performance assessment of Weybum’s caprock system, a 

methodology will be developed and generalized to evaluate the geomechanical 

performance assessment of the sink and its caprock for geological storage projects.

1.3 Organization of Thesis

The concept of geological storage is presented in Chapter 2. It provides an overview o f the 

trapping mechanisms, the different types of geological sinks, and introduces the IEA Weybum 

C 02 Monitoring and Storage Project. In Chapter 3 an overview of the concept and general 

methodology of performance assessment is given, a working performance criterion is developed, 

and the particularities that geological storage of C 02 projects have for performance assessment 

are reviewed. Chapter 4 develops specific considerations for disused oil and gas reservoirs, 

focusing on the geomechanical issues that may affect the suitability of these formations as safe 

storage sites.

Chapter 5 details the laboratory work, presenting the triaxial testing apparatus developed for this 

project, and finally gives an overview of permeability techniques for low permeability 

geomaterials. Following Chapter 5, Chapter 6 presents the laboratory testing results, and 

contextualizes them with a literature review of behavior of anhydrites and shales as caprocks.

Chapter 7 develops the mechanical earth model at Weybum, which includes a review of the 

geology and hydrogeology of the site. Chapter 8 presents the results of the geomechanical 

modeling carried out to assess the reservoir integrity both during exploitation and production, and 

when the volume of C 02 injected is going to be maximized. Chapter 9 addresses the issue of what 

geomechanical impact salt dissolution in the Williston Basin may have in the reservoir and its 

hydraulic integrity. Then Chapter 10 studies the thermal effects associated with C 02 injection in 

the integrity of the reservoirs and its bounding seals.

Chapter 11 develops a methodology to assess the performance of a caprock for geological storage 

projects. Such a methodology encompasses all the knowledge and understanding gathered from 

the Weybum project in a pragmatic methodology that can be applied elsewhere. Finally, Chapter 

12 presents the conclusions and recommendations based on study of the geomechanical 

performance assessment of the Weybum Field.

3
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2 Geological Storage

2.1 Introduction

In 1958 the AAPG2 acceded to a request from the atomic energy industry to assist in the 

evaluation of geologic basins as possible sites for the safe subsurface disposal of radioactive 

wastes [4]. Likewise, in the early history of the petroleum industry operators injected salt-water 

wastes into shallow and deep permeable sandstones, until it became obvious that the brine was 

contaminating fresh-water sands, and subsequently became a regulated practice [4], Moreover, in 

the 1960’s different industries found in deep-well injection a possible solution for disposal of 

wastes, and by August of 1968, the first proceedings on “Subsurface Disposal in Geologic Basins 

-A  Study of Reservoir Strata-” were published by the AAPG [5].

By 1968 there were more than 110 deep industrial-waste injection wells in the United States, 

which were used for a large variety of wastes and in quite different conditions [6], From previous 

experience Warner [6] compiled a set of general considerations for carrying out waste-injection 

successfully. Among these considerations were:

• an injection zone with sufficient permeability, porosity, thickness, and areal extent to act 

as a reservoir;

• an injection zone that is vertically below the level of fresh-water circulation and is 

confined vertically by rocks that are, for practical purposes, impermeable to waste 

liquids.

By the 1990’s the concept of geological sequestration of GHG began to be explored. In 1992, 

Koide et al. [7] stated: “there exist huge volumes of unused aquifers in the earth due to high 

salinity of the groundwater. Deep aquifers can contain large amounts of C 02 in the form of 

compressed gas, liquid or aqueous solution under formation pressure”. Moreover, Koide et al. [7] 

raise concerns about the ideal geological setting that could act as a trap sequestering large 

volumes of C 02, limiting the risk of leakage out of the trap through a caprock to avoid the 

contamination of the sea or aquifers used for other purposes. In 1994 Hangebrauck [8] analyzed 

different options to mitigate carbon emissions into the atmosphere, including geological disposal. 

He posed some complex questions associated with capacity, rates of injection, and suitability of

2 American Association of Petroleum Geologists
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this option; as well as how the process may deteriorate the mechanical condition of the geological 

structures involved, and even what is the potential for catastrophic release of CO2 .

Therefore, the idea of waste storage in deep geological formations has been around for some time, 

and for geological storage of C 0 2 the concept has evolved into reality with the actual operation of 

C 02 storage facilities such as the Sleipner Field in the North Sea, and the IEA Weybum C 02 

Monitoring and Storage Project.

2.2 The Concept o f G eological Storage of GHG

In order to mitigate the effects of global warming seen recently, a reduction of carbon dioxide 

emissions must be accomplished by either using alternative sources of energy, capture and re­

utilization of carbon dioxide, or the long-term disposal of carbon dioxide [9]. In 1999, the 

Department of Energy (DOE) of United States published “Carbon Sequestration Research and 

Development’̂  10], a road map to develop the scientific understanding of carbon sequestration to 

make this option environmentally acceptable. DOE defines carbon sequestration as: “the capture 

and secure storage of carbon that would otherwise be emitted to or remain in the atmosphere. The 

idea is; (1) to keep carbon emissions produced by human activities from reaching the atmosphere 

by capturing and diverting them to secure storage, or (2) to remove carbon from the atmosphere 

by various means and store it”. The concept of geological storage of GHG falls into the first idea, 

where a geological formation is used as a container to store large volumes of GHG that otherwise 

will be emitted to the atmosphere. GHG are captured at large point sources such as power plants 

or natural gas reservoirs, and injected into geological formations. The most likely sinks are deep 

saline aquifers, disused oil and gas reservoirs, unmineable coalbeds or salt caverns.

Four primary mechanisms of trapping have been proposed for geological storage, Figure 2-1:

• Physical or hydrostratigraphic trapping, which results from C 02 migration driven by 

regional-scale flow velocities (most likely a few centimetres per year). Such low flow 

velocities would allow sufficient time for C 02 to dissolve into the formation water and 

become subject to diffusion, dispersion and convection [3, 9, 11],

• Solubility and ionic trapping in which C 02 is dissolved into the in-situ reservoir fluids 

[12],

• Geochemical trapping, which involves geochemical reactions that sequester C 02 in the 

form of carbonate minerals. The advantage of this trapping mechanism is that the 

minerals are stable and C 02 is effectively immobilized for geologically important

5
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timescales [3, 9, 11]. Over very long timescales, mineral trapping is likely to be the 

dominant trapping mechanism for C 02 [13],

• Irreducible saturation, which is that portion of the porosity from which residual C 02 

cannot be physically displaced. Its value is a function of the pore size and structure 

(strictly speaking, the C 02 can always be chemically removed by flowing undersaturated 

water around it).

Over time the dominance of these mechanisms changes. In the short-term or injection stages, the 

physical trapping where a competent caprock will provide the containment for the injected C 02 

whether it goes into solution or not, and before any geochemical reaction that can fix large 

volumes of C 02 for geological times can occur. The time scale and rate of each mechanism is site 

specific and depends on the type of formation used for storage and the fluids in the formation 

[12]. However, the caprock will see large injected volumes of C 02 that will dramatically increase 

near wellbore pressures, change the flow regime, the temperature, and the chemical environment 

in the sink. One primary concern in the short-term is the stability of the caprock seals, the 

integrity of the reservoir, and the sink reaction to a rapidly changing environment, which in turn 

affects their geomechanical, geochemical, and hydrogeological properties.

2.3 G eological Sink: What it is

A geological sink for C 02 storage is a system composed of a suitable porous medium for 

injection of large volumes of C 02 and competent bounding seals that will provide physical 

trapping. However, the porous medium and the caprock must have certain conditions as different 

authors have stated [3, 14-16], and these are compiled below.

2.3.1 The Porous Medium

The characteristics of the porous medium are a significant porosity and permeability, proximity to 

any anthropogenic C 02 source, and being located in a stable geological setting [3, 16]. Ideally, 

such a medium will be deeper than 800 m, a depth where temperature and pressure will guarantee 

that the C 02 is in supercritical state. C 02 in supercritical state has an average density of 700 

kg/m3, and as a consequence much less volume (<0.3%) compared to its gaseous form under 

surface conditions [16]. However, in the case of C 02-E0R storage projects shallower depths may 

be considered because the economics from oil recovery may drive the project.
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2.3.2 Bounding Seals

Bounding seals constitute the barrier against migration of CO2 in geological storage projects. 

Bounding seals are compromised of two elements; the overlying (and possible underlying) 

caprocks and the wellbores used for reservoir access. The concept of seal or caprock is normally 

used in the evaluation of a potential hydrocarbon accumulation [17]. In this case, a seal is a 

sediment, rock or immobile fluid with a high to very high capillary entry pressure. Seal capacity 

is the capillary pressure at which hydrocarbon will leak into a seal. Therefore, when evaluating a 

seal as a component of a hydrocarbon accumulation, the two properties that characterize the seal 

are its capillary entry pressure and the hydrocarbon column height.

However, for geological storage the concept of seal or caprock is different. A seal or caprock is a 

geological formation capable of hydraulic sealing over geological times, that is it will maintain its 

sealing properties despite geomechanical, geochemical, and hydrogeological changes. Such a 

definition is vastly different from that of petroleum applications, making the performance 

assessment of caprocks rather complex because, essentially, a caprock is no longer a capillary 

seal at certain points in time and conditions, but a hydraulic seal in a changing environment over 

time.

The other bounding seals are wellbores used for reservoir access. A wellbore is a potential flow 

path for leakage because it is a channel through the overburden that connects the surface with the 

reservoir. It is important to note that a wellbore does not have to penetrate the reservoir to be a 

potential leakage path. As long as there is hydraulic communication between the well and the 

reservoir, C 02 can escape.

2.3.3 The Concept of Hydraulic Integrity

Hydraulic integrity is used qualitatively to describe whether a bounding seal -either a caprock or a 

wellbore- is performing adequately i.e., its transport properties are low enough that allows them 

to serve as hydraulic seals for geological storage. The hydraulic integrity of bounding seals can 

potentially change during the lifetime of a project, and in order to make C 02 storage viable, there 

must be enough knowledge and understanding as to how both exploitation and production (in the 

case of disused hydrocarbon pools), and the injection of C 02 affect hydraulic integrity, how that 

effect can be quantified, how it can be predicted and if the effect is detrimental, how it can be 

avoided or mitigated.
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2.4 P ossib le  G eological Sinks

Among the different options for geological sequestration of GHG are: depleted oil and gas 

reservoirs, abandoned salt caverns, the ocean, unmineable coal beds, and deep saline aquifers, 

Figure 2-2. Each of these has its own advantages and disadvantages, and even objectives, as will 

be seen below. Also, it is important to be aware that the volumes of carbon that can be sequester 

in each of these formations is substantially different, Table 2-1.

Table 2-1. Estimate of the volumes of C02 that can be sequestered below surface [18]

Sequestration Option Worldwide Capacity3

Oceans 1000s GtC

Deep saline formations 100s-1000s GtC

Depleted oil and gas reservoirs 100s GtC

Coal seams 10s-l 00s GtC

2.4.1 Geological Storage in Deep Saline Aquifers

Deep saline aquifers have received a lot of attention because they are the most promising option 

for sequestration of GHG. First of all, there are deep saline aquifers almost everywhere, which 

means that usually there will be one of these formations near any source of GHG. Secondly, 

significant volumes of GHG could be stored within the porous space of deep saline aquifers, far 

more that can be stored in the other formations. Finally, as many authors have suggested, storage 

over geologically long time periods is likely in these formations [10, 13, 16, 19], Lateral 

containment in deep aquifers may not be necessary due to hydrodynamic and geochemical 

trapping within the aquifer, which could ultimately trap the C 02 over geologically long periods 

[20, 21], However, there is not economical profit in sequestering in deep aquifers as there is in 

enhanced oil recovery (EOR) or enhanced gas recovery (EGR); although if a carbon tax for

3 Worldwide total anthropogenic carbon emissions are ~7GtC per year (1 GtC=t billion metric tons of carbon 

equivalent).
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emitting GHG to the atmosphere is implemented, sequestration in deep aquifers may become very 

attractive as it is the case of the Sleipner West Field4 [22].

Bounding seal integrity in deep saline aquifers will likely be governed by the presence of pre­

existing discontinuities and the induced buoyancy driven flow of C 02 through those 

discontinuities. Concerns about leakage due to hydraulic fracturing or shearing of caprocks are 

minor because the facilities will be designed such that pressure build-up is minimized through 

injection of C 02 in “sweet spots” of large permeability, leading to minimal geomechanical impact 

on caprock integrity. However, an appropriate characterization of the reservoir will be 

challenging and unexpected issues may come along during operation.

The Sleipner Field is the first commercial sequestration project in the world, which is operated by 

the Norwegian company STATOIL [22, 23]. In this project STATOIL exploits the Sleipner gas 

field in the North Sea, but the C 02 content of the gas is between 4 to 9.5%, and Norway has in 

place an emissions tax. The project has been in operation since 1996, a million tonnes of C 02 are 

injected every year, and the project is planned to operate for 20 more years. STATOIL separates 

and injects the C 02 from the gas field into the Utsira Formation, a sandstone formation at 800 m 

depth, of excellent quality that allows high rates of injection, and where bottomhole pressures due 

to C 02 injection have changed very little [22, 23], Aquifer thickness ranges from 150 to 250 m, 

and is overlain by the thick Hordaland Shale Formation.

In deep saline aquifers it is likely the only wellbores present will be those related with storage of 

GHG, which are boreholes for site investigation, injection, and monitoring. Therefore, there is 

reasonable certainty that these wellbores will be drilled and completed with state of the art 

techniques. However, this does not guarantee its integrity both in the short- and especially in the 

long-term, so wellbores must be included in the performance assessment of the bounding seals.

2.4.2 Disused Oil and Gas Reservoirs

When an oil field ceases production it is because the field has become uneconomic, not because 

most of the oil has been produced. Disposal of C 02 in depleted oil reservoirs is used usually as an 

EOR technique, where C 02 is injected into mature reservoirs, and additional oil is recovered. C 0 2 

reduces the oil viscosity and interfacial tension (capillary pressure), increases the field pressures 

and improves the sweep efficiency resulting in the recovery of up to 40% of the residual oil [24].

4 Norway has a $38 carbon tax in place per tonne of C 02 emitted into the atmosphere.
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It is more attractive to consider the project as an EOR operation than purely storage of C 02. 

Moreover, the C 02 injected will eventually breakthrough at the producing wells with the 

recovered oil, making the residence time very short, and the amount of C 02 sequestered 

uncertain, although it is thought that much of the injected C 02 will remain stored [24],

On the other hand, storage of C 0 2 into gas reservoirs can be done either in abandoned fields, or in 

depleted but still active fields where gas recovery could be enhanced by C 02 injection [10]. The 

use of depleted gas reservoirs as waste repositories is not uncommon in petrochemical and oil and 

gas industries, and therefore the investigation into their ability as potential receptors for GHG is a 

natural extension. The amount of gas that is produced from the reservoir will determine the 

volume of pore space available for C 02, minus a few percentage points [21]. Ideally, depleted gas 

reservoirs should be utilized soon after abandonment to maximize the amount of pore space 

available for C 02 storage; otherwise, the available pore space will become occupied with water, 

resulting in less pore space for C 02 [21].

The integrity of bounding seals in disused oil and gas reservoirs presents many geomechanical 

challenges because of the history of the field, which will be addressed throughout this thesis, and 

presented in detail in Chapter 4.

2.4.3 Salt Caverns

Salt caverns have been used in the petroleum and petrochemical industries as underground 

storage vessels for oil and gas, and waste repositories. Bachu [16] suggested that a single salt 

cavern is capable of holding 500000m3, at up to 80% of the fracturing threshold pressure. 

However, because of the small volumes that can be stored and the scarce presence of salt 

deposits, this option is not practical for geological sequestration of GHG where the volumes to be 

stored are quite large, and the transport of GHG can be very expensive and risky.

2.4.4 Unmineable Coal Beds

The Western Canadian Basin is home to a large amount of coalbeds suitable for methane 

production. Coal Bed Sequestration (CBS) involves injection o f C 02 into deep unmineable 

coalbeds. Within the microstructure of the coalbed there is adsorbed methane, the amount of 

methane stored is based on the confining pressure, temperature and microporosity of the coal bed 

surface area. C 02 can be used as an EGR technique where for every molecule of CH4 desorbed, 

two molecules of C 02 will be adsorbed, based on adsorption isotherms [24]. The storage capacity 

for sequestering C 02 could potentially be similar to that of deep aquifers, with the added benefit
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of producing CH4 as a fuel source. Bachu et al. [24] suggest that CBS can potentially sequester 

CO2 for mid to long residence times, depending on the geological conditions. This technology 

appears to be promising, and research into this area is on going.

2.5 The IEA Weyburn C 0 2 Monitoring and Storage Project

The IEA Weybum C 02 Monitoring and Storage Project is a major research project that has as an 

overall objective of understanding the mechanism of and extent to which greenhouse gases, 

particularly carbon dioxide, can be permanently and safely sequestered/stored in geological 

formations [25]. The project will focus on the direct injection of C 02 into a partially depleted oil 

reservoir as part of a large-scale, commercial, enhanced oil recovery operation at Weybum, 

Saskatchewan, Figure 2-3. The C 0 2 is transported via pipeline from a gasification plant in 

Buelah, North Dakota. The goal is to confirm the ability of an oil reservoir to geologically 

contain, isolate and permanently store a significant amount of C 02. Furthermore, results will be 

applicable to other reservoir situations where permanent C 02 storage is contemplated. The 

ultimate deliverable is a credible assessment of the permanent containment of injected C 02 

determined by long-term predictive simulations and formal risk analysis techniques [25], Such 

assessment will help answer questions by regulatory bodies as to the safety and robustness of 

storage of large volumes of C 02 not only in the Williston Basin but also in other areas where 

geological similarities exist.

2.5.1 History of the Weybum Field

The Weybum Field is a major oil field in southeastern Saskatchewan, Canada. The Weybum 

Field was discovered in 1954. The oil is located in a carbonate reservoir of Mississippian age 

with an upper seal o f anhydrite. Initial oil in place is estimated at approximately 1.4 billion 

barrels (221000000 m3) [26]. The Weybum Field covers an area of about 180 km2 and produces 

22 to 33° API gravity crude oil from Mississippian shallow-water carbonates at a mean depth of 

1450 m [27], Pay thickness ranges from 5 m to over 30 m with an average of about 10 m. 

Following its discovery in 1954, the Weybum Field was exploited by primary depletion for about 

10 years. Production declined and in 1964 the reservoir was waterflooded, achieving maximum 

rates of more than 7000 m3/day by 1966. Production then decreased to 2000 m3/day by 1985. An 

aggressive vertical infill program began in 1986, bringing back the production to almost 4000 

m3/day. Horizontal drilling was introduced in 1991, becoming the favored production strategy for 

over 10 years. By the mid 1990s, planning for C 0 2 miscible flood was well underway and C 02 

injection began in the fall of 2000, Phase 1A area, Figure 2-4 [28, 29].
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The Weybum Field has undergone an aggressive scheme of production and stimulation, which 

raises certain concerns about the integrity of the reservoir to store CO2 . Therefore, it is necessary 

to evaluate the risk of loss of hydraulic integrity in the Weybum project in order to ensure that 

any volume of stored C 02 will be contained, and the rate of leakage is within acceptable limits. 

Any performance assessment for an EOR project must be divided in two components: (i) evaluate 

the evolution of the hydraulic integrity of the reservoir from the moment production is initiated, 

until injection of C 02 begins (pre-C02 injection). These results will allow identification of critical 

areas for leakage, and will help with the design of the facilities and the monitoring scheme, (ii) 

Assess hydraulic integrity during injection and closure (C02 injection and abandonment). The 

two phases of the approach are a necessity. If the state of the bounding seal prior injection of C 02 

is unknown, it will be next to impossible to defend the integrity under the ensuing C 0 2 flooding 

conditions.
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2.6 Figures
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Figure 2-1. Trapping mechanisms for geological storage, modified after Benson et al. [12]

Figure 2-2. Geological storage options, courtesy of ARC
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3 Performance Assessment for C02-E0R Projects

3.1 Introduction

C 02 storage, as any other engineered waste disposal system must be designed to ensure that the 

risks of harmful waste release to the environment is so low that it is acceptable to the regulatory 

authorities and the public. A waste disposal system is considered successful when it performs, 

where performance requires considerations of safety, serviceability and affordability [30]. The 

ultimate goal of a performance assessment for geological storage of C 02 is to determine whether 

the C 02 will remain in the reservoir over an extended period of time, or it will migrate into the 

overburden and eventually the ecosystem. However, there are clear differences between the 

requirements for both short- and long-term storage, which may be addressed considering each 

situation independently.

As was mentioned in Chapter 2, in the short-term or injection stages the main trapping element is 

a competent caprock, and in the long-term solubility and ionic, geochemical and/or irreducible 

saturation trapping will be the basic trapping mechanisms that will keep C 02 from reaching 

potable water sources and/or the biosphere, Figure 2-1. When the main mechanism is 

hydrostratigraphic trapping, the movement of the C 02 plume and the continuity and stability of 

the bounding seals will determine its performance. When solubity or geochemical trapping are the 

main mechanisms, the fluid properties, environmental conditions and chemical reactions between 

the plume and the rock will control its performance, and when irreducible saturation trapping is 

the control mechanism, its performance will be given by the pore structure of the porous media 

and the regional flow. Nonetheless, in the short-term the caprock and its performance assessment 

become critical to the successful implementation of geological storage of C 02.

Consequently, a C 02-E0R storage project must undergo a rigorous safety assessment to 

guarantee the optimum performance of the overall waste disposal system, and the performance of 

the different systems and subsystems. The present work is concerned specifically with the 

performance assessment of the caprock system at the Weybum Field; hence the basic concepts for 

performance assessment are reviewed in this chapter, highlighting the most relevant issues for 

C 02-E0R storage, and developing a preliminary methodology for the performance assessment of 

caprocks, which is developed in more detail in Chapter 10.
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3.2 Performance and Safety A ssessm en t

Performance assessment (PA) for waste disposal systems has its origins in the management of 

nuclear wastes and the seeking for approval of nuclear repositories. The Nuclear Energy 

Association (NEA) and the Organisation for Economic Co-operation and Development (OEDC) 

[31] define performance and safety assessments as “an analysis to predict the performance of a 

system or subsystem, followed by comparison of the results of such analysis with appropriate 

standards and criteria. A performance assessment becomes a safety assessment when the system 

under consideration is the overall waste disposal system and the performance measure is a global 

measure of impact on safety”. The major goals of a performance assessment are [31]:

• developing a sufficient understanding of the physical and chemical behavior of a disposal 

system;

• quantifying this understanding in order to allow predictions of future system behavior;

• assessing the uncertainties in the predictions; and

• convincing all relevant groups of the adequacy of the analyses.

From this definition it is clear that a performance assessment can be used for a variety of systems 

at different levels, while safety assessment is reserved for the overall system and its impact. A 

safety assessment consists of a number of interrelated elements, and there is constant feedback 

and iteration through the safety assessment, Figure 3-1 [31-33]:

• broad identification of the possible future evolution of the selected disposal system. This 

process is called scenario development;

• development and application of appropriate models;

• evaluation of potential consequences of release (leakage) and migration in an integrated 

assessment;

• uncertainty and sensitivity analysis;

• validation and review of all components of the assessment; and

• comparison of the results with criteria.

The U.S. Environmental Protection Agency (EPA) has a similar definition, but it is explicit about 

the use of probabilistic techniques within PA. PA is defined as “... an analysis that: (1) identifies 

the processes and events that might affect the disposal system; (2) examines the effects of these
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processes and events on the performance of the disposal system; and (3) estimates the cumulative 

releases of radionucleides, considering the associated uncertainties, caused by all significant 

processes and events. These estimates shall be incorporated into an overall probability 

distribution of cumulative releases to the extent practicable” [34].

In the case of geological storage of CO2 performance assessment is defined as “ ...the process of 

evaluating the behavior or “performance” of an element of a geological storage project relative to 

one or more performance standards. Performance has both engineering and safety aspects 

incorporated in the assessment. Thus, performance may be expressed in terms of the ability of the 

reservoir to retain the CO2 as a function of time. In order to assess such performance, the long­

term fate of C 02 initially injected into a geologic formation must be determined. Ultimately, if 

the C 02 migrates far enough to the environment, and the flux of C 02 to the environment is 

sufficiently low, that this does not pose a potential safety hazard” [35],

It is clear that the three definitions presented above for PA are in essence quite similar, and the 

differences are more methodological than anything else. In general terms the approach to 

performance and safety assessments includes the following interrelated steps [31, 32]:

• the wastes that require disposal need to be identified and characterized;

• the potential repository site must be identified and characterized;

• the engineering design for the repository must be specified;

• the main processes determining the leakage and migration of the waste from the disposal 

system to the ecosystem must be identified;

• the behavior and evolution of the disposal system must be studied;

• the disposal system’s overall behavior has to be evaluated. This step only applies to

safety assessments, not performance assessments; and,

• the assessment result has to be compared with the design goals and the regulatory criteria. 

This step only applies to the safety assessment. However, for performance assessment 

working criteria to different systems must be enforced, but they do not necessarily have 

to come from a regulatory body.

Also, it is important to undestand that PA is an iterative process [36], Initially, PA can be 

primarily exploratory and relatively simple. It provides opportunity for:

• uncertainty and sensitivity analysis;
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• gainining insight to the problem in hand;

• an external review and engagement of regulator and stakeholders, and initiation o f a

quality assurance (QA) program;

• setting the foundation for experimental programs and data development, as well as model 

development; and

• a computational structure for a fully integrated analysis to be developed.

Intermediate stages of PA are typically more complex, and usually present the best opportunity to 

push the limits in model complexity. Intermediate PA has the following qualities:

• there are improvements in the physical understanding of the problem and the models used

to simulate systems;

• there is a better gathering of information and knowledge from the different parties 

involved;

• it allows the identification of errors in both analysis and models;

• it gives more weight to uncertainty and sensitivity analysis, and external reviews are

more comprehensive; and

• there is a continuation in the engagement and education of stakeholders and regulators.

The final PA benefits from the experiences of the prior analyses. This iterative process pays 

dividends through:

• a well-defined and well tested analysis system;

• an analysis focused on recognized needs and requirements;

• the use of models that meet the requirements of the analysis, as well as accepted

simplified models;

• continuing to build its soundness on QA procedures emplaced and employed throughout 

the process; and,

• a more constructive and stronger interaction with reviewers, stakeholders, and regulators 

that have been involved throughout the PA.

18

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.2.1 Performance Assessment and Risk Management

Performance assessment forms a key component of a risk assessment for any geological storage 

project, and ultimately feeds into the entire risk management process. The risk management 

process provides a comprehensive decision process that aids decision-makers in identifying, 

analyzing, evaluating and controlling all types of risks, including risks to health and safety. The 

objective of risk management is to ensure that significant risks are identified and that appropriate 

action is taken to minimize these risks. Such actions are determined based on a balance of risk 

control strategies, their effectiveness and cost, and the needs, issues and concerns of stakeholders. 

Communication among stakeholders throughout the process is a critical element of this risk 

management process. Decisions made with respect to risk issues must balance the technical 

aspects of risk with the social and moral considerations in the project. The activities associated 

with performance assessment within the context of a full risk assessment are outlined in Figure 

3-2 [37].

3.3 Performance and Risk A ssessm en t Methodology for G eological 
Storage of CO2

Wildenborg et al. [38] have developed a methodology for safety assessment of CO2 sequestration 

that consists of three major steps, scenario analysis, model development and consequence 

analysis, Figure 3-3. This method is based on risk assessment studies on the storage of radioactive 

waste, but it has been adapted to the particularities and challenges that geological storage present.

3.3.1 Scenario Analysis

The core of the methodology is the systematic development of a limited number of scenarios that 

describe the risk sources, migration and impact routes relevant to health, safety and environment 

(HSE) [39], A scenario consists of an assemblage of interdependent features, events and 

processes (FEPs). Thus, scenario development is the conception and definition of all possible 

futures to be considered in the subsequent modeling and consequence calculations [31, 32]. 

Systematic approaches to the development of scenarios are done currently through brainstorming 

sessions, databases, and many other engineering systems.

As was mentioned before, PA can be carried out either in a sub-system or the whole system. 

Leijnse et al. [40] recognize this fact, and split the system into what they call spatial 

compartments:

19

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



• C 02 containment zone consisting of the C 02 reservoir and the overlying seal. This thesis 

focuses on this sub-system, and it is called the caprock system in this work.

• Overburden in between the containment zone and exposure zone.

• C 02 exposure zone comprising the shallow saturated and undersaturated zone, fresh or 

marine surface water, and atmosphere.

• Preferential C 02 migration paths like the well zone or fault zone.

3.3.2 Model Development and Application

Once the scenarios have been defined, they need to be evaluated through mathematical modeling. 

A complete analysis of each scenario requires simulations by using individual models for 

different compartments that govern the transport of C 02 from the geosphere to the biosphere [38]. 

These models should be verified and validated, preferably using field data from natural or 

industrial analogues. Predictive models are necessary to assess possible consequences due to 

underperformance of different systems or subsystems in a waste disposal system. There are 

general procedures for the development and validation of such models. Nonetheless, a firm 

understanding of the relevant properties of the system’s constituents and their evolution remains a 

main prerequisite for successful modeling [31].

In general the input parameters, the geometry of the system, and the process operating the system 

are inherently uncertain. One method to cope with these uncertainties is to perform the 

assessment in a probabilistic manner [40]. However, computational limitations lead to a 

simplification of the model. Such simplifications must still capture the important physical and 

chemical processes that are intrinsic to the system, and the effect of simplification must be an 

overestimation of the consequences of C 02 leakage.

3.3.3 Consequence Analysis

The modeling results must be translated into consequences with respect to health, safety, and 

environment (HSE) [39]. The ultimate goal of data gathering, scenario development, and 

predictive modeling is an integrated assessment describing the characteristics of the system and 

quantifying the performance of the overall system as a function of time [31]. Such integrated 

assessments can be based in either detailed research models or simplified system models. The 

first ones are used to analyze different design and engineering options, and to provide defensible 

arguments as to whether certain processes are relevant or not. On the other hand, simplified
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system models are used to conduct a more robust or bounding analysis [31, 32]. The analysis of 

the consequences of the scenarios can be done either deterministically or probabilistically.

3.3.4 Confidence Building and Performance Criteria

Two aspects that need to be considered through this process are confidence building and the 

regulatory criteria in place. In the case of confidence building it is necessary to anticipate that the 

ultimate goal of a safety assessment is to provide a basis for well-founded decisions about a waste 

disposal system [31]. Consequently, the decision makers need to have confidence in the 

information, insights, and results provided by safety assessments. Such confidence is built 

through model validation, thorough documentation, and sound judgment. The final step in a 

safety assessment is to evaluate the results in the context of the established regulatory standards 

and criteria. The safety of a waste disposal system is judged after a clear presentation of the 

information obtained in an integrated assessment, consideration of the uncertainties associated 

with the assessment results, and a critical review by the decision-makers [31]. However, at 

present, there is not a regulatory criterion in place for geological storage of C 02.

3.4 The Observational Method

The observational method is a performance assessment tool and an integral part of risk 

management in geotechnical and geoenvironmental engineering. The method is effective for 

coping with uncertainty, especially from ground conditions, and it has been proven beyond a 

doubt [41]. Peck [42] embodies the following ingredients to the application of the method in soil 

mechanics:

• exploration to establish the general nature and properties of the deposit, but not 

necessarily in detail;

• assessment of the most probable conditions and the most unfavorable conceivable 

deviation from these conditions;

• establishment of design premised on the most probable conditions, with performance 

predictions for both this and the most unfavorable case;

• selection, in advance, of actions or modifications to be implemented for every foreseeable 

significant deviation from the design premise; and

• measurement of predicted quantities as construction proceeds, with planned 

modifications as necessary to suit the values obtained and conditions revealed.
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Summarizing, one hopes for the best, but plans for the worst, using measurements and 

observations to distinguish the two as events unfold [43]. Its principal limitation is that it can only 

be used if  the design can be altered during construction. Morgenstem [41] reviewed its use in 

environmental geotechnics, where the method has been successfully applied but found new 

limitations in highly regulated issues, the nature of decision-making related to environmental 

matters, and the issue of longevity (long-term predictions).

Nonetheless, the method has been applied successfully in mine waste management, ground 

remediation, landfill design, and even nuclear waste disposal (NWD). In NWD, despite the strict 

regulations, the complex decision-making process and the long-term requirements, a study by the 

Board on Radioactive Waste Management, U.S. National Research Council [44], advocated a 

strategy based on the following premise:

• Surprises are inevitable in the course of investigating any proposed site, and things are

bound to go wrong on a minor scale in the development of a repository.

• If the repository design can be changed in response to new information, minor problems

can be fixed without affecting safety, and major problems, if any appear, can be remedied 

before damage is done to the environment or the public health.

Morgenstem [41] clearly states that this approach is the observational method, and sees this as a 

recognition of the realities in geotechnical engineering. The strategy from the Board embodied 

key components of the observational method such as [41]:

• Start with the simplest description of what is known, so that the largest and most 

significant uncertainties can be identified early in the program and given priority 

attention.

• Meet problems as they emerge, instead of trying to anticipate in advance all the 

complexities of a natural geological environment.

• Define the goal broadly in ultimate performance terms, rather than immediate 

requirements, so that increased knowledge can be incorporated in the design at a specific 

site.

22

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.5 Approach to G eom echanical Performance A ssessm en t o f C 0 2-E0R  
Storage Projects

First, it is prudent to examine the characteristics and particularities that geological storage of C 02 

present, and that make its performance assessment different from other injection/disposal 

techniques. These include [14]:

• The volume, rates and duration of injection are anticipated to be orders of magnitude 

larger than any other similar injection that has been carried out to date.

• The residence time is on the order of hundred of years, which raises a set of scientific 

challenges from the point of view of modeling, monitoring, and performance assessment.

• The C 02 plume will cover a very large area; therefore the heterogeneities in the reservoir 

and its caprock will play a key role in C 02 migration, pressure build-up, geochemical 

reactions, and potential leakage flow paths.

• C 02 density and viscosity are lighter and lower, respectively, than surrounding fluids 

resulting in buoyancy driven flow, fingering, larger mobility and other related effects.

• Chemical reactions between C 02 and the existing rock mass can affect their 

hydromechanical properties, i.e. decrease permeability near the injection wells, or affect 

the hydraulic integrity of the caprock.

• In-situ effective stresses will change, resulting in consolidation (or swelling) and 

deformation. Such changes will affect the hydraulic integrity of the caprock because the 

permeability of geomaterials is strongly dependent on its mechanical behavior.

• Abandoned wells must remain sealed for very large periods of time with current estimates 

being 1,000 years. Short- and long-term mechanisms may cause leakages like improper 

sealing practice, reservoir and overburden deformation leading to shear of wellbores, 

unanticipated and unpredictable subsurface conditions, intersection with conductive 

discontinuities, and long-term degradation of seals.

As was seen in the first part of this chapter, the NWD ‘establishment’ has worked extensively 

through the years to establish a basic and reliable approach to performance assessment. Such an 

approach is very useful in the development and use of models of the different systems and 

subsystems. However, NWD and C 02 storage are two very different disposal systems, therefore 

the approach from NWD is not directly applicable in C 02-EOR storage because of the following 

reasons:
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• Nuclear wastes are much more harmful to humans, and the ecosystem in general.

• The NWD ‘industry’ can engineer its barriers. The bounding seals (barriers) in geological 

storage of GHG are the caprock and the wells. Caprocks cannot be engineered, and only 

preventive measurements like maximum injection pressures and temperature ranges can 

be specified. On the other hand wells can be engineered, but there are numerous 

uncertainties associated with the long-term performance of wellbores, and in EOR 

activities usually there is a large amount of existing wells in place already, which were 

not designed and abandoned considering long-term stability. Moreover, wells are a direct 

path to the biosphere.

• Site characterization is the most cumbersome activity for C 02 storage because of the 

large volume that a C 02 plume will cover. Moreover, in the case of C 02-E0R storage 

there is no luxury of choosing the most convenient storage site, and all efforts must focus 

on site characterization.

• There currently are no regulator criteria in place for geological storage of C 02.

On the other hand, in geotechnical and geoenvironmental engineering the observational method

has been the preferred tool for risk management and performance prediction. However, the 

methodology was envisioned for the design and construction of risky projects, while in C 02-E0R 

storage projects there is not design per se (except for wellbores and its abandonment), but the 

focus of the projects shift towards efficient operation, optimization of the EOR process, and long­

term storage of C 02. Considering the focus on geomechanical performance of the present work, a 

combination between the performance assessment methodology developed for NWD, and the 

geotechnical observational method would produce the best results.

From the foregoing discussion a geomechanical performance assessment approach for C 02-E0R 

projects must have the following steps:

Scenario Analysis

• Identification and characterization of the waste: in this case C 02 is the waste, which has 

been extensively studied [9, 45, 46], and is beyond the scope of this thesis. Clearly, 

geological storage of C 02 has been considered as an option for management of GHG 

because o f the large volumes of C 02 emitted, and properties of C 0 2 such as mobility and 

density.
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• Identification of potential geomechanical effects that can lead to leakage and migration of 

C 02 outside the caprock system: all the interactive processes between reservoir 

exploitation and production, EOR activities, and CO2 storage with the mechanical earth 

model (MEM), and C 02 itself that may lead to geomechanical failure must be identified. 

This is addressed in Chapter 4.

• Site characterization: the development of a MEM (Chapter 7) that collects and organizes 

all the geological, hydrogeological, and geomechanical information relevant, as well as 

the information gathered through reservoir characterization. This step will establish the 

most likely condition of the caprock system, as in the observational method, and identify 

the gaps in information and uncertainties of the system. In the case of CO2-EOR projects, 

usually the geological model and reservoir characterization are well developed, but the 

hydrogeological and geomechanical models can be relatively simple.

Model Development

• Evaluate the geomechanical performance: prediction of performance and sensitivity 

analysis must be conducted to evaluate the integrity of the reservoir pre- and post-C02 

injection. This step has two components, a performance assessment of the reservoir 

during years of exploitation and production, and performance predictions for the C 0 2- 

EOR storage project, Chapter 8.

• The performance of the caprock system must be evaluated against alternative scenarios 

such as faulting, tectonic activity, salt dissolution, drilling in the future and other. These 

scenarios can be evaluated using analytical tools but human intrusion. Chapter 9 will 

evaluate the effect of salt dissolution in the caprock system, considering the large 

amounts of salt that have been dissolved in the Williston Basin.

Evaluation against Regulatory Criteria

• Comparison of the assessment with performance criteria: the performance assessment and 

performance prediction carried out in the preceding step must be validated against 

performance criteria. Such criteria are developed later on in this chapter.

Monitoring and Observation

• Monitoring and verification: the predicted performance must be validated through 

monitoring, as in the observational method, to see if there is the need to implement an
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already developed contingency plan, that will establish clear safeguards as to what 

measures to undertake in the event of leakage.

3.5.1 The Caprock System

Following the definition of performance assessment, it is clear that PA can be carried out either in 

the whole system or components of the system. In the present thesis, the focus is on what it is 

called the caprock system, a component of the whole system that is made of the reservoir itself or 

primary sink, and its caprock.

3.6 Performance Criteria

A performance assessment cannot be carried out without criteria to establish whether the system 

is performing or undcrpcrforming. Therefore, it is necessary to establish these criteria for the 

caprock system. A review of caprock systems that have leaked or performed in an unexpected 

way due to geomechanical and hydrogeological issues, either in natural conditions or man-made 

facilities such as gas storage facilities, will serve as the base to establish the criteria. The 

following sections present a brief overview of these caprock systems and how they lost hydraulic 

integrity or performed unexpectedly.

3.6.1 Natural Analogues

Some oil and gas fields throughout the world have been found highly overpressured making them 

an excellent analogy for geological storage of GHG such as many fields in the North Sea, the 

Uinta Basin, fields in the Gulf of Mexico and so on. Some of these fields have been the subject of 

extensive studies to understand the cause of overpressuring, the hydrodynamic regime, the 

caprock properties, the process o f oil generation and migration, and other matters. Likewise, 

leakage has been identified in some of these fields; therefore a review from the point of view of 

deep-well injection of C 02 will give insight as to the possible causes of leakage and 

underperformance of caprocks.

3.6.1.1 The UK Central Graben

At the Central Graben of the North Sea, high levels of overpressuring are observed —up to 40 

MPa overpressure at 4500 m depth—, Figure 3-4 [47]. The distribution of overpressure is 

controlled by the low vertical permeability of thick Cenozoic mudstones, which inhibit vertical 

escape of fluids as the shales undergo compaction. A potentiometric map of the central section of 

the Central Graben shows that the heads in the graben coincide aerially with structural features.
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The axial Forties-Montrose High and marginal “Puffin” horst represent unexpected zones of low 

energy or head. It suggests that fluid escapes through the caprock at specific points. These zones 

or “Leak Points” are associated with low heads, high sandstone fluid pressures, and thin seals. 

The most likely mechanism that enhanced permeability in these zones is hydraulic fracturing, 

although that does not mean that is the only one. Leakage through these leak points is evidenced 

by heat flow anomalies, which unfortunately do not provide any information about how the 

leakage occurs, and the mechanical conditions of the caprock.

3.6.1.2 The Uinta Basin

The Altamont oil field in the deep Uinta Basin has been known for its large reservoir pressures, 

which approach lithostatic pressures. There have been an important number of studies about how 

these pressures are generated, and its evolution with time. Among these studies, the ones by 

Bredehoeft et al. [48] and McPherson and Bredehoeft [49] provide useful insight into this 

geological phenomenon. Through numerical modeling and permeability adjustments due to 

overpressuring, they were able to reproduce the existing conditions in the basin. A detailed 

examination of the results suggests that a trade-off between induced fracturing and oil generation 

must occur for the final value of overpressure to be consistent with the observed value [49].

3.6.1.3 The Snorre Field, Norway

The Snorre Field is an overpressured reservoir, which has a caprock formed by a thick shale of 

Cretaceous and Paleocene age [50, 51], Gaseous and liquid hydrocarbons are present in the 

caprock up to a few hundred meters above the reservoir, which have the same origin as the ones 

in the reservoir, and have likely been introduced from the underlying reservoir. Lieth et al. [51] 

suggested that the distribution of hydrocarbons in the caprock succession hints that they were 

largely emplaced through a bulk flow mechanism, which may be buoyancy driven where major 

faults apparently did not play an important role. The distribution and concentration of 

hydrocarbons in the caprock suggests a relationship with the occurrence of undercompaction or
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overpressuring or both, in a relatively dynamic system. 
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Figure 3-5 shows that the present pressures are about 82% of the vertical effective stress, which is 

about 90% of the fracture pressure from minifrac and leak-off tests, suggesting that leakage 

occurs through existing fractures instead of the formation of new ones [50], Therefore, it appears 

there is a critical pressure at which these fractures open as flow channels.

3. 6.1.4 Microfractures at the Frio Formation

Capuano [52] showed evidence of microfracturing and fluid flow in geopressured shales at depths 

of 3-5 km in the Frio Formation of the Texas Gulf Coast. He based his conclusions on the 

paragenetic relationship between the calcium sulfate structure fill and the later deposited organic 

material, and the more extensive alteration of the fracture margins, which indicates that these 

fractures were developed in-situ, and there was fluid flow and mineralization through them. Thin 

sections of shales at 3725 m showed that the sides of the fractures match so their origin must be 

tensional.

3.6.1.5 The Gullfaks Area, North Sea

Pore fluid pressure gradients in Lower Tertiary to Upper Jurasic mudrocks in the Gullfaks show 

significant variations, with a hydrostatic regime in the shallower formations, and large 

overpressures in Jurasic formations [53]. The presence of oil and gas in the shaly caprock seal, 

and post-Jurasic sediments has been frequently recorded, indicating hydrocarbon leakage.
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Pressure gradients in the Gullfalks field approach the lithostatic pressure gradient, therefore 

overpressure release by a combination of hydraulic fracturing and flow through a network of 

fractures could explain the presence of hydrocarbons above the caprock.

3.6.1.6 Fault Reactivation in a Tertiary Basin in south-East Asia

Multiple wells drilled in a Tertiary basin showed accumulation of hydrocarbons at depths 

between 1900 and 2000 m [54], Likewise there is a thermal anomaly at the same depth, and 

nearby wells showed the same anomaly at depths between 1800 to 2500 m. The properties of the 

hydrocarbons, and the thermal regime seem coincident with the hydrocarbons and thermal regime 

from an overpressured sandstone pool at a depth of 3000 to 3200 m. The confirmed deep source 

of these fluids and the amounts that have migrated during a short time interval can only be 

explained by active fluid migration along faults and fractures. A review of the stress-regime and 

structural geology of the basin indicates the presence of normal faults bounding the hydrocarbon 

pools. Such a geological setting combined with the overpressured pools seems to indicate 

episodic reactivation of the faults and a significant increase in the fault permeability, leading to 

leakage of hydrocarbons from the sandstone pools, Figure 3-6.

3.6.1.7 South Eugene Island 330 Field, G ulf o f  Mexico

A set of pools in the Gulf Mexico present different degrees of overpressuring [55]. The field is in 

a Pliocene-Pleistocene salt-withdrawal minibasin bounded to the north and east by a regional 

growth fault system and to the south by an antithetic fault system. Sand lenses embedded in 

shales, and bounded laterally by faults largely dominate the stratigraphy. The pools with larger 

overpressures have smaller oil columns, and their pressure at the top of the pool is close to the 

critical pressure to either reactive the bounding faults or induced hydraulic fracturing. On the 

other hand, reservoirs with large hydrocarbon columns are well below the critical pressure. 

Consequently, fault reactivation and hydraulic fracturing appear to be the mechanisms that 

control the amount of oil present in the largely overpressured pools.

3.6.2 Deep Storage and Disposal

Natural gas is stored in depleted gas and oil reservoirs, aquifers, and mined salt caverns to help 

meet cyclic seasonal and/or daily demands for gas. This activity has been carried out for almost a 

century, with a peak between the 1950s and 1980s. Consequently, the experience gathered from 

this technology can provide useful insight as to the performance of underground storage facilities. 

However, the information on performance of these projects seems limited, althougth there are
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some cases worth mentioning and reviewing, which will provide a better idea of the implications 

of injection and storage in geological formations.

3.6.2.1 Leroy Storage Facility

The Leroy gas storage facility is an aquifer storage development by Mountain Fuel Supply Co. in 

Uitna County [56]. This is a complex problem of gas storage in an aquifer because of 

uncontrolled migration of gas to the surface through both the wells and the caprock. Injection was 

carried out into the Thaynes Formation, although the Nugget Formation presented excellent 

potential for storage but was rejected due to the questionable integrity of the caprock.

The field was approved to initiate storage operations by the end of 1972 and by the end of 1973 

gas began flowing out around the surface casing of Well 3. Studies proved that the failure had 

occurred in the Twin Creek formation at approximately 415 m in the Well 4 with subsequent gas 

migration to Well 3. Corrosion seemed to be the reason for leakage, but it is still unknown how 

the gas migrated from Well 4 to Well 3, Figure 3-7.

Subsequent wells were drilled in the following years, Well 4 could not be repaired and a new well 

(4A) was drilled to replace 4, but by November of 1978 gas migration was confirmed on the 

surface by bubbling in the adjacent creek and pond. A survey during that month indicated that gas 

was bubbling to the surface at two areas, one in the vicinity of Well 11 and other near Well 7. On 

June 1980 a tracer was injected into the Well 4A, while the other wells were shut down, the tracer 

was identified in the surface nine days later close to the Well 11, Figure 3-7. A workover program 

in Well 4A was carried out, and by July of 1982 another tracer was introduced. In this instance, 

the tracer showed up 163 days after injection, indicating a longer path and reduced extent of 

migration.

All these problems lead to simulation and history matching of the leaky reservoir. The results 

suggested that the behaviour of the aquifer simulated a ‘valving’ effect, where a pressure 

threshold exists below which the aquifer storage had a proper seal, and above which the loss and 

continued migration of gas occurred. Figure 3-8 shows the pressure into the reservoir for three 

consecutive seasons (1978 to 1980) against the volume stored. It is clear how after the pressures 

exceed 1800 psi (12.4 MPa), the slope flattens indicating the valving behaviour. The reservoir is 

located approximately 1000 m below the ground level. The results indicate that there was leakage 

not only through the wells but also through the caprock, and that a pressure of 1850 psi should 

not be exceeded into the reservoir, otherwise leakage would be triggered.
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It is interesting to notice that the ‘valving’ pressure was substantially below the hydraulic 

fracturing pressure, which for a depth of 900 m assuming 1.8 MPa/100 m is 16.2 MPa. Again, as 

was seen with some overpressured reservoirs, large amounts of leakage can occur when the 

pressure in the reservoir is below hydraulic fracturing in an apparently competent caprock.

3.6.2.2 Suffield Upper Mannville I  (Gas Storage Project)

This is a massive project of gas storage in Alberta, which is operated AEC Oil and Gas Company, 

a Division of Alberta Energy Company Ltd [57]. Gas storage is carried out in a Lower Cretaceous 

pool, the Suffield Upper Mannville I Pool. The I Pool, is a north/south trending Lower Cretaceous 

linear sand body draped over a Mississippian high. The sand is relatively clean and homogeneous 

with well-sorted medium to coarse quartz and chert grains. Only a small quantity of clay is 

present.

During production of the field, build-up tests conducted showed an excellent pressure 

communication in the three producing wells. Usually these tests were run for short periods of 

time (72 hours) due to the high permeability and apparent rapid stabilization. During the 

evaluation of the storage project, simulations of the producing stage of the reservoir were carried 

out. These simulations could not explain the production history using the geological model 

previously constructed. To obtain a good match to the production and pressure data, a 

permeability barrier had to be placed in the reservoir between one of the wells and the other two.

Early during the first injection cycle, some anomalous pressure behaviour was observed at the gas 

storage wells, as the pool appeared to be pressuring up much faster than was anticipated. Based 

on this behaviour, it was theorized that the I Pool was composed of several interconnected lobes. 

Due to the low average production rate the pressure difference between regions was small; 

however, after injecting at high rates for only a few months, the pressure difference between the 

main lobe and the poorly connected regions became quite large as the gas could not migrate into 

the poorer areas as fast as it was being injected into the main body of the pool.

As a result of such anomalies a new 3D seismic program, as well as the drilling of new wells was 

carried out to perform further reservoir simulation studies. These studies provided a new 

interpretation of the I Pool as a longer and narrower reservoir, where the performance of the 

project was dramatically affected by reservoir heterogeneities along the length of the pool, and 

the location of the injection/withdrawal wells. This example is a clear case of 

compartmentalization of the reservoir, where an unexpected pressure response of the reservoir put 

in jeopardy the integrity of the caprock system. Its effects can be even more dramatic on a
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sequestration project, where the injected volumes and duration of the injection process are much 

larger than in any other storage project, and large pressures can have detrimental effects on the 

integrity of caprocks.

3.6.2.3 Well Problems in Natural Gas Storage

In natural gas storage, wells are the most likely places for operating accidents to occur [58]. 

These accidents are related to improper well design, construction, operation and maintenance, 

resulting in damaged casing, leaking pipe joints, and inadequate cementing of casings.

Thus, in the West Montebello oil and gas field, improperly plugged oil wells allowed the 

migration of natural gas into an overlying zone [59], The wells that created the problem were 

plugged again, and at present the storage project is inactive. In the McDonald Island gas storage 

field, California, the operators lost control of an injection/withdrawal well, which then caught 

fire. The well had to be plugged and abandoned [59],

A recent case was an eruption of natural gas built up under the city of Hutchinson, Kansas, killing 

two people [59], The gas apparently escaped from an injection/withdrawal well in the Yaggy 

natural gas storage field (a mined salt-cavem) located about seven miles northwest of the city. 

This case also shows how mobile a gas can be, and how quickly it can reach far distances. By 

plugging the damaged well, the problem was solved but 143 million cubic feet of gas had leaked 

from the facility.

3.6.3 Criteria

After reviewing the underperfomance or unexpected performance of caprock systems, a criterion 

made of three parts was established to evaluate the performance assessment of caprock systems:

i. the caprock has conductive features that can allow the migration of C 0 2 through, or that 

can easily become conductive with stress changes;

ii. the caprock fails mechanically due to either the processes of exploitation and production, 

or the process of C 0 2 injection. It will be considered that mechanical failure leads to 

permeability enhancement and underperformance of the caprock system; and,

iii. there is a potential external event (different from those presented in Chapter 4) that can 

lead to the mechanical failure of the caprock system. Events such as salt dissolution or 

tectonic activity.
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The second criterion may be controversial because it is well known that permeability begins 

increasing before reaching peak stresses and having a failure (in the mechanical sense) in brittle 

materials. However, as it will be seen in Chapter 6 , the permeability enhancement pre-failure is 

rather small compared with the post-failure one. Likewise, permeability is not always enhanced 

by mechanical failure, but to assume that it is always enhanced is a conservative assumption. 

Nonetheless, further examination of this topic in caprock materials such as shale and anhydrite 

deserves further investigation.

3.7 Uncertainty and its Management

Uncertainties are always present in performance assessment of complex systems. Although the 

methods to evaluate and quantify uncertainty may vary, there is agreement on the types of 

uncertainties that need to be considered [31, 60, 61]:

• Parameter uncertainty, such as incomplete datasets, sampling artifacts, or simply 

measurement uncertainty. It arises where single values cannot be defensively derived or 

defined for these parameters.

• Conceptual model uncertainty, which is due to incomplete system understanding, the use 

of an inadequate conceptual model, an overly simplified mathematical description; or 

because there may be more than one way of describing a process or system within a 

particular context and in accordance with the data available.

• Scenario uncertainty, which is caused by the possible omission of important events or 

processes, a faulty description of the system, or uncertainty in the evolution of the 

system.

There are several approaches to cope with uncertainty such as [31, 60]:

• systematic sensitivity analysis;

• use of geostatistical and/or stochastic models;

• use of conservative assumptions and/or parameters;

• integration of data from many geosciences and engineering areas;

• use of simplified models, underlain by detailed system understanding;

• use of a set of alternative conceptual models to investigate model uncertainty; and,

• use of independent expert judgment.
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However, a combination o f judgment, redundant designs, monitoring and verification, and 

flexible designs is still the best tool to manage uncertainty. The observational method has been an 

advocate of these concepts, and in the specific case of C 0 2 storage, redundant barriers design or 

the concept of “belt and suspenders” must be seen as a principle o f design as Peck advocates for 

dams [62], Thus, if the caprock system underperforms, further regional aquitards must act as 

defensive elements against leakage. Moreover, analytical work must be used as decision-making 

and uncertainty management tools rather than the final performance indicator. Whitman [63] 

states about that “ ... the true value of the analysis often lies in the insights and understandings 

that come from careful formulation of the problem....Engineers use analyses to sharpen their 

judgment...”. On the other hand, the biggest challenge that C 02-EOR storage projects faces is 

that lack of “belt and suspenders” when wellbores are the system under scrutiny.

Uncertainty and its management will be addressed throughout this thesis where considered 

necessary.

3.8 Summary

A combined approach of performance assessment techniques and the observational method 

provides the most efficient approach to evaluate the geomechanical performance of the caprock 

system for geological storage of C 02. The methodological approach of these techniques can 

potentially build on the soundness and robustness of the performance of the caprock system, as 

well as indicate the path to follow considering that an underperforming caprock system does not 

necessarily mean that C 0 2 cannot be stored safely in a given geological setting. Moreover, this 

process must be accompanied by good judgment and decision-making, as it is well recognized in 

geotechnics that actual failures result far more often from incorrect diagnosis of the processes 

operating in the field than from incorrect parameters used in their analysis [43].
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3.9 Figures
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Figure 3-1. Performance assessm ent methodology for NWD, modified after Howard et al.
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Figure 3-2. Risk management decision making process and the context of performance 
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Figure 3-4. Regional pressure-depth plot. Notice the numerous pressure gradients parallel 
to the hydrostatic pressure gradient, suggesting the presence of multiple pressure cells 

and the compartmentalization of the basin fluids, modified after Darby et al. [47]
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Figure 3-5. (a) Lithostratigraphy of the Viking Graben; and (b) Distribution of fluid 

pressures, minimum horizontal stress, and vertical stresses in the Snorre area, modified
after Caillet [50]
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Figure 3-6. (a) Three-dimensional block diagram including the fault that may have 

reactivated; (b) Mohr circle during fault reactivation. Failure envelope calculated from 

shales at ~1800 m that are used as analogues; (c) Pressure and stress versus depth as 
specific gravity, modified after Grauls and Baleix [54]
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Figure 3-7. Map of the Leroy Storage facility showing the wells with early leaks and the 

first tracer survey, modified after Araktingi et al. [56]
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4 Disused Oil and Gas Reservoirs as Sinks for Geological 
Storage of C02

4.1 Introduction

Within the current options undergoing investigation for suitability as geological sinks for C 02, 

disused oil and gas reservoirs are included along with salt caverns, coal beds, saline aquifers and 

EOR activities within hydrocarbon reservoirs. This chapter focuses specifically on the 

performance assessment issues associated with the use of disused oil and gas reservoirs as 

geological storage sites for the storage of C 02. Recent investigations to identify the barriers to 

overcome in the implementation of C 0 2 storage in disused oil and gas reservoirs has identified 

the following [64]:

• high costs of capturing, processing and transporting anthropogenic C 02 ;

• incomplete understanding of reservoir processes and storage methods;

• monitoring, verification and environmental safety of C 0 2 storage;

• lack of functioning emission trading system and storage regulations; and

• conflicts between C 0 2 sequestration and EOR or natural gas recovery.

This study and others [16] have concluded that disused oil and gas reservoirs can be considered as 

safe sinks for geological storage of C 0 2 because hydrocarbon reservoirs have existed within 

structural and stratigraphic traps over geological time and that this uniquely demonstrates their 

suitability for C 0 2 storage. From a performance assessment perspective, it will be shown that this 

is a simplified approach from the viewpoint of ensuring effective C 0 2 containment within the 

reservoir. Oil and gas reservoirs have usually undergone a variety of processes during primary 

recovery and may have been subjected to secondary and tertiary recovery processes. These 

reservoir production processes imply that the reservoir and the bounding sealing horizons 

(caprock) have undergone physical and/or chemical changes such as changes in in-situ effective 

stresses, consolidation, depressurization, repressurization and temperature. This chapter discusses 

how these various processes may impact the hydraulic integrity of the reservoir and caprock to 

the point where the initial hydraulic integrity prior to depletion may be sufficiently deteriorated. 

Understanding these processes is critical in the performance assessment of any disused oil and 

gas reservoir for geological storage.
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4.2 Caprock (Seals): Petroleum Approach vs. Storage Approach

Caprocks or seals -as commonly referred to in the petroleum literature—are a critical element for 

successful exploration and production, because in order for a hydrocarbon accumulation to exist 

there must be a seal or trap, and hydrocarbon charge. The recognition of this fact has lead to 

extensive study of seals to gain an insight of what makes a seal, what properties define a seal, 

which characteristics make an efficient seal, how faults, fractures and other discontinuities affect 

the seal, and what effect geomechanical, thermal, hydrogeologic, and geochemical changes have 

in its performance.

There are a number of distinctive geomechanical mechanisms that can affect the hydraulic 

integrity of caprocks, leading to leakage and/or failure of the seal, Figure 4-1 [65]. Effects from 

the initial massive injection can be classified as those that are storage-induced, and those that are 

storage-activated. Capillary leakage, hydraulic fracturing and shear deformation/fracturing of 

caprocks are considered as storage-induced; flow through faults, fractures and fissures are 

considered storage-activated. Tectonically active regions are considered separately. Moreover, an 

additional transport mechanism is diffusion, but it occurs independently of geomechanical 

changes. It is important to recognize in the case of disused oil and gas reservoirs how the history 

of exploitation and production may trigger and/or affect these mechanism, and lead to the loss of 

hydraulic integrity in bounding seals, Figure 4-2 [15].

4.2.1 Capillary Leakage

The dominant trapping mechanism is a combination of the ‘sealing forces’ [6 6 ], which are the 

entry capillary pressure and the intrinsic permeability of the caprock. Capillary leakage under 

hydrostatic conditions takes place when the C 0 2 columns build up beyond the equivalent entry 

pressure (EEP), and once the EEP has been overcome, the rate of movement is controlled by the 

intrinsic permeability of the caprock [6 6 ], Shales and evaporites are the seals of the 25 largest 

oilfields and 25 largest gasfields worldwide [67] and in general account for most of the caprocks 

worldwide. Mudstones and shales can hold very large hydrocarbon columns [67, 6 8 ]; however, 

recent experiments on capillary entry pressure with C 0 2 on both shales [69] and anhydrites [70] 

have shown that the entry pressure for C 0 2 is substantially lower than from N2, and it can be 

expected that it is lower than that of water. It reflects the difference in wettability and interfacial 

tension of C 0 2  and other fluids [69], Therefore, there is the need for more research as to what are 

the transport properties of caprocks when the flowing fluid is C 02. Nonetheless, the “sealing
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forces” and diffusion will likely be the controlling mechanisms for leakage through the caprock in 

the long-term.

4.2.2 Hydraulic Fracturing

If the capillary pressure is too high, seal fracture may occur by fracturing of the caprock. These 

fractures result from increased pore fluid pressures in the reservoir, and its contact with the 

caprock that will reduce the minimum effective stress below zero, and overcome the tensile 

strength of the rockmass. Once the fracture is formed, it will allow highly pressurized fluids to 

escape. This mechanism seems to be a constant for hydrocarbon leakage and migration in basin 

development due to overpressures [67, 6 8 ].

From the basin evolution perspective, generation of overpressures is a very slow and gradual 

process which may take geological times to occur and can cover large areas. Moreover, it is very 

likely that formed fractures may self-heal with time through precipitation of newly formed 

minerals. On the other hand, depleted reservoirs usually have gone through a series of aggressive 

processes both in magnitude and intensity that may have lead to localized hydrofracturing of the 

reservoir and its propagation through the caprock. Among those processes are changes in in-situ 

stresses or fluid pressures due to production, stimulation or thermal changes, and pressure build­

up due to changes in permeability inside the reservoir due to compaction, formation damage, and 

development of flow barriers among others. Furthermore, these fractures may self-seal (seal due 

to increase in stress) but the time scale is usually too short for self-healing, so they can re-open 

fairly easy with new changes in stresses and/or pressures during storage of C 02.

4.2.3 Pre-Existing Fissures and Fractures

The presence of fissures and fractures in an otherwise intact rock mass may enhance its 

permeability. It depends on the aperture and infilling of these joints, as well as their 

interconnectivity. Neuzil and Bleitz [71] found in studies of regional flow in the Cretaceous 

shales of mid North America that transmissive vertical to subvertical fractures connected by a 

network of horizontal to subhorizontal fissures and fractures control and allow the easy flow of 

fluids at a certain level of effective stress. However, the presence of such fractures does not 

always imply that the flow will be enhanced. Apparently other parameters may play a role, such 

as porosity, water content, and mineralogical composition, as shown by work on the Toumemire 

shales in France [72], and Opalinus clay in Switzerland [73-75].
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Healed fissures, in contrast, may have a lesser impact on permeability. Self-healing is associated 

mainly with two mechanisms. First, an increase in effective stress large enough to close the 

fissure will reduce its transmissivity to values similar of the intact rock mass in what is called 

self-sealing. Second, precipitation of newly formed minerals can heal the fissure -self-healing-. 

One concern is that the properties of a rock mass containing self-healed fissures and fractures are 

virtually indistinguishable from those of the same rock with no fractures, including its 

geophysical properties. It makes such fissures almost impossible to detect, still these fractures 

may re-open easily.

4.2.4 Shear Deformation/Fracturing

Dilatant shear deformation and fracturing may occur in top seals, and thus it is not always 

necessary to have extensional fractures (hydraulic fracturing) forming in response to high fluid 

pressure for leakage to take place. Such a mechanism of deformation and failure usually is 

associated with permeability enhancement. On the other hand, if the mechanism of deformation 

and fracturing is contraction, permeability might not be enhanced and may be reduced. Such a 

phenomenon has been studied in recent years for a variety of materials such as shales [76, 77], 

and salts [78]. It has been shown that where dilation is the mechanism of pre-failure deformation, 

permeability can be enhanced through the development of shear bands, microfractures, and 

ultimately creating a preferential flow path in the form of shear fractures.

This mechanism of failure has been often overlooked during basin modelling because of a series 

of reasons that comes from lack of appreciation, confusion with hydrofracturing, or modelling 

complications. Furthermore, in very slow processes, deformations and shear stresses can be 

“accommodated” easily causing minor impact, which is why its exclusion in basin modelling 

does not significantly influence the final result. Nonetheless, shear failure has been observed as 

the mechanism of seal failure and leakage during basin evolution [79]. On the other hand, in fast 

aggressive processes such as the ones in depletion, the impact of shear fracturing can be quite 

important for reservoir modelling and storage of C 0 2. In these cases, shear failure will be the 

principal and most frequent failure mechanism for the rock mass, as it has been observed in many 

reservoirs [80, 81] where dilatant shear failure has resulted in constant permeability despite 

decreasing porosity. Similarly, shear failure has been observed in caprocks [82], especially in 

reservoirs where subsidence has been significant, and as hydrofractures, usually the time frame is 

too short for self-healing, and the fractures may only self-seal.
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4.2.5 Fault-Related Flow

Faults have a strong influence in patterns of regional flow, therefore there are extensive studies in 

fluid flow through faults and what parameters control such flow [83]. Faults usually act as 

barriers to flow in sedimentary basins because faults are planes where the maximum pore throat 

diameter is very small. This may result from several different mechanisms such as cataclasis, clay 

smear and diagenetic healing. However, faults can also act as flow conduits when the infill is 

highly permeable, the normal stresses are low. Moreover, there can be episodic fluid expulsion 

from overpressured basins, fault-valve behaviour, which is a function of the magnitude and 

direction of the in-situ effective stresses [84],

Basin modelling has mostly concentrated its efforts on the features of the fault and its infill, 

considering that mainly these parameters control the fault permeability in regional scales for 

basins where stresses are developed slowly. However, normal stress controlled-permeability and 

episodic fluid are the most likely mechanisms to stimulate fluid flow through faults in a depleted 

reservoir where the in-situ stresses have been changed significantly from its virgin state. The 

same mechanisms will be the most critical for fault leakage during storage of GHG.

4.2.6 Molecular Transport (Diffusion)

Diffusion refers to the migration of solute from areas of high solute concentration to areas of low 

solute concentration. Diffusion depends on the solute and geological media properties, and can be 

influenced by geochemical changes but not by geomechanical changes. C 0 2 diffusion is expected 

to be a very slow but unavoidable process in shales and evaporites [4], Consequently, the 

influence of reservoir depletion in this process might not be large because most of the changes 

inside the rock mass are geomechanical, but still there is the need for more research, especially 

for the long-term assessment of storage of C 0 2 where diffusion can be the controlling mechanism 

for leakage.

4.2.7 Tectonic Failure

The primary reason for seal failure in an otherwise adequate caprock configuration is tectonic 

deformation, which leads to extensive faulting and fracturing, both in compressional and 

tensional systems [85], Tectonic failure will not be considered in this work.

4.3 W ellbores and Their Hydraulic Integrity

Wellbores provide access between the surface and the reservoir, which makes them a preferential 

flow path for leakage outside the reservoir. Additionally, wellbores may cut through overlying
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faults and discontinuities that may be in communication with the reservoir. Wellbores are 

composed mainly of four elements: ( 1 ) the borehole itself; (2 ) the annular space between borehole 

and casing; (3) the casing, including hydraulic connections and (4) the internal space within 

casing (which would contain an abandonment seal). The integrity of this wellbore system is 

affected by many of the same geomechanical, geochemical, and hydrogeological processes 

influencing the integrity of the caprocks.

Because wellbores are man-made “discontinuities” in the caprock, their propensity to leak 

depends mainly on the quality of the wellbore system and its operational history. The first 

concern rises during drilling, where borehole failures are not unusual. Completion configuration 

following drilling also has a bearing on the long-term integrity of the wellbore system. The 

operational history of a wellbore reflects the production/injection/stimulation processes that have 

occurred within that wellbore. These processes may affect its hydraulic integrity and in most 

cases is an onerous task to evaluate because of all the possible scenarios and interactions between 

wellbore operations, casing types, and lithologies. Moreover, the interaction between the wellbore 

and reservoir as a system must be considered. It includes compression failures within the 

reservoir due to consolidation, tensile failures in the deformed overburden, shearing of wellbores 

due to shearing of reservoir and/or its overburden, shear failures along weak overburden planes or 

pre-existing discontinuities.

Finally, well abandonment is one of the main concerns for two main reasons. First, the long-term 

integrity of seals is not well understood; what is the long-term degradation of their transport 

properties? There is no evidence for long-term stability of seals, and how the seal performance 

changes with time. A second concern for EOR projects relates to what the conditions for 

abandoned wells are, how the wells were sealed, and how those seals can be evaluated. 

Abandonment is a critical and rather complicated topic that needs more research before it can be 

included with confidence in any performance assessment strategy.

4.3.1 Casing Shear

Shear displacement in weak layers in the overburden, faults, discontinuities and at the top of the 

producing interval is a common cause of casing failure during reservoir production [8 6 , 87]. 

Whether it will lead to a leak depends on the amount of displacement and the properties of the 

casing. When the displacement occurs through a weak layer, a fault or a discontinuity is always 

associated with changes in the in-situ stresses. If the displacement occurs at the top of the
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producing interval, the driving mechanism is a combination of vertical movement of the payzone, 

and differential lateral contraction (or expansion) between the producing interval and the caprock.

4.3.2 Compression and Buckling Damage

A mechanism of casing failure observed in a number of fields is buckling due to axial 

compression within the producing interval [8 6 , 87]. This has been observed to occur most 

frequently near perforated intervals and is related to formation consolidation induced by pressure 

decline. This occurs near perforated intervals because pressure drawdown is larger close to this 

zone and the eventual solids production in this area leads to a loss of lateral support.

Although this mechanism is observed mainly in the payzone, it could occur in the overburden due 

to significant subsidence or heave in reservoirs that are sensitive to pressure changes. The effects 

will be more pronounced in the caprock, which implies that the hydraulic integrity may be 

affected right above the C 0 2 plume.

4.4 Summary

Although oil and gas reservoirs have held hydrocarbons for geological times, and are considered 

safe sinks for geological storage of C 02, the depletion of such reservoirs may have damaged the 

hydraulic integrity that used to make these geological settings traps. Even though the sealing 

properties of these caprocks have been studied from the basin evolution perspective, time scale, 

rate, intensity, and magnitude of the dominating processes during depletion is so aggressive that 

equivalent processes can have different consequences regarding the hydraulic integrity of 

caprocks. Moreover, wellbores, being preferential flow paths, are critical elements for geological 

storage of C 02. Wellbore integrity is strongly affected by wellbore depletion as well. Therefore, a 

performance assessment of a depleted reservoir must include a careful study of how depletion 

may have affected the hydraulic integrity of the bounding seals.
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5 Experimental Facilities and Permeability Measurements

5.1 Introduction

The need for accurately predicting the hydro-mechanical behavior of either fine grained materials 

and tight geologic deposits has increased dramatically in past years as a consequence of the 

utilization of these materials and deposits to control and contain hazardous wastes for long 

periods of time. The hydro-mechanical properties of a caprock help define its competency as a 

seal for geological storage of C 02. Consequently, as a part of the decision-making process while 

evaluating possible host formations for C 02, it is necessary to measure the hydro-mechanical 

properties of potential caprocks.

5.2 Experimental Facilities

Considering that C 0 2 is stored at large depths where pressure and stresses are high, a system 

capable of high-pressure testing was implemented, Figure 5-1. The system comprises a high- 

pressure high-temperature triaxial cell, an axial loading device (load frame), a local strain 

measurement system, a hydraulic system that is used for both pore pressure control/measurement 

and permeability measurement, and a logging system. The calibration of the different systems is 

provided in Appendix A.

5.2.1 High-Pressure Cell

The cell is constructed from high-yield 316 stainless steel, and can test samples with diameters up 

to 2.5” (6.35 cm), and lengths of up to 6 ” (15.24 cm). The cell can withstand pressures up to 70 

MPa and temperatures up to 180° C. The cell is confined at the top and bottom by a thick steel 

plate which is held in place by six steel bolts, Figure 5-2. The water pressure inlet and outlet 

valves are connected to the bottom of the cell as well as the internal strain meter connections. 

Internally, the water inlet and outlet are connected to the platens by 1/16” (0.158 cm) high- 

pressure tubing. The cell is filled with silicon oil to avoid short-cutting and misreading in the 

internal LVDTs. Oil is pumped into the cell using a container with an air pressure connection to 

displace the oil, Figure 5-1. The overflow valve for expelling air from the cell is located at the top 

plate of the cell.

The bottom platen screws into the bottom plate, while the top platen sits on top of the sample, 

with the ram sitting on top of the platen. The platens have two slots, the top one to place the o- 

rings that firmly holds the thick latex membrane (1.5 mm) and the bottom one to hold the ring 

that holds the internal LVDT’s, Figure 5-3. A servo-controlled pump provides constant cell
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pressure throughout the test. Cell pressure is logged by the pump pressure gauge at one of the cell 

outlets.

5.2.2 Loading System

A load frame that can withstand loads of up to 100 kN was employed to apply the axial load to 

the specimens. The load is applied using a constant flow-rate hydraulic pump, making the system 

constant-strain rate, Figure 5-1 and Figure 5-4. The load is measured through an external load cell 

placed between the ram and the piston of the frame. Moreover, the displacement of the load ram 

is measured externally through an LVDT, but as discussed below, this external LVDT must not 

be used to calculate the strains occurring in the test specimens.

5.2.3 Local Strain M easurements

As was mentioned above, the cell includes a system to measure local deformations by the use of 

two LVDTs that run parallel to the sample, and a chain device to measure radial strains, Figure 

5-5. Unfortunately, the chain device does not yield high-quality reading in hard rocks in the pre­

peak range, but the measurements are excellent in the post-peak range (Martin, personal 

communication).

The use of local strain measurements has become increasingly popular due to the awareness that 

geomaterials exhibit a nonlinear stress-strain behavior —especially weak rocks— therefore local 

strain measurements are necessary for accurate deformation measurements. In the present system, 

the LVDT’s run parallel to the sample, are diametrically opposed, and are mounted in two rings 

held by the platens. This system provides excellent resolution and accuracy, good stability, and a 

linear calibration curve, Figure 5-6. However, it requires a non-conductive cell fluid, it is an 

expensive system, and it makes the set-up of the test cumbersome.

Figure 5-7 and Figure 5-8 show the contrast between local and external strain measurements for 

this experimental setup. Figure 5-7 clearly shows that local strain measurements are more stable 

and facilitate recognition of the actual initiation of loading in the test, while external readings can 

be misleading, and this discrepancy between readings is accentuated during the test and can lead 

to miscalculation of elastic properties, and identification of yielding stresses, Figure 5-8.

5.2.4 A coustic M easurements

Initially acoustic measurements during sample shearing were planned as an integral part of the 

testing program. However, two primary and fundamental difficulties that worked against this 

effort were the poor wiring in the Civil Building that resulted in serious electrical noise problems,
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which I were unable to overcome. Also, the lack of grounding causes the cell to act as a huge 

antenna instead of as a shield. Bench measurements with both rocks and slurries provided good 

results, backing up the conclusion that a lack of proper ‘electrical infrastructure’ in the building 

was the cause of this unsuccessful effort.

However, techniques to measure acoustic waves not only in the axial direction, but in the radial 

direction were developed. Figure 5-9 shows the bottoms developed to install on the side of the 

sample through the membrane, Figure 5-10. These were going to be used for radial 

measurements. Pressure tests in the bottoms up to 30 MPa were successful and readings carried 

out outside the building without pressure were encouraging (the systems was taken to the West 

side of the city to make sure it was the building and not our design, or the design of the cell itself 

that was the cause of our inability to obtain acoustic measurements).

5.2.5 Hydraulic System

The hydraulic system is made up of two high-pressure, high-accuracy hydraulic pumps, one an 

ISCO® Pump, the other a Quizix® Pump. Both pumps can work in either constant flow-rate or 

constant pressure mode and they can measure both pressure and volume changes with high- 

precision, high-resolution, and high-accuracy.

Pressure gauges were installed at the inlet and outlet valves of the pump in order to minimize the 

volume stored in the system, which affects the precision and resolution of transient techniques for 

permeability measurements. The lowest permeabilities measured in this system (using transient 

techniques) were as low as 10"21 m2. Moreover, standard techniques such as constant flow-rate or 

constant head can be used with the same system. A more detailed review of the different 

techniques to measure permeability of tight materials will be given in Section 5.3.

5.2.6 Logging System

The readings of the cell pressure transducer, pore pressure transducer, axial and lateral strains, 

and load cell are monitored and displayed continuously using a DataTaker® logging system. The 

system allows logging of up to 1 0  analog or digital channels and sampling rates up to a second. 

The Quizix Pump comes with its own in-house software to continuously monitor the multiple 

readings from the pump.
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5.2.7 Procedure and Preliminary Results

5.2.7.1 Sample Preparation

Test specimens are right circular cylinders having an ideal height to diameter ratio of 2.0. 

However, in the present case where samples come from deep formations like Midale evaporites, 

the height to ratio diameter can vary from 1.0 to 3.0, considering how expensive and sparse these 

samples are. Evaporites were cored from samples of 3 'A” (8.89 cm) to 214” (6.35 cm) in diameter 

using a water lubricated diamond-coring barrel.

5.2.7.2 Test preparation

Samples are submerged in distilled water for a period or 1 or 2 weeks in a pressure cell at 10 MPa 

to accelerate the process of saturation. Unfortunately, because of the stiffness of the samples, a B 

test cannot be used as indicator of saturation [8 8 ]. Once a sample is ready to be used in the actual 

test, its height, diameter, number, depth and location must be recorded.

A thick latex membrane with side bottoms for the ultrasonics is prepared. In order to do so, two 

sets of orthogonal holes at medium height are made in the membrane (maximum of 4 holes) using 

1/8” (0.317 cm) inches tubing. The membrane is perforated by impacting the membrane with the 

tubing. Once the holes are made, the bottoms that carry the crystals are mounted, and an O-ring is 

put at the back of every bottom, wrapping the membrane to avoid any leakage, and applying a 

generous amount of vacuum grease, Figure 5-10.

The membrane is mounted in the sample making the flat spots in the sample coincide with the 

bottoms that carry the crystals. The flat spots are to guarantee that the waves travel orthogonally 

and there is no influence from reflecting waves. Then, the sample is mounted in the platens and 

sealed by an O-ring in the platens with generous amounts of vacuum grease. The platens must be 

aligned because the crystals mounted in the platens have to be aligned, so the same energy is 

applied in either the top or bottom platen.

Once the sample is mounted, all the LVDTs are connected. The axial LVDTs must be vertical and 

equidistant from the sample. The radial LVDT must be mounted in a way that does not interfere 

with the ultrasonics and vice versa. If side crystals are not being used, the radial LVDT must be 

mounted at the medium height of the sample. Once everything is mounted inside the cell and 

working properly, it can be closed. To do so, the piston must be moved upwards before hand to 

avoid touching the sample. Then the piston is lowered gently until it touches the top platen. The 

cell is placed in the load frame and all the flow lines and logging devices are then connected.
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5.2.7.3 Test Procedure

Once the cell is filled with silicon oil and all the reading systems are working properly, a minor 

confining pressure is applied to adjust the position of the sample, LVDTs, and platens, of around 

100 kPa.

From this point the procedure of the test depends on the desired results. As was mentioned before, 

the B test does not provide an effective measurement of saturation, so it was not conducted. 

However, once the pore pressure that will be used as backpressure is achieved, a waiting period 

of 48 hours was used in all the tests to assist with both specimen saturation and to provide a 

period for identifying possible leaks.

The strain-rate is adjusted by adjusting the flow rate of the pump that feeds the ram. The test is 

stopped for permeability measurements (whose procedure is described in the following section). 

Unfortunately, because the load frame is not stiff enough, failure of the samples lead to massive 

release of energies and no possibility of taking meaningful post-peak readings.

5.3 Permeability M easurements

Researchers have developed a wide range of techniques to measure the permeability in the 

laboratory of different materials. These different techniques and their applicability depend on how 

permeable the material is. Among the most popular tests for measuring permeability in 

geotechnical engineering are the constant head and variable head, which have been studied 

extensively for years throughout the geotechnical literature [89], However, when the permeability 

is very low these techniques can take very long periods of time and the measurements are 

unreliable; hence, researchers have seen the need to develop more efficient and reliable 

techniques.

Among these techniques, the flow pump is the most popular for soil mechanics, where for rock 

mechanics applications transient techniques are better. These techniques can measure lower 

permeabilities, but are more demanding on the laboratory equipment and the quality assurance.

5.3.1 Flow Pump

A flow pump can be used to control fluid movement to and from the ends of a test specimen, 

which allows its use for measurements of equipment compliance, constant-rate-of-deformation 

consolidation, permeability, coefficient of consolidation [90], The flow pump is especially useful 

for soils with low permeability that must be tested at low confining stresses to simulate the in-situ 

conditions. The method can be used with high confining stresses as well. In this method a
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constant-rate flow pump is used to precisely control the flow through a sample. The initial 

transient hydraulic head is recorded versus time, and eventually stabilizes to a steady state with a 

constant head gradient imposed across the specimen. Permeability can be evaluated from either 

the transient phase or the steady state condition, the latter option is prefered, but not always the 

most convenient in materials with very low permeabilities. The specific storage of the sample can 

be evaluated as well.

Morin and Olsen [91] developed a theoretical formulation of the constant flow rate hydraulic 

conductivity test, which allows evaluation the hydraulic conductivity, K, of the specimen during 

the transient response of the test. Such a formulation is given by:

FT
K  = — (1.900 -  0 .857P -  0 .023P2 -0 .0 1 2 P 3 - 0 .0 0 6 P 4)

Hx
where

Thus a value of hydraulic conductivity can be determined at early times during the transient 

response part of the flow pump test by choosing t2 to be twice tj (to use this solution the relation 

between times must be 2  to 1 always) and by inserting the corresponding values of head 

difference into the equation [91]. When the steady state condition is reached (long times) H i=H2 

and P=T.O, which makes the bracketed term practically 1.0, and the expression simplifies to 

Darcy’s law:

k  = S L
A H

Results on real tests showed that this analysis gives a close agreement with conductivity values 

determined at steady state conditions [91], but its accuracy and resolution of early time estimates 

of specific storage is limited.

Esaki et al. [92] carried out a rigorous analysis of the flow permeability test considering that the 

analysis by Morin and Olsen [91] did not take into account the storage capacity of the 

experimental system. They solved their formulation using a numerical method based on the 

parameter identification theory, where the parameters can be calculated minimizing the following 

error function:
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where

r K  exp(-

1 - 2 1

n

H  (L, tj) =
qL
A K

ex p ( - — Pit)

n=* L S 2P l Pl +S 2

s=
AS,

ce=cwvf
Cw — volumtric compressibility o f the permeating fluid 

Vf  = total volume o f  the flow pump system 

and /3n are the roots o f

tan(/?L) = ——J ps
This expression represents a least squares reduction of the discrepancies between the M  hydraulic 

differences H(L,tj)* measured at time /, and the corresponding data H(L,tj) obtained by the 

theoretical analysis. They found that the early time evaluation of the permeability and the storage 

of both the sample and the system can be measured accurately, which is very convenient for 

specimens with very low permeability. Olsen et al. [90], Esaki et al. [92], and Zhang et al. [93] 

found that the results of transient analysis are very sensitive to small changes in temperature.

5.3.2 Transient Pulse Technique

5.3.2.1 Brace’s Solution

In 1968 Brace et al. [94] introduced the transient pulse technique (TPT) to measure the 

permeability of ‘tight’ rocks, in their case granite at high confining pressures. In the TPT two 

reservoirs are connected through a sample, a sudden increase of pressure is induced in one of the 

reservoirs and the decay of this small pulse is observed, Figure 5-11. The equations describing 

such a situation are [95]:
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d _ ^ _ P £ ld p _  = 0  fo r 0 < x < L a n d t > 0  

dx k  dt
p -  0 f o r 0 < x < L a n d t  = 0

P = Pd (0  f°r  x = 0 and t > 0
p  = p u (t) for x = L and t > 0

p  = the pressure in the sample

x  = the distance from the downstream face o f the sample

/ = the length o f the sample

k  = the permeability o f  the sample

77 = the dynamic viscosity o f the pore fluid

/? = the storage capacity per unit volume o f the sample - fluid system, 

where d  and u subscripts refer to the downstream and upstream reservoirs respectively. 

The storage capacity per unit volume is given by:

Cb = the bulk compressibility o f  the sample 

Cf  -  the compression o f  the pore fluid 

Cr = the mean compressibility o f  the rock - forming minerals 

(/> = the porosity o f the sample

The boundary conditions are defined by:

0  for t > 0
'd p '
[ d x ) x=0

Pd = 0

i dP)
x=L

Pu = P0

P dV dPd
kA dt

at t = 0

+ ^ J l dP}L = 0 f o r t > 0
kA dt

at t =  0

P0 = the initial pressure pulse applied on the sample

Brace et al. [94] assume that the term that considers storage capacity was negligible, which 

implies that both the rock and the fluid are incompressible. Such an assumption leads to 

acceptable errors in low porosity stiff rocks. This reduces the expression to:
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indicating that the pressure gradient in the sample is constant along its length, although it will 

vary with time. They found a solution in the form:

P = P0
( v  '  +v2

V ,

where
/

a
kA \

1 1
 1—
V V\ VU Vd J

A  = the cross - section o f the sample 

Vu = volume o f  the upstream reservoir 

Vd = volume o f  the downstream reservoir 

Pf  -  the final equilibrated pressure 

Pf = the fluid compressibility

The permeability is determined from the slope of In (Pi-P/) versus t, which is equal to or, as the 

rest of the terms are known constants.

53.2.2 Finite Differences Solution

Considering that there is not an analytical solution when the storage of the sample is not 

neglected, Lin [95] and Trimmer [96] use numerical solutions to solve the equations. Both 

solutions modeled the problem using a finite difference approach, which divides the sample in n 

zones, with reservoirs at the 0th and (n+1) zones. The code assumes that the flow across each zone 

interface is steady state for the increment time used, thus calculating the pressure of the sample- 

reservoir system as a function of time and position only.

Comparing the numerically generated reservoir pressure-time histories with the experimental 

data, permeability is evaluated. To compare the different pressure-time histories, it is assumed 

that there is a ‘critical region’, the middle part of the curve (Figure 5-12), which is given the most 

weight in determining permeability. This because the transient effects induced by the initial 

pressure pulse has disappeared by this time, the slope is greatest, allowing maximum resolution, 

and this portion of the curve is relatively insensitive to the water-storage system [96].

The downside of this method is that it assumes that the specific storage of the sample is known, 

or it must be estimated. To determine the specific storage it is necessary to independently 

measure the porosity and bulk compressibility of the sample.
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5.3.23 Analytical-Graphical Solution

Hsieh et al. [97] developed an analytical solution for the problem and showed how to apply the 

method to different tight rocks. The initial-boundary value problem was solved by the Laplace 

transform method. The solution (which is beyond the scope of this work) for the hydraulic head 

in the upstream and downstream reservoirs contain a dimensionless variable:

Kt  
a  =

and two dimensionless parameters:

f i

7

S s a l  

S u 

s „
s u

In the above definitions a  is the dimensionless time, (3 is the ratio of the compressive storage 

within the sample to the compressive storage in the upstream reservoir, and / i s  the ratio of the 

compressive storage of the downstream reservoir to the compressive storage of the upstream 

reservoir.

The solution is presented in the form of plots of dimensionless hydraulic head in the upstream and 

downstream reservoirs, hJH  and hj/H, and the above dimensionless parameters mentioned in the 

form of the following expressions:

K  _  * , 2y  _e x p ________________________
H  l + f i + y  %  \y2£  / [}2 + { y 2p  + y 2 + y +  j3)</>2m/ 0  + (J32 + ^ + j 3 ) }

K _ 1 Q xy i-a fj iP -y2(f)l !fi)
- +

Iy2<Pl/ 0 2+ ( y 2j 3 + y 2 + y+j3)02m! / 3 + { p 2+ y/3+p)\H  l + j 8 + y

where (f>m are the roots o f

, (1 + y)(/>tan (b = S - — 1 ,Y
rt>

Since /depends only on experimental parameters, it can be measured in the laboratory. Using the 

family of type curves for the appropriated value of y, the following procedure permits calculation 

of the hydraulic properties of the sample. The dimensionless changes in hydraulic head in the 

reservoirs, h,/H  and hJH, are plotted against the logarithm of time on graph paper at the same 

scale used for the type curves to give the solution, Figure 5-12. The sheet with the test data is
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overlaid on the type curve plot and moved horizontally, keeping the abscissa of both plots 

superposed, until the data points fit a particular type curve. After obtaining a fit, a convenient 

match point is chosen. At this match point, the value of ap  or aft is taken from the type curve 

plot and t is taken from the data plot. Using t and the value of a/3 or aft the permeability K, or the 

product of permeability times specific storage K Ss, can be calculated. Since p  depends on a single 

unknown, specific storage Ss, the value of S, can be computed from the value of p  for the curve 

fitted by the data [98],

However, to be able to calculate both K  and Ss, P  must be larger than 0.01 and less than 10. 

Otherwise, only the product KSs can be calculated. P  depends on the sample dimension, the 

compressive storage of the upstream reservoir, and the specific storage of the sample, so the 

sample dimensions and design of the apparatus can be adjusted within limits, to try to get in the 

range needed. Moreover, in order to minimize the time for the test, the same parameters can be 

adjusted, where the adjustment of P  being most easily accomplished by changing the volume and 

consequently the compressive storage Sm in the upstream reservoir. When P  is less than 0.01 

either Brace’s [94] solution or the solution presented above can be used.

53.2.4 Oscillation method

A sinusoidal pressure oscillation is induced at one end of the specimen and the pressure response 

is monitored at the other end. The response downstream is another sinusoidal oscillation, which is 

attenuated and phase-shifted relative to the applied oscillation. Kranz et al. [99] and Fischer [100] 

developed solutions that related the magnitudes of the attenuation and the phase shift to the values 

of permeability and specific storage of the specimen tested. The basic equations and boundary 

conditions are shown below, however, the development of this solution is rather cumbersome and 

beyond the scope of this work.
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dx2 k  dt
p  = 0

P = P A t )

P = Pu ( 0

= 0 forO < x < L and t > 0

for 0 < x < L and t = 0 

for x = 0 and t > 0 

for = L and t > 0
p d and p u are functions o f time and obey the conditions

dx.
0 for t > 0

A f=0

PdVd dp<j 
kA dt

PA 0) = 0
Pu =  P A sin ( ^  +  8)
PA = the amplitude of the generated oscillation

The solution of the equation and its boundary conditions [100], consists of the sum of a transient 

term and a steady-state term, the value of the steady -state term at the downstream face being of 

the form:

p d = aPA sin(fttf -  8) 

a  = the attenuation factor 

8  = the phase lag 
co = 2 x lT
T = the period of the generated oscillation

Following Fischer’s solution, permeability and storage capacity per unit volume are then 

implicitly described by the functions crand 8, which are given by the expressions:

k { 1 + /) cosh[Ax(l + f)] + sinh[Ax(l -I- /)]
a  = KA

x*(l + /) cosh[x£(l + /)] + sinh[xf,(l + /)]

arg

where

KA

/r(l + i) cosh[xx(l + /)] + --
KA

sinh[xx(l + /)]

k{ 1 + /') cosh[x£<(l + /')] + ^ dl0) sinh[xi(l + /')]
KA

K = .

Tk

K = «
V
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Alternatively, one can express a  and 8  in term of two graphically determined parameters /and  yf 

(see Fischer and Paterson [101] for the Figure):

cosh[(^(l + /')] + yy/(\ + i) sinh[(//(l + /)]

8  = arg [R(/,rp] = arg
1

cosh[yz(l + /)] + yy/{ 1 + /)sinh[^(l + /)]

where

if/ -  L
r o \ 1/2

x n p s |

V Tk

From the measurements of a  and 8, the values of the dimensionless parameters /a n d  y/ can be 

evaluated and thence:

5.3.2.5 Parameter Identification Solution

Zhang et al. [102, 103] used a parameter identification technique from systems engineering to 

develope a technique that permitted to evaluate both permeability and specific storage with 

confidence, and without the hazards that graphic pressure-time history matching present. The 

components of a parameter identification technique are:

• a system, in this case the testing device and procedure itself,

• a mathematical model of the system, which was developed in the preceding sections,

• an input imposed on the system boundaries and simulated by the model, the pressure

• a set of experimental data defined as the system output and a corresponding set of 

theoretical values obtained from the model output, the latter values presented as functions

k^ p ( zV _ mfpdL
T KyrJ TAy/2y

pulse,
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of the parameters to be determined. In this case the pressure decay as a percentage of the 

initial pulse,

• an error function, sometimes called “loss criterion,” suitably defined in order to assess 

quantitatively the discrepancy between measured and theoretical output values; and,

• an algorithm designed to minimize the error over a feasible domain5 in parameter space 

and, hence, to identify the parameters that characterize the “best model” within the model 

class selected.

The mathematical model and error function are defined as:

h ( l ’ t i ) ( K , S s ,Cc) ~  h(l, t f ) (K , S s ,Ce)

i : H  H

where

H  = initial pulse 

*= theoretical solution 

/ = upstream 

x = 0  = downstream

h(x, t)  _  1 | 2 y  e x p ( - a 0 * ) [ c o s 0 j - ( r f > m / f i ) s m 0 j ]

H  1+ P + Y [(1 + p  + r  -  f<t>l IP) cos (f)m -  <pm (1 + r + 2 r  / p) sin <j)m ]
and

g = X p = S s ^ £ r = S± a n d a =  Kt
I "  S u "  S u l 2S s

(f>m are the roots o f 

(y+l)<p
tan <p ■■

IP-P
Thus, the minimization of this solution for both permeability and specific storage keeping the 

other value constant at its ‘real value’ gives an optimum solution. Ideally both upstream and 

downstream pressures are used to have a better constraint of the solution, but depending on the 

permeability and length of the sample, only the upstream record can be used. The error function is 

highly nonlinear and very sensitive to changes in permeability. Therefore, the permeability can be 

determined more accurately using this technique than the specific storage [102, 103].

5 A feasible domain in this case means a test duration long enough to obtain reliable measurements of 

permeability and storage, see Figure 5-17.
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5.3.3 Which Technique to Use

Although there is not a unique answer for which technique to use in measuring permeability in 

‘tight’ materials, aspects such as test conditions (pressures and sample lengths), gauge 

resolutions, hydraulic properties of the material, and time constrains must be taken into 

consideration. Usually the flow pump test is recommended where the confining stresses during 

the test have to be very low, and hydraulic conductivities are around 10"19 m2. Transient 

techniques are more appropriate for very low permeabilities and high confining stresses, and 

especially for rocks. Brace [104] provides some guidelines as to what laboratory technique must 

be used depending on the type of material.

In the case of transient techniques the ideal ‘variation’ to use is case specific. Thus, the lower 

permeability that can be measured will depend on the equipment available, the compliance of the 

system, and the resolution of the pore pressure transducers used, as well as how good the 

temperature controls are. Moreover, the purpose of the test plays a very important role. If the test 

is only to evaluate transport properties short samples can be used, and the oscillation method can 

give very reliable, accurate and fast answers. On the other hand, if mechanical measurements are 

being done as well, the sample will be too large, and the pulse decay technique solved by the 

parameter identification method is prefered. However, if porosity is very low, specific storage 

will be very low as well, and Brace’s solution may be accurate enough, and quicker.

Trimmer [105] and Lin [95] analyzed the assumption of no storage in the sample and found that it 

can produce significant errors when the storage is considerable. Trimmer found that the error was 

a function of the ratio R of the effective sample pore volume and the reservoir volume:

ALd)„
R = -----

V

Trimmer found that R must be less than 0.25 for systematic errors of 0.1 or less, i.e. the value of 

R for the work of Brace et al. [94] was 0.02. Lin [95] introduces the concept of fluid storage, 

which is given by:

f  A L [ 0  + {3r - ( \  + <!>)j3s]
m + v 2)

which he compared against a systematic error in the measurements of permeability and found that 

the value should of S  should be less than 0.01, otherwise Brace et al. [94] approach must not be 

used.
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5.3.3.1 Application Considerations

As was mentioned before, transient techniques require temperature control environments for 

stability and comparison considerations. Likewise, the pulse induces poroelastic effects on the 

sample including deformations, and a non-uniform pressure distribution inside the sample. 

Applying a pulse that is less than 10% of the current pore pressure in the sample can minimize 

these effects. Large pulses may led to misinterpretation of the results, and in particular, 

underestimation of permeabilities by a factor perhaps as large as 2 [106]. Likewise, the 

downstream volume must be as small as possible.

Moreover, shear tests will usually need to be stopped to avoid a combination of poroelastic 

effects that may affect both the mechanical and hydraulic measurements. However, the oscillation 

technique could potentially be used in undrained triaxial tests, where if the rate of load/strain is 

kept very small, the measurements may be acceptable. However, this option needs to be explored 

in more detail and it may not be practicable in many cases because of the attenuation caused by 

large samples as those use in triaxial testing. If the oscillation technique is chosen, it is important 

to note that:

• the upstream volume must be kept as small as possible; if dilatancy and permeability are 

to be measured there must be enough fluid to flow toward the sample,

• the initial pulse of the oscillation pressure must not be more than 1 0 % of the pore 

pressure inside the sample. Otherwise secondary effects like consolidation or weakening 

of the sample can play an important role on the test and affect the whole 

triaxial/permeability test,

• a Fast Fourier Transform (FFT) data processing technique offers a powerful signal to 

noise ratio enhancement due to its filtering effect, resulting in an increased 

resolution/sensitivity and consequently in the possibility of measuring very low 

permeabilities and storage capacities. Owing to its steady-state character, systematic 

combinations such as leaks and modulations can easily be recognized and often removed 

from the data record [ 1 0 1 ]; and,

• the optimum oscillation frequency will depend on both the hydraulic character of the rock 

and the fluid pressure system parameters [99].
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5.3.4 Procedure and Preliminary Results

Considering the foregoing discussion on permeability measurement, the equipment was 

developed trying to meet the majority of the requirements and features described above. Volumes 

of both upstream and downstream reservoirs were minimized, pressure gauges with excellent 

resolution and accuracy were used, and the temperature was controlled as closely as possible 

within certain limitations.

The volume of the downstream reservoir was limited by placing a pressure gauge and a valve as 

close to the outlet of the cell as possible. The upstream reservoir volume included the tubing from 

the outlet of the cell up to the pump. Fortunately, the Quizix pumps use pneumatic valves after 

their internal reservoir, so each time a pulse was applied, the valve was closed and the reservoir 

volume was not part of the system. This facilitated the measurement of system compliance. 

Volumes of both the upstream and downstream reservoir were measured using nitrogen 

compressed at a given pressure in a known volume, which was connected to the reservoir. Once 

there was an initial measurement of pressure, the connection was open, the pressure registered, 

and using the law of ideal gases the new volume was evaluated. This was repeated a limited 

number of times and the average was the volume of each reservoir. The compressibility of the 

system, Ce, was measured by pressurizing each of the reservoirs and measuring the volume added 

in each pressure increment. Table 5-1 shows the properties of the system developed for 

permeability measurements.

Table 5-1. Properties of the permeability measurement system developed.

Parameter Value

Upstream volume V„ (cm3) 17.78

Downstream volume Vd (cm3) 8.67

Compressibility Ce (m 1) IE-4

Upstream storage S„ (m2) 1.7780E-09

Downstream storage Sd ( m2) 8.6700E-10

Y - 0.48763
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For temperature control it was necessary to rely on the temperature control of the room, which 

was acceptable. Unfortunately, the system is too large to isolate and have a strict control of 

temperature at the moment.

The oscillation technique was considered initially because of its simpler processing, its ability to 

detect leaks, and the potential of being used without stopping the shear test. However, because of 

the length of the samples, the results were unsatisfactory and its application was disregarded. 

Consequently, the pulse decay technique was used, using the parameter identification technique 

to evaluate the values of permeability and specific storage. However, because of the length of the 

sample, the error function had to be constrained to use only upstream pressure measurements, as 

the experimental pressures downstream were very low, and no reliable enough to be used in the 

calculations. Moreover, to get a good record o f pressure downstream, a longer testing was 

needed.

Figure 5-13, Figure 5-14, Figure 5-15 and Figure 5-16 show theoretical analysis for a variety of 

permeabilities and specific storages for a sample of 10 cm length. Clearly from the pressure 

analysis downstream, attenuation is quite large for permeabilities lower than 1 0 19 m2, as was the 

case with the Midale Evaporite, and permeability had to be evaluated only with upstream 

readings. Figure 5-17 shows two results for two different tests and it clearly shows how quickly 

the technique can obtain results with a good precision. Figure 5-18 shows the downstream 

readings for one of the tests in Figure 5-17, where the pressure is adjusted because there is a slight 

jump at time zero due to the compression of the downstream fluid volume as a response to the 

pulse. Still, the adjusted readings were of insufficient quality to measure permeability, as the head 

increase is less than 2% of the pulse applied, which in this case was 2 MPa. Consequently the 

increase in pressure downstream after half an hour is less than 40 kPa, making these readings 

beyond the accuracy of the instruments. The data analysis was carried out in a spreadsheet where 

the error function was minimized for both specific storage and permeability in an iterative 

manner, until the error was considered acceptable.

Poroelastic phenomena can affect transient techniques as deformation is induced during the test 

by the pulse, but the consequences in permeability measurement are small as long as the pulse is 

kept below 10% of the pre-pulsing pore pressure [106], However, these results were obtained in 

tests at very high pressures, so this criterion may be more flexible at low pressures as in the case 

of the tests reported here. Figure 5-19 shows the very small deformations induced by an 800 kPa 

pulse in a test where pore pressure was 3 MPa.
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The flow pump technique was used to measure permeability in sheared samples. Considering the 

significant enhancement in permeability due to shear, it was not necessary to use the transient 

analysis because steady state was reached easily. Figure 5-20 and Figure 5-21 shows the 

application in one measurement using different flow rates. Notice the stability and accuracy o f the 

readings. However, it is advisable to carry out a multiple readings with different gradients, as 

very low gradients can lead to erroneous permeability values. In this case, the readings are from a 

failed sample, where permeability was controlled by a very rough fracture with gouge, Figure 

6-27, which may have affected the low pressure reading.

5.4 Summary

The experimental capabilities developed at the University of Alberta to carry out hydro­

mechanical characterization of caprocks were presented and the capabilities shown. This system 

is a high-pressure, high-temperature triaxial cell for rock mechanics testing capable of measuring 

low permeabilities in short periods of time with precision. Likewise, the different techniques for 

measuring low permeabilities precisely and quickly were reviewed.
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Figure 5-2. High-pressure, high-temperature triaxial cell. The cell is 70 cm tall

Figure 5-3. Detailed of the 2.5” (6.35 cm) platens. Notice the connectors for acoustic
measurements
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Figure 5-4. Loading frame and servo-controlled pump for constant strain rate testing
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Figure 5-5. Close-up view of the internal LVDTs system mounted on a sample. Two LVDTs 
are mounted parallel to the sample to measure axial displacements, and one LVDT 

mounted in a change measures radial displacements
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Figure 5-9. Side bottoms used to shot and measure travel time of radial seismic waves
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Figure 5-10. Detailed view of side bottom mounted in the sample for radial acoustic
measurements
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Figure 5-11. Pulse pressure transient technique
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Figure 5-12. Graphical solution to the TPT, modified after Hsieh et al. [97]
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Figure 5-14. Downstream pressure increase for different values of specific storage
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Figure 5-15. Upstream pressure decay for different permeabilities
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Figure 5-17. Example of two readings and evaluation of permeability using the pulse 

pressure technique. Only upstream data were acceptable for calculations
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Figure 5-18. Downstream readings during a pulse pressure tests. Because of the low pulse 
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calculate permeability

Pressure 
Deviatoric Stress 
Axial Strain 
Radial Strain

840

23.84
820

1  800 23.83
o>3
V>
Vi<u 780

23.82Q_
c
<D 760 o> c  
(0

°  740

23.81

23.80
720

700 23.79
0 200 400 600 800 1000

0.2494

0.2492 g
c
2
55

0.2490 |

0.2488

-0.0218

-0.0219

-  - 0.0220

- 0.0221  55

- 0.0222

- -0.0223

-0.0224

Time (sec)
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6 Behavior of Shales and Anhydrites as Caprocks

6.1 Overview

As was mentioned in Chapter 4, anhydrites and shales constitute the caprocks of the 25 largest oil 

fields and the 25 largest gas fields in the world. Therefore, they are ideal materials to act as 

caprocks for CO2 . However, the geomechanical implications of CO2 -EOR storage make 

necessary a comprehensive understanding of the hydro-mechanical behavior of these rocks. 

Likewise, the experience with these two materials at the depths, pressures, and temperatures that 

deep storage is carried out is limited. Consequently, a literature review in the hydro-mechanical 

behavior of shales and anhydrites will improve the understanding on the response of these 

materials to C 02-EOR storage activities and it will help to identify and address knowledge gaps, 

as well as it will contribute to the confidence in their performance as caprocks.

6.2 Shales: Hard Clays and Mudrocks

6.2.1 Classification of Argillaceous Stiff Soils and Soft Rocks

Stiff clays, clay shales and mudstones are a type of hard soil-soft rock, which forms more than 

50% of the materials on the earth, and are one of the most problematic from an engineering point 

of view. Weak rocks, soft rocks, hard soils are the most common names used for this class of 

materials that occupy the central part of the geotechnical spectrum with characteristics 

intermediate between the soft soils and the hard rocks [107]. The compressibility and the 

generation of high porewater pressures, which can be of the same order as the strength of the soil 

and consequently have a major effect on strength, control the behaviour of the materials toward 

the side of soft soils in the spectrum. On the hard-rock side of the spectrum, the same principles 

apply but rock compressibility is much smaller than soil compressibility, the porewater pressures 

generated are much smaller and because o f the large strength of hard rocks, these pore pressures 

generally become insignificant. Thus, soft rocks in the brittle range behave like overconsolidated 

soils and soft rocks in the ductile range behave like normally consolidated soils [108], However, 

the rock mass performance can be heavily influenced by the presence of defects. Exactly the same 

principles apply to soils, but because the properties of intact material are so much closer to the 

properties of the defects, the influence of the defects is not nearly as marked [107].

There has been an important number of contributions to define and classify stiff clays, shales and 

mudrocks, with some associated parameters that define the limits for the different materials. 

Morgenstem and Eigenbrod [109] developed a classification for argillaceous soil and weak rock
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that is in widespread use, Figure 6-1. Such a classification is based on the idea that a soil will 

disintegrate when exposed in an unconfined manner to water and that a rock will not. Thus, the 

distinction between clay and a mudstone is a function of relatively stability when immersed in 

water. Clays can be further subdivided according to the rate at which strength is lost upon 

immersion. Most clay-shales fall under the heading of hard clays. Clays and mudstones can 

further be characterized in terms of slaking properties. However, this classification does not 

consider the presence or absence of fissibility and anisotropy, two of the main properties that 

control the behaviour of these materials. The classification states the following definitions for 

mudstones, clay and clay shales:

• Mudstone: softens slowly over a period of weeks, the strength loss during softness is less 

than 40% of the original material strength, and this correlates with an unconfined 

compressiver strength (Cu) of the original material greater than 1.8 MPa.

• Clay shale: softens over a few days to lose more than 60% of the original material 

strength, such a material has a shear strength between about 300 kPa and 1.8 MPa.

• Clay: softens within hours to lose more than 60% of the original material strength. The 

original unconfined compressive strength is less than about 300 kPa.

Grainer [110] developed an alternative classification of mudrocks, which is more detailed and 

complex than the one by Morgenstem and Eigenbrod, but its downside is that it requires a more 

complex set of tests like X-ray diffraction and index properties, the latter being highly dependant 

of procedure in these materials. Despite these limitations, it is interesting to mention a few points 

such as fissile or anisotropic rocks are termed shales, whether they are durable or not; clay shale 

are considered as a non-durable mudstones; and mudstones with an unconfined compressive 

strength greater than about 1.8 MPa can be thought of as durable.

6.2.2 Mechanical Behaviour of Stiff Clays and Shales

6.2.2.1 Mechanics o f  Shear Resistance in Mudstones and S tiff Clayes

The most important features that characterize clayey materials are mineralogy, particle size and 

shape, and platyness. Aggregation o f clay particles due to diagenetic bonding increases the 

effective particle size and decreases platyness [111]. Clay particles and water are associated by 

either hydration of the particle surfaces or hydration of ions surrounding the surfaces. The former 

constitutes adsorbed water and the latter double layer water. Due to the adsorbed water, the 

minerals are not in intimate contact when in a face-to-face orientation. Consequently, water
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participates in the transmission of normal stress, but reduces interparticle contact and the ability 

to transmit shear stress [112].

Although at a particulate level the nature of frictional and cohesive strength is not well 

understood, it is thought that the main bonding mechanism in frictional resistance is primary 

valence bonds, where surface atoms at interparticle contacts are joined by sharing and transferring 

electrons. The number of these bonds increases with contact area, and so an increase in normal 

stress leads to a larger contact area, and larger shearing resistance [113]. Such a mechanism is 

reflected in the higher shear strength in overconsolidated clays than in normally consolidated 

clays at a given normal stress, where the overconsolidated clay has a lower void ratio. This is the 

so-called “true cohesion” that represents a mechanism of shear strength resulting from 

interparticle bonding [114]. However, such a cohesion in natural soils is not only due to chemical 

bonding, but may be the end result of other processes as it will be seen in the next section.

6.2.2.2 Sedimentation, Diagenesis and Bonding

The geological stages during which the soil structure is formed, and then modified, are part of a 

cycle: (1) subaqueous sedimentation, typically in a reducing, oxygen-deficient environment; (2) 

consolidation (geological compaction) under the increasing stresses of continuing deposition, 

followed by (3) uplift relative to sea-level, which leads to (4) erosion, with consequent unloading 

of the remaining clay, accompanied by subaerial weathering. The eroded material is then 

transported to another area of deposition, signalling the start of the next cycle. Diagenesis is 

embedded during every stage of the process that Chandler [115] calls the Geotechnical Cycle.

The Geotechnical Cycle commences with deposition: sedimentation o f individual clay or silt 

particles, and often floes of particles, at the mudline of the seabed. The considerable range of 

water content, even at this early stage in the history of the sediment, shows that there must be a 

corresponding range of soil structure. The original soil structure is retained as the soil element is 

buried, though with some modification with increasing depth and stress [115].

The most significant depositional factors are likely to be the mineralogy of the sediments, the rate 

of deposition and the stillness of the water. Slow deposition in still water leads to an open random 

fabric with high values of void ratio. On the other hand rapid deposition from a dense suspension, 

possibly with significant currents, will give rise to a more oriented fabric which is consequently 

more compact with a lower void ratio [116]. The fabric of soft sediments formed under different 

physicochemical environments is highly dependent on the clay mineralogy, i.e. the volume 

change undergone by the kaolinitic soils during settling and the shearing resistance at the particle
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level controls sediment formation, whereas for montmorillonitic soils it is governed by the diffuse 

double layer repulsion [117].

Skempton [118] examined the Sedimentation Compression Curves (SCC) of a range of natural 

clays in terms of water content, showing that the position of different SCCs depend on the liquid 

limit, Figure 6-2. The more or less constant position of each of the clays relative to the lines of 

equal liquid limit shows that each clay maintains its own basic structure with increasing depth of 

burial [115]. Expressing the water content as liquidity index (LI), Skempton [118] demonstrated 

that his data converged to a relatively narrow band, and noted the position occupied by the 

various clays appeared to depend on sensitivity, with the more sensitive clays lying to the right.

It is widely recognized that the fabrics and grain structures of clays, shales and mudrocks are 

highly sensitive to changes in both stress and chemical environments. These materials experience 

complex physical changes during diagenesis which can have a pronounced influence on their 

subsequent mechanical behaviour [107, 116, 118, 119]. During compaction diagenetic processes 

and chemical reactions that help turn a sediment into a rock (lithification) occur at the same time. 

The diagenetic reactions gradually increase the bonding between particles, whether or not the 

particles are being brought together physically. Cementation for bonding may be produced by 

dissolution of small, supersoluble particles and reprecipitation of calcium carbonate, precipitation 

of iron hydroxides or dissolved aluminun, recrystallization during alteration, changes in the 

absorbed water, and face and edge changes on clay particles [120]. The natural diagenetic and 

deformation history of a weak rock will therefore exert a pronounced influence on its mechanical 

characteristics when that material is subject to changes in its stress environment due either to 

engineering activities or geological processes [121], As a result, natural clays can develop a 

structure stronger than that of the corresponding reconstituted clay in addition to the differences 

that result from sedimentation and normal consolidation processes [122], Thus, oedometer tests in 

Boom Clay samples from 247 m depth showed a preconsolidation pressure of 6 MPa, which is 

not possible to reconcile with the geological history of the site [123]. Therefore bonding has to 

provide the additional strength of the material.

6.2.23 Peak Strength

The peak strength of stiff clays and mudstones is strongly influenced by the material fabric and 

structure, especially through diagenetic bonding. A combination of diagenetic bonding and/or 

overconsolidation increases the strength of intact material. At low to medium confining stresses 

peak strength is reached at low strains. Likewise, its strength envelope is curved at low to
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medium confining stresses due to dilation, as can be seen in results from testing in London clay, 

Bearpaw shale, Santa Barbara clay, or Todi clay, the latter in Figure 6-3. At large confining 

stresses the material behaviour is ductile, its strength envelope is linear, and it usually coincides 

with the intrinsic strength envelope due to partial destructuration during consolidation. 

Experiments on Vallerica clay [124] at low and high confining pressures showed a clear 

difference due to the structure. In the high pressure tests, the structure was partially destroyed 

before shear, while in the medium pressure tests, the structure controlled peak strength. However 

all the tests were heading toward a common unique critical state line.

6.2.2.4 Post-Peak Strength

At low to intermediate confining stresses, a failure plane develops at peak strength and the 

strength on this plane drops rapidly to a reasonably constant value after a relative displacement 

across the surface of only a few millimetres [116]. Burland called this value the ‘post-rupture 

strength’ and Skempton [118] the ‘fully-softened’. Such an envelope is curved and it usually goes 

above the intrinsic one at low stress, and below it at medium stresses, as can be seen in triaxial 

tests carried out in Todi clay [116], Figure 6-3. Calabresi [125] found that the immediate post­

peak strength is representative of the initial strength along a recently formed pre-existing 

discontinuity. This loss of strength is due to the breaking of diagenetic bonds, softening due to 

dissipation of dilation-induced pore pressure and increase in water content, and particle 

reorientation in the failure plane [126],

From tests on Todi clay with local measurements of strain and pore pressures it has been possible 

to see how the loss of strength occurs in stiff clays (see Figure 43 in Burland [116]). Initially 

there is a sharp drop immediately after the peak strength is reached due to the breaking of 

interparticle bonding. Dilation occurs as a response to the breaking of interparticle bonds and 

formation of a slip plane, along which clay can swell and soften due to moisture redistribution. 

Dilation stops once the post-rupture strength is achieved. Once interparcticle bonding has been 

destroyed, particles in the slip plane are realigned parallel to the movement direction with shear. 

Such a process requires large displacements to be completed and is responsible for the drop from 

fully-softened strength to residual strength.

Natural clayey materials have a partially random oriented structure, where a large amount of clay 

particles are aligned edge-to-face. Shear straining along a plane leads to a gradual a face-to-face 

reorientation of the particles, accompanied by a smaller interparticle contact pressure. As shearing 

continues there will be a plane where the particles are oriented parallel to the shear direction and

84

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



the strength is at residual [111]. As the particle sizes decreases and the platyness increases, the 

interparticle contact pressure decreases, edge-edge interlocking is minimized, and residual 

strength decreases [111]. Such an evolution of structure has been observed by triaxial tests and 

SEM carried out in Kimmeridge Shale [121]. The Kimmeridge Shale shear failure is 

accompanied by the development of a single slip plane in the sample. The failure envelope is 

linear, except at low consolidation stresses, and resembles a critical state line at large pressures. 

The intact shale exhibits a ‘house of cards’ structure with many face-to-edge contacts between 

platy clay mineral grains. During consolidation, the fabrics of the shale was largely unaffected by 

the volumetric deformation, although some changes must have occurred to accommodate the 

volumetric strain. At failure the polished slip surface seems to be the centre of the shear zone, in 

which the original fabric is progressively reoriented so that platy clay minerals become aligned 

parallel to the shear direction. The degree of alignment increases with shear strain.

6.2.2.5 Brittle-Ductile Behavior

A conceptualized mechanism of failure for mudrocks and clay shales, Figure 6-4a [127] shows 

that the behaviour of mudrocks at low mean effective stresses is brittle, showing a distinct peak 

strength before undergoing failure and strain weakening to residual failure. At very high mean 

effective stresses they tend to behave in a ductile manner, with the maintenance of peak strength 

at large strains. In between, there is a ‘transitional’ regime, where undrained shear deformation 

leads to the maintenance of peak strength to a given axial strain in a manner that is similar to 

ductile deformation before the initiation of strain weakening to a residual strength. Such a 

behaviour has been observed in many stiff clays and shales, as can be seen for London clay in 

Figure 6-4b. Different soft rocks sheared at a large variety of confining stress show a similar 

behaviour [108],

This conceptualized model is similar to the one described by Malandraki and Toll [128], in which 

there are three modes of failure:

• Mode 1: when a bonded soil is sheared at low effective confining strengths; the soil 

sustains higher strengths than that of the destructured soil and yield (final yield) coincides 

with failure.

• Mode 2: a transitional zone where the soil yields in the initial stages of shearing, but 

achieves a higher strength than the destructured soil due to the post-yield influence of the 

bonds.
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• Mode 3: the third mode of failure is defined when the bonded soil is sheared at higher 

effective confining pressures, yielding occurs under shear or in isotropic compression, 

and the soil’s strength is similar to that of reconstituted soils.

However, a total loss of structure may require very large pressures, as was observed in the 

Pappadai clay [122]. The Pappadai clay is massive and regularly laminated, with a large content 

of carbonate, but it is largely concentrated in the sand and silt fractions. The clay fabric can be 

considered as a highly compressed ‘bookhouse’ type and overall has a medium orientation. The 

ratio of the yielding stress to the current vertical stress is twice the OCR, so there is a significant 

gain in strength due to its structure. The fabric beyond yield is more densely packed than the 

undisturbed clay, but less oriented as yield seems to result in extensive and chaotic change to the 

original fabric. In the undisturbed clay, the alteration of oriented and flocculated fabrics can be 

distinguished, whereas post-yield, the different particle arrangements seem to merge into each 

other so that the boundaries are ill defined. Post-yielded compression changes the structure to 

regular alternation of stacks and flocculated-honeycomb fabric. The honeycomb structure is very 

stiff and resistant to compression despite its openness, likely the result o f electrostatic forces 

acting at the edge-to-face contacts between particles. This is probably the reason why the post­

yielded clay can retain a higher void ratio and strength than the reconstituted clay.

The strength envelope also reflects the brittle-ductile transition that these materials go through, 

Figure 6-5 [127]. At low mean stresses a well-defined curved peak strength envelope is seen, with 

a fully-softened envelope near the intrinsic strength envelope, but usually above. Failure is brittle 

and the sample shows a distinct shear zone where it develops a slip plane and subsequent 

deformation is by rigid sliding across the shear plane [127, 129]. High shear stress represent a 

phase of brittle microfracturing, with the sample undergoing barrelling, and strain weakening 

leading to brittle failure due to coalescence o f the microfractures [127, 129], At medium mean 

stresses the peak envelope flattens and tends toward the intrinsic envelope, whereas the fully- 

softened envelope lies at or below the intrinsic line [129]. At large mean stresses, the structure is 

removed, the peak envelope coincides with the intrinsic envelope, and the failure is ductile. 

Deformation is through internal reorganization of the structure.

6.2.2.6 Residual Strength

Residual strength is the strength of a slip plane where the particles have been realigned and the 

particles are in face-to-face interaction. Consequently, it is difficult to establish short range 

contact and thus to generate shearing resistance [111]. Lupini et al. [130] recognized that there are
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three modes of residual shear behaviour; a turbulent mode, a transitional mode, and a sliding 

mode, each depending on dominant particle shape and on the coefficient of interparticle friction:

• The turbulent mode occurs when behaviour is dominated by rounded particles, or, 

possibly, in soils dominated by platy particles, when the coefficient of interparticle 

friction between these particles is high. Residual strength is high, no preferred particle 

orientation occurs, and brittleness is due to dilatant behaviour only. The residual angle 

depends on the shape and packing of the round particles and not on the coefficient of 

interparticle friction.

• The sliding mode occurs when behaviour is dominated by platy, low-friction particles. A 

low-strength shear surface of strongly oriented platy particles then develops. The residual 

friction angle depends primarily on mineralogy, pore water chemistry and on the 

coefficient of interparticle friction.

• The transitional mode occurs when there is no dominant particle shape, and involves 

turbulent and sliding behaviour in different parts of a shear zone. The properties of the 

soil in residual shear change progressively across the transitional range from those typical 

o f turbulent shear to those typical of sliding shear. In this mode the residual friction angle 

is sensitive to small changes in grading soil, where the changes in grading required to 

cross this range entirely are typically small.

6.2.2.6.1 Shear Zones and its Structure

Shearing in clay generates changes in fabric and structure that become more important as the 

shear stress level increases. Such changes are often concentrated in a narrow soil layer (strain 

localization). If drainage is allowed, shear strain localization is associated to contraction in the 

case of normally consolidated clays and to dilation in highly overconsolidated clays [131].

Picarelli et al. [131] gave an excellent description of the process of shearing in clayey materials, 

and clarify any confusion with the use of terminology. They state that a shear surface represents a 

physical discontinuity in the material: this indicates the onset of rupture, but no shear 

displacements yet occur along this surface. Once the soil fails, it is physically separated into two 

adjacent bodies, moving along the newly formed interface, which is a displacement discontinuity 

or slip surface. According to Skempton and Petley [132] the mechanism of rupture is 

characterized by initial formation of single separate shear surfaces, called Riedel shears (R) that 

are slightly inclined to the direction of shear, and by some conjugate discontinuities. Then, 

another set of discontinuities, the thrust shears (P) are formed at location almost symmetrical to
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the R shears. All these discontinuities called minor shears do not allow for significant 

displacements [132]. Finally, the displacement discontinuities (D) are formed in the direction of 

the imposed shear. In the final stage, the latter link up to form a unique principal displacement 

discontinuity. Figure 6-6 shows the successive stages on the development of slip surfaces in clay 

and its relation with the behaviour of the material [133]. The described zone of discrete thickness 

including such a complex system of shear discontinuities is a shear zone. The shear zone structure 

is then characterized by the presence of various minor shears and slip surfaces, along which clay 

particles are more or less oriented (shear-induced microfabric) [134, 135],

Finally, the expression shear band has sometimes been used to indicate a soil layer subjected to 

intense shear strains without formation of discontinuitites [136]. Therefore, a shear band is what 

Turner and Weiss [137] call a strain discontinuity that does not physically separate the material in 

adjacent parts, as shear surfaces do.

6.2.2.7 Softening

Clay shales are typically characterized as a stiff, fissured clay or shale that is succeptible to 

significant deterioration as a result of interaction with water. They are usually highly 

overconsolidated clays with high plasticity, a high content of montmorillonite clay, and a 

tendency to undergo extreme slaking with wetting and drying cycles [138],

Both the presence of fissures and unloading are necessary for softening to occur. It is evident that 

softening can arise from both internal and external processes. There is considerable evidence that 

the end result of the softening process is essentially cohesionless clay behaving more or less like a 

normally consolidated material. Softening typically results in a greater reduction in effective 

cohesion than friction [139].

6.2.2.8 Fissures and Joints

A fissure is a discontinuity in a clay or rock, which may or may not have undergone shear 

displacement. Fissures are small scale (i.e. typically hand specimen size) while joints are 

medium- to large-scale discontinuities (i.e. best observed in field exposures) [140]. The most 

relevant issue with fissures and joints is whether displacement has occurred on them.

In clay shales there are three important effects of fissures in controlling the behaviour of the 

deposits. First, they provide inherent planes of weakness along which shear can occur. Second, 

the fissures greatly increase the permeability of clay shale deposits. Without the conduits 

provided by fissures, most clay shales would be virtually impervious. Third, fissures significantly
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increase the surface area exposed to weathering agents. No matter which softening mechanism is 

acting on a clay shale deposit, the rate and extent of softening is highly dependent on the presence 

of fissures [138],

Marsland [141] shows that for a particular clay the strength measured in the field and in the 

laboratory depends on the extent of Assuring, the size of the element of soil tested in relation to 

the spacing of the fissures; the inclination, orientation, shape, and surface roughness of the 

fissures; the stress change during sampling and testing, and the time associated with the stress 

change. Different clays will have different basic properties and previous stress histories, which 

will also vary with location and depth. These factors will affect the properties of intact clay and 

the nature of fissures, and the strength applicable to a particular engineering problem depends on 

some or all of these factors.

Fissures can also be responsible for the brittle failure observed in these materials. Vallejo [142] 

has found that if the water content in fissured clay samples reaches a value equal to or less than 

20%, their behaviour under compression is similar to brittle materials. In compression, the tips of 

the crack concentrate both compressional and tensile stresses. The sample will always fail in the 

regions of tensile stresses. When the inclination of the cracks with respect to the axial load has 

low values, there is an absence of tensile stress at the tip of the cracks.

The widespread presence of fissures in stiff clays and shales has been widely documented. The 

most common causes of Assuring are briefly explained below.

6.2.2.8.1 Fissility

Fissility is the characteristic that causes a material to split into thin layers lying parallel in a 

particular direction, as for example, bedding planes [143], which is an intrinsic characteristic of 

many clay shales. As the degree of fissility decreases, the orientation of the clay minerals 

becomes more random. When fissility is completely lacking, as in clays, the orientation of the 

clay minerals is also lacking or random. The chemical environment at the time of sedimentation 

strongly influences the development of fissility. Consolidation serves to increase the degree of 

fissility by bringing already oriented clay minerals closer together. Fissibility can be caused not 

only by partcle orientation, but by destructuration, as was observed in oedometric tests in 

Pappadai clay [122]. The considerable compression is likely to have destroyed the calcite film 

bonding the particles, so that at high pressures bonding is mainly of an electrical nature. Thus, 

bonding is the weakest in the bands of oriented particles since there the particles are in face-to-

89

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



face contacts. Thus on unloading these bands provide the sites of extension fractures or fissility 

planes.

6.2.2.8.2 Syneresis

Mitchell [89] defines syneresis as “ ... the mutual attraction of clay particles to form closely knit 

aggregates with fissures between them”. Fookes [144] described syneresis cracks as “ ... fissures 

that develop in a suspension, where water is expelled from a clay/water system by internal 

forces”. This process depends on the particle size of the sediment, and the concentration and type 

of cations present. Syneresis cracks are usually found in thin beds of clay between harder strata 

such as fissile shale, limestone, or sandstone. The clay minerals in the syneresis cracked bed are 

not oriented as in shales. The syneresis cracks are found in clays, which appear to have been 

deposited in a flocculated state. Syneresis cracks or fissures may develop during sedimentation 

and remain as closed cracks during normal consolidation but will open again by rebound, when a 

fresh face is exposed [143],

6.2.2.83 Desiccation

Desiccation results in shrinkage and cracking of clayey soils, particularly in those containing 

minerals with high swell potential, such as smecties [89]. Freezing and thaw cycles increase 

overconsolidation and desiccation by drawing water from soils towards the freezing front. With 

each cycle of freezing and thawing, the advance of the freezing front into the soil mass causes ice 

lenses to form in preexisting cracks, which draws water from the adjacent soil blocks and 

increases the overconsolidation of the blocks.

6.2.2.8.4 Tectonism

Tectonism is a deformational process responsible for the generation of faults and folds. Due to the 

strains resultant from tectonic processes, the mechanical properties can change. There are many 

examples in the literature on tectonic zones and its influence on clay shale material. D ’Elia et al. 

[145] studied a Miocenic mudstone in Italy and found that tectonic stresses caused structural 

complexity in a twofold manner: (i) tectonics conferred completely different mechanical 

properties to materials slightly different in composition; and, (ii) tectonics caused an irregular 

heterogeneity due to the distribution of structurally different materials. Also, they compared the 

local tectonic structure and the principal structure characteristics during a tunnel excavation and 

found that: (i) the highly tectonized zones with sheared material were found where the distance
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from the faults is smallest; and, (ii) the average attitude of the bands of sheared material is close 

to that of the main faults and of the faults crossed by the tunnel.

6.2.2.8.5 Glaciotectonics

Glaciotectonics or ice-thrusting occurs when a glacier is forced into compressive flow by the 

underlying topography or during net ablation of the ice sheet, which involves recession of the ice 

front and thinning of the ice sheet. Elevated bedrock pore pressures are generated ahead of the 

glacial advance by basal freezing, which reduces the resistance of the bedrock to deformation by 

thrusting of the adjacent frozen bedrock. The sediments may be folded and sheared, and then re­

deposited during ablation, forming complex structures including reversed stratigraphy sequences 

[146, 147], Tsui et al. [148] described a 3.8 m thick shear zone found in bentonitic mudstones in 

the North Saskatchewan River valley, Alberta, where principal displacement discontinuities were 

present (Riedel) and thrust shears.

6.2.2.8.6 Erosion and Stress Relief

Studies of fissures on several Cretaceous clays of England [149] found that at every site that was 

studied, there was some indication that a set of fissures had developed parallel to the exposure 

orientation (a mechanism similar to bedding). Also, from these observations it is suggested that 

the process of fissure formation sympathetic to the topography is: (i) within a period of months 

after exposure a weakly concentrated uni-planar set of fissures is formed parallel to the slope 

surface, (ii) several years later a weakly concentrated major girdle of fissures becomes apparent 

perpendicular to the slope surface, making a right-angled combination with the uni-planar set. A 

similar development of sets of fissures was found on different glacial tills of Scotland [150, 151].

Another process of stress relief but on a larger scale is valley rebound [152, 153]. River erosion 

removes horizontal support from valley walls and vertical support from the valley floor. Valley 

walls deform inward and the valley floor upwards. Inward movement of valley walls concentrates 

in the weaker, more deformable beds, which usually develop shear zones. Stronger, stiffer beds 

develop vertical to subvertical tension joints, which typically do not extend across weaker beds. 

Most valley bottom deformation occurs between the valley walls but some deformation also 

occurs beneath relaxed zones in the valley walls. Lateral compression plus vertical load removal 

causes arching and buckling of beds in the valley bottom. Bedding planes open in strong, stiff 

beds while anticlines and thrust faults develop in weaker, more deformable beds. Shearing 

displacement along bedding planes produces shear zones commonly along weak bedding.
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6.2.2.8.7 Relict Landslides

Previous landslides would have produced shear planes, as forensic labour in many landslides has 

proven [132, 135], Barton [154] showed from a survey of the literature that compound shaped 

landslides are of common occurrence and of world-wide distribution in stratified over­

consolidated clays and soft rocks with flat-lying bedding. The bounding shear surface of these 

landslides has a steep rotational part at the rear and a translational part parallel to the bedding at 

the front. The translational part is many times associated either with pre-sheared materials or 

progressive failure of the material.

6.2.3 Groundwater Flow and Permeability in Stiff Clays and Shales

6.2.3.1 Groundwater Flow

Groundwater flow in low-permeability environments is not well understood, although significant 

progress has been made in the last 20 years. The main reason for this lack of understanding is 

associated with the complications that arise measuring permeability both in the laboratory and in 

the field, the time that these tests can take, and the fact that even field tests only measure the 

permeability of very small volumes.

Studies about groundwater flow in these ‘semipermeable’ environments have shown that low 

permeabilities measured in the laboratory are representative and comparable with results 

backcalculated from regional studies [155, 156], Figure 6-7. However, Neuzil [155, 156] pointed 

out that as to now it is not possible to predict how and where heterogeneity will affect large-scale 

permeability in these media. Thus, it was found that some regions are often more permeable than 

small volumes of the same rock, owing to the presence of joints, fractures, and faults. However, 

there was evidence of many sizeable regions of low permeability where apparently either there 

are no fractures, or the fractures are not connected [71, 155-157]. Some examples of both 

“permeable” and “impermeable” groundwater flow regimes are presented below.

6.2.3.1.1 Regional Flow in the Cretaceous Shales o f Mid North America

Different studies in the Cretaceous shales of mid North America [71, 155-157], which reaches 

more than two km in thickness and two million km2 in areal extent, have been very useful to 

understand the groundwater flow regime of shales. Permeability measurement in the laboratory 

have given permeabilities of the order of 10 21 to 10‘2 0  m2. Studies in the Denver Basin, which is 

marked by strongly subhydrostatic fluid pressures in the Dakota aquifer, a regional sandstone
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aquifer below the Cretaceous shales, show no presence of secondary permeability, and the 

predicted values from modelling were similar to the ones measured in the laboratory [157].

On the other hand, Neuzil and Belitz [71] compiled and reanalyzed the data from different 

regional flow analysis in the Dakota Aquifer in South Dakota and North Dakota, Figure 6 -8 . 

Their conclusions suggest that intact clay shale material can be considered impermeable 

(permeabilities of the order of 1(T21 to 10"2 0  m2). However, on the regional scale, the secondary 

permeability controlled the flow and the average permeabilities were in the order of 1 0 ' 18 m2. 

Transmissive vertical to subvertical fractures or similar features were the central feature of this 

model, and the authors concluded “ ... such transmissive fractures control the regional vertical 

permeability of (and leakage through) the shales, but only at depths of less than approximately a 

kilometer”.

Implicitly, Neuzil and Belitz [71] are providing an idea of the approximate state of stress at which 

the fissures and fractures ease the flow, and these features control the flow regime and movement 

rates. The absence of secondary permeability below approximately one kilometre depth means 

that either the fracture openings are lost with further increases in stresses, or there are no more 

fractures present in the media. Furthermore, the site study in South Dakota found no evidence of 

the vertical transmissive fractures. The nature of the study suggested the existence of a block of 

‘tight’ shale that is at least a kilometre across. That led the authors to hypothesize that “ ... the 

fractures are very sparse and separated horizontally by a kilometre or more”. In the early studies 

by Bredehoeft et al. [157] the hydraulic conductivity of the shales ranged from 5x1 (f12 m/s (5*10' 

19 m2) at depth to 2xl0 ' 9 m/s (5*10 16 m2) near surface. These regional values were as much as a 

factor of 103 larger than laboratory and in-situ determinations of permeability of the shale. This 

was interpreted as indicating fracture enhancement of the regional permeability [156],

This stress dependant behaviour of fractured rock mass has been observed in theoretical studies 

like the one carried out by Sanderson and Zhang [158], in which the fluid flow and deformation 

of a rock mass were simulated using the distinct element method. A series of numerical 

experiments on different rock masses with different fracture networks were carried out, where the 

increment in pressure led to a change in the flow regime from diffusive to highly localized once 

certain critical stress was reached. At the critical pressure at which permeability increases 

significantly all the principal effective stresses are still compressive, and the fluid pressure is 

sublithostatic.
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6.2.3.1.2 Toumemire Tunnel, Southern France

In the context of an R&D program on nuclear waste disposal a 250 m thick argillaceous 

formation in southern France was studied for NWD purposes [72], The argillite has a low natural 

water content (-3-5%) and very low porosity. Laboratory tests produced diffusion coefficient 

(tritiated water) from 2 x l 0 " 12 to 2 x 1 0 1 1 m2/s and hydraulic conductivities from 1 0 ' 13 to 1 0 ' 14 m/s
20 2 1 2  1 1 1 3(10' to 10' m ). Field hydraulic conductivity tests produced permeability from 10" to 10' m/s 

(10' 18 to 10' 2 0 m2). Because of the low values of permeability, it was concluded that fluid flow 

was essentially governed by diffusion. Fracture analysis from cores show the existence of planes 

with different types of fillings (mainly calcite) of various sizes. The fractures appeared to be 

perfectly sealed and impervious.

Also, a geochemical study was carried out using stable isotope from intersticial water, which gave 

some indications on the origin of the intersticial fluids and possible flow process [72], From 5I80  

and 8 2H contents of the pore water, the possible origins for the fluids were analyzed. By 

postulating diffusion processes as the main flow mechanism through the clay formation, an 

attempt at modeling travel time was made based on the deuterium profile. It was concluded that 

fluid-flow in this rock formation is most likely governed by diffusion processes.

6.2.3.1.3 Opalinus Clay, Fractured Jurassic Shale

As part of the Swiss programme for high-level waste disposal, a Jurassic claystone is being 

investigated as a potential host rock [75). The measurements of hydraulic and geochemical 

properties of the shale were carried out in ten tunnels in the Folded Jurassic of northern 

Switzerland. Despite extensive faulting, only a few indications of minor water inflow were 

encountered in more than 6000 m of tunnel. All inflows were in tunnel sections where the 

overburden is less than 2 0 0  m, and are either associated with an intercalated series of fractured 

calcareous sandstone layers, or with faults, some with minor calcite veins. It seems that at stresses 

larger than the ones found at 2 0 0  m depth, fracture conductivity is null, which is similar to the 

results by Neuzil and Belitz [71] in Cretaceous shales. Hydraulic tests in deep boreholes (below 

300 m) yielded a hydraulic conductivity lower than 10' 12 m/s (10 19 m2), even though joints and 

faults were included in some of the test intervals. It is important to note that this is a tectonized 

indurated clay with a total water content that ranges from 4 to 19%. Apparently, advective 

transport is not a critical issue in the Opalinus clay, and this conclusion was reinforced by 

hydrochemical and isotopic data [75],

94

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



On the other hand, hydraulic tests were carried out in the excavation disturbed zone (EDZ) of the 

Mont Terri Rock Laboratory, in the Opalinus Clay [73], The EDZ was composed of two parts, the 

first one a meter into the walls, where there is a large density o f fractures, which are well 

connected and unsaturated; and a second zone between one and two meters with a lower density 

of saturated, and poorly connected fractures. Permeability increases in the EDZ were between 2 

and 4 orders of magnitude closer to the walls, quickly decreasing to in-situ values, usually 

between one and two meters from the wall. It is clear that both fracture connectivity and level of 

stress are very important for flow in argillaceous formations.

6.2.3.2 Hydro-Mechanical Response o f  Clays and Shales

Permeability of argillaceous materials, either soils or rocks have been extensively studied, but are 

still subject of controversy, and at a phenomenological level it is not well understood. However, it 

is clear that structure, mineralogy, porosity, and fluid chemistry are among the most important 

parameters that control permeability. In the case of geological storage, permeability 

measurements at large pressures are more relevant than the usual observations made in 

geotechnical engineering, so the following paragraphs will review some of these measurements.

Krooss et al. [159] investigated the molecular transport and fluid flow of unfaulted and faulted 

pelitic rocks form different regions and geological ages, Figure 6-9. Permeability was measured 

using the constant flow technique at very high temperatures and pressures in samples of 28.5 mm 

in diameter and 30 mm in thickness. The results show an exponential decrease (approximately 

linear in the semi-logarithmic plot) in permeability with effective stress and a power law for 

cemented silty claystone. Even more important, the authors found that neither of the tested 

samples showed a systematic dependence of permeability on fault frequency, intensity and 

orientation, which suggests that any increment in permeability due to faulting or fracturing seems 

reduced and eliminated by local secondary mineralization processes and/or ductile deformation of 

the shales. However, the effects of faulting and fracturing on the samples may have been masked 

by the small size of the samples, the high confining pressures and the very large gradients applied 

to the samples.

Faulkner and Rutter [160] evaluated the gas permeability of clay-bearing fault gouge from the 

Carboneras fault in Spain. The permeability was measured in the three main orthogonal directions 

using both the pulse transient and pulse pressure oscillation techniques with argon as a fluid. The 

sample was loaded and unloaded cyclically at effective stresses from 60 until 160 MPa. The 

results showed a dramatic decrease in permeability during the first cycle, due to both adjustment
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of the fracture walls, and compaction of the clay gouge. Still, decrease of permeability continued 

slowly with every cycle, due to compaction of the clay. The permeability perpendicular to the 

fault is up to three orders of magnitude lower than the one parallel to the foliation and Riedel 

shears, Figure 6-9. The permeability in the transport direction is intermediate between the others. 

Therefore, it is clear that the permeability of a highly structured rock like a clay-bearing fault is 

different in different directions due to its structure. These results -as will be seen later- are 

consistent with the ones by Zhang and Cox [161], showing that the anisotropy in permeability 

remains even at very large pressures.

Likewise, Faulkner and Rutter [162] compared the differences between the permeability 

measured with argon and with water during the same set of experiments. The results showed that 

permeability with water as a fluid is one order of magnitude lower than with argon. It is thought 

that this is due to physicochemical interactions between the fault gouge and the water, whereby 

layers of strongly adsorbed water on mineral surfaces reduce the effective pore throat apertures. 

Clearly the flowing fluid can have quite an impact in the permeability of these materials, as 

Lambe and Whitman [112] have shown.

Zhang and Cox [161] studied the permeability of a fault with flow parallel and perpendicular 

during shear, using a synthetic mud composed of 10% montmorillonite, 40% illite, and 50% silt­

sized quartz, Figure 6-10. The tests were carried out in normally consolidated (NC) samples 

consolidated at 90 MPa, and in overconsolidated (OC) samples consolidated at 90 MPa and 

sheared at 30 MPa. The permeabilities parallel and across the fault are similar for the NC 

samples, and remain similar during shear. On the other hand, in the OC samples the combined 

effects of shear strain and reducing mean effective stress result in permeability enhancement of 

up to two orders of magnitude. The permeability parallel to the shear direction is one order of 

magnitude higher than that across the shear plane. Obviously the reorientation of particles during 

shear in OC sediments, and the development of a shear zone lead to the enhancement of 

permeability with shear in stiff clays and shales. Notice that larger confining stress will inhibit the 

development of shear zones and the permeability enhancement.

Bolton and Maltman [163] described the natural processes that fine-grained sediments go trough 

during compaction and tectonic evolution, and how permeability evolves. Moreover, 

consolidation, shear, and flow migration leave a distinct signature in the formation. The process 

can be summarized as, Figure 6-11:

• Sediment is initially deposited at conditions of minimal pore pressure and overburden.

Open fabric is common in these sediments.
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• If the sediment is buried and allowed to consolidate, there will be a loss of volume and 

the development of a ‘consolidated’ fabric.

• Shear starts at this stage. If flow is allowed, the material will compact and deform ductile. 

The excess of pore pressures generated during shear will depend on the strain rate and 

permeability.

• If any process like erosion, pressurized fluid or others induce overconsolidation on the 

material, deformation will proceed in a more brittle fashion, and localized shear zones 

could form. This could explain why ductile and brittle deformation fabrics have been 

observed in cores from modem convergent margins.

• If the overconsolidation ratio is further increased, future shear deformations will be brittle 

and strain will be concentrated in shear bands.

• Shear bands develop inside the material. The fabric will consist of aligned minerals in the 

shear band, which dilate with increase in pore pressures or shear strains, allowing cyclic 

fluctuation of pressure build-up and fluid release (valving).

• Large overconsolidation, shear strains and the dilation associated will end up in fracturing 

of the material and loss o f pressure. Flow channels will be created several orders of 

magnitude more permeable than the matrix, which will dilate at low effective stress. The 

criterion for closure and opening of fractures depends not only on the mean effective 

stress but also on the relationship between the pore fluid pressure inside the cracks and 

the effective stress normal to the wall. If the pressure increases inside the crack more 

rapidly than it can dissipate into the surrounding sediment then the tendency for the 

cracks to open will increase. On the other hand, if the rate of pressure build-up is slow, 

the effective stress will be mobilized to close the crack and the enhanced concentrated 

flow will be less pronounced.

Bolton and Maltman [76, 163] provide evidence of this contrasting behaviour in NC and OC 

sediments. Tests were carried out on identical artificial samples made from a slurry of 80% 

kaolinite and 20% fine sand, both of them consolidated isotropically at 1 MPa; one of them being 

sheared at this isotropic stress, and the other sheared at 0.3 MPa. The tests were drained, at 

constant strain rate, and the permeability was measured through the tests by a constant-rate-of- 

flow permeameter. As was expected, the NC sample deformed by ductile barreling, and the 

permeability decreases with shear and porosity. An increase of permeability between 8 % and 

1 2 % axial strain was due to the expulsion of fluid from the base of the sample because of the
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reduction in porosity. Post-shear hydraulic conductivity under varying conditions of effective 

stress indicated that any deformation fabrics that were produced had little influence on the fluid 

flow besides a small decrease in the hydraulic conductivity.

On the other hand, the permeability in the OC sample increased with strain as a result of dilation 

in the sample. The shear test was stopped a couple of times to evaluate the steady-state 

permeability, which showed the same results. This indicated that the shear zones are 

interconnecting creating a preferential flow path. Moreover, the post-shear permeability is 

controlled by the mean effective stress and the effects of the differential stress are negligible, 

Figure 6-12. The relationship between porosity and permeability are markedly non-linear. The 

permeability of the shear zone is a function of the effective normal stress acting on the shear 

plane. Thus, Figure 6-12 shows clearly how after decreasing the effective stress below a treshold 

pressure, in this case 250 kPa, the shear zones start to connect and prompt a definite increase in 

permeability. Although the shear zone walls at this stage are parting due to the reduction in 

effective stress, the small amount of porosity increase is sufficient to create a more interconnected 

pathway, and hence the permeability increases rapidly. The behaviour exhibited by the OC 

sample is similar to the Cretaceous shales of North America studied by Neuzil and Belitz [71], 

where fractures act as preferential flow paths below a certain threshold stress.

Renner et al. [164] carried out an investigation of the mechanical and hydraulic behaviour of 

foliated marls and shales from the Swiss Central Alps. Initially, the samples were loaded 

hydrostatically and the permeability decrease at least one order of magnitude from 5 to 40 MPa. 

The permeability was one order of magnitude lower on samples where the flow was 

perpendicular to the foliation (S samples) than where the flow was parallel to the foliation (P 

samples).

When the samples were sheared in a triaxial test, all exhibited brittle failures at small axial strains 

(0.1 to 0.3%), and the permeability decreased during axial deformation in accordance to the initial 

volume reduction, Figure 6-13. However, after failure, permeability of the samples rapidly 

increased, especially in the P samples because the fracture plane intersected both sample end 

faces. On the other hand the increment in the S samples is not as prominent because only one side 

of the fracture intersect the platens of the cell, but intuitively if both side would reach the end 

faces, the increment in permeability would have been in the same order (two orders of 

magnitude).

Moreover, Bolton et al. [165] tested some sediments from the Costa Rica convergent margin 

during the Ocean Drilling Program Leg 170, Figure 6-14. The material was a friable claystone
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from a fault zone, it was highly overconsolidated, and it contained intact shear fabrics. The results 

showed that at the lowest effective stress after shear (50 kPa) the permeability is two orders of 

magnitude greater for a given porosity than predicted by the pre-shear behaviour. Furthermore, 

post-shear permeability is more strongly dependent on effective stress changes than on porosity or 

deviatoric stress. It is interesting to note that other materials that behave in a brittle way (i.e. 

chalk) do not show an effective stress dependency on the post shear permeability. It is thought 

that this is due to the intrinsically high permeability of the matrix, and deformation fabrics in such 

lithology will only become important as barriers to fluid flow when they are oriented at high 

angles to the flow direction and porosities within the zone are significantly less than the matrix. 

The study o f the Costa Rica convergent margin has lead to the identification of different stress 

and hydrogeological regimes, as well as the pattern of deformation in these regimes in the 

decollement zone. The upper zone behaves like an overconsolidated material, where flow is 

enhanced by the presence of a sheared, fractured silty clay, with the typical structure of shear 

zones in stiff clays. On the other hand, the underthrust section is a ductile, unfractured, low 

permeability silty clay.

Gutierrez et al. [77] studied the permeability of a ‘de-mineralized’ fracture in shale. ‘De­

mineralized’ meaning that any cement on the surface of the walls of the fracture was washed out. 

The tests were carried out on the Kimmeridge shale, a naturally fractured shale from the Upper 

Jurassic, which is found throughout the North Sea as source, carrier or seal rock in several oil 

fields. Block samples were retrieved from the Isle of Purbeck, Dorset, UK. The fractures used for 

the tests were obtained by manually splitting the healed fractures in the block samples; the calcite 

cement was dissolved with a strong acid solution. The almost uniform thickness of the calcite 

cement and the apparent good match of the de-mineralized fracture surfaces are indications the 

fracture is a natural extensional fracture, likely a hydraulic fracture, which has never been 

subjected to shear deformation.

Initially, the samples were subjected to three loading and unloading cycles at 60% of the 

unconfined strength of the shale and the final permeability was assumed to be the one when the 

fracture was formed. The initial fracture permability was in the order of 10' 10 m2, while the matrix 

permeability was in the order o f  10' 19 m2. The samples were tested in a direct shear machine, were 

permeability was measured across the fracture before and after shear. The sample was loaded and 

unlodaded cyclically, and a permeability function with respect to effective normal stress was fit 

with promising results. Also, it is important to notice that even after loading the sample to about 

10 MPa —twice the unconfined strength—, the normal loading had not fully closed the fracture.

99

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Permeabilities after shearing were related with the amount of dilation in the test, Figure 6-15. For 

low normal stresses (1 to 2 MPa) the permeability increased approximately by a factor o f 10, and 

for shearing at large normal stresses (around 6  MPa) the permeability was 10' 6 times the 

permeability before shearing. This reduction is due not only to the closure of the fracture by a 

larger normal stress, but by the gouge formation and transport of particles blocking the fracture. 

Notice that even with such a large decreasing in permeability, it is still larger than the matrix 

permeability by two to three orders o f magnitude. It is interesting to note that this result is very 

similar to those in hard rocks, where it has been found that at normal stresses larger than the 

unconfined strength of the material, a reduction in permeability is experienced, and the parameter 

a ’„/oc seems to be the key parameter for determining the permeability reduction [166, 167]. 

Likewise, during shear, permeability is controlled not only by the acting normal stress, but by the 

amount of shear, and the roughness and strength of the joint walls [166, 167].

6.3 Anhydrites

6.3.1 Origin and Formation

Anhydrites are evaporites, which are one of the mineral products of precipitation when brines are 

evaporated. The mineral anhydrite is a calcium sulfate like gypsum, and they are the two most 

common types of evaporite after halite by volume. It is believed that only gypsum is normally 

precipitated in nature from sea water, and that anhydrite forms secondarily by the dehydration 

process [168], The dehydration of gypsum to anhydrite is represented by the following reaction:

C aS04.2H 20  CaSO, 2 H 20
 .............    S-7̂ — — -(- ..

(gypsum) (anhydrite) (water)

This process can occur under the influence o f solar heating in the uppermost lm or less of 

sediment supratidal areas [169]. Upon burial, the appropriate temperatures are reached at depths 

of 600-900 m, depending on the geothermal gradient [170], The effect of the resulting volume 

change would be that a 1 0  m thick gypsum bed would reduce to 6 . 2  m thick bed of anhydrite 

[168]. Anhydrite exposed at the surface, or occurring at shallow depth, could hydrate to gypsum 

[168], however, large volumes of water would be required.

6.3.2 Mechanical Behaviour of Anhydrites

Experience with anhydrites and their mechanical behaviour is rather poor as an extensive 

literature review proved. Nonetheless, a database of experimental results was built, and 

reinterpreted to provide a better idea as to the mechanical properties and behaviour of anhydrites
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for use in the Weybum project performance assessment. The primary basis of the database was 

the information collected in the Marker Bed 139, in the Waste Isolation Pilot Plant (WIPP) [171]. 

Yet, results from Blaine Anhydrite [172], Oklahoma, St. Bees evaporites from the Whitehaven 

mine, UK [173], the Northern Alps, France [174], and the Weybum Field, Canada, are also 

included. Table 6-1 summarizes the properties gathered form the literature review.

Anhydrite can be considered a medium to low strength rock, with a high modulus ratio, following 

the Deere and Miller classification, Figure 6-16 [175], This is due to the fabric (interlocking) and 

mineralogy (anhydrite). The mineral anhydrite is very strong, and the strength of anhydrites is 

largely dependant on the anhydrite content, Figure 6-17. Likewise, Young’s modulus is linearly 

related with the unconfined compressive strength as was expected, whereas its Poisson’s ratio 

seems to be independent of both Young’s modulus and unconfined compressive, and 

consequently of anhydrite content, Figure 6-18.

Its stress-strain behavior in triaxial testing is that of brittle hard rocks, where damage through 

cracking and crack propagation develops once the load overcomes a certain threshold (0.4 ac 

from back analysis in tunnels and testing in Lac Du Bonnet granite [176, 177]). Once the cracks 

begin to coalesce the material weakens, finally developing a failure plane. At this point the 

material loses its cohesion, and its strength decreases significantly.

Failure in rocks can be described by either a liner Mohr-Coulomb criterion or the Hoek-Brown 

criterion. The more traditional Mohr-Coulomb failure envelope would be constructed based on 

results acquired from triaxial compression testing. The failure criterion is a linear locus drawn 

tangent to a series of Mohr’s circles. The maximum stress (0 7 ) and the minimum stress (0 7 ) minus 

pore pressure (u) are plotted on the x-axis and shear stress (r) is on the y-axis. A best-fit line 

would then be constructed tangent to the circles to give a failure envelope. Mathematically, the 

failure criterion can be expressed as:

r = c + (<Tn -  w)tan (j>

In the expression above c 'is  the effective cohesion; ^ 'is  the effective angle of friction; <r„ is the 

normal stress on the failure plane; and u is the pore pressure. The Mohr-Coulomb criterion can 

represent adequately the rock properties in small stress ranges, but rocks in general present a non­

linear behavior, where cohesion is small and friction large at low confining stresses, and vice 

versa at large confining stresses. However, the advantage of the Mohr Coulomb criterion is that it 

is well-known and consequently easy to communicate.
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Table 6-1. Mechanical properties of the different anhydrites included in the database

Sample

location

Anhydrite

Content

(%)

(MPa)

O,

(MPa)

E

(GPa)

V vP

(m/s)

Reference

Whitehaven
113 5.47 109 Bilgin (173]

Sandwith 102.9 8 . 2 56.7 0.25 3310 c«

Newbiggin
97.5 7.1 67.1 0.31 3390 (C

St. Jean 

Maurienne

98 62 50 Fabre & 

Dayre [174]

Moutiers
95 60 50

Bramans
60 40 30

La Coche 77 60

Blaine 127 Handin & 

Hager [172]

Castillo Formation

ERDA9 117-120 73.1-74.8 0.35-0.39 Pfeifle & 

Hansen [171]

Room T 63.3 40.7 0.37 u

RoomM 31.6,35.2 21,26.8 0.21,0.48 it

MX05-12 35.6,43.7 24.9, 32.2 0.31,0.49 k

TV 10-3 52.7 33.5 0 . 2 2
k

Salado Formation

AEC7 73.9-105.8 56.3-87.6 0.35-0.39

AEC8 44 .5 -96 47 .4 -75 .2 0 .30-0 .39 “

The Hoek-Brown failure criterion has been used to represent the failure envelope of jointed rock 

masses and also captures the non-linear strength behavior of a jointed rock mass [178], Through 

the GSI (Geological Strength Index) associated with the Hoek-Brown envelope, the criterion has

1 0 2
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the ability to translate a failure envelope from an intact core in the laboratory, into the rock mass 

response of the same material with a different GSI value [179]. Also, the criterion includes a 

disturbance factor D, associated with the degree of excavation or drilling damage, which ranges 

from 0.0 for no damage to 1.0 for very poor control. The Hoek-Brown failure criterion can be 

expressed as [178]:

<*j = cr3 + (Jci

f  ' V' £73

m b  + s
\  ®ci J

where oci is the unconfined compressive strength, o \ and < 7 3  are the major and minor effective 

principle stresses at failure, mb is a GSI dependent, reduced value of the constant m,,given by:

( G S I - 1 0 0 ^
mb = m p x p

28-1479 j

and s and a are rock mass constants, dependent on GSI and D, through:

f a s / - 1 0 0 ^
s = exp --------------

9 - 3 D  J  
a = -  + -  (exp(-GSI  /15) -  exp(-20/3)) 

2 6

Table 6-2 summarizes the properties of the different anhydrites for both Mohr-Coulomb and 

Hoek-Brown criteria. Friction, (j)', is between 30° and 45° from most of the tests. The low friction 

of the Blaine anhydrite is due to the large confining stresses used in some of the tests, which 

accentuate the non-linearity of the rock response. Cohesion is between 13 and 20 MPa for most of 

the samples, with larger values for Whitehaven and Blaine anhydrites because of the larger 

confining stresses. The significant difference in properties between Castillo and Salado 

formations seems to be due to a difference in mineralogy, where the Salado formation results 

combine samples from two different areas in the same formation, while the Castillo samples come 

all from the same area. That also explains the scatter in the Salado results. Unfortunately, there 

are not specific mineralogical studies of any of these samples, but global results from the Marker 

Bed 139 showed a large scatter. When all the data are combined, the friction and cohesion are 

44.8° and 18.1 MPa respectively, which are common values for a competent rock, Figure 6-19.

Hoek-Brown parameter results also show scatter, but it is less marked than in the Mohr-Coulomb 

parameters, because the criterion better reflects the response of rocks. It is interesting to notice the 

scatter in the value of ac due to different mineralogy and fabrics. However, when all the results
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are analyzed together, Hoek-Brown represents the rock behaviour quite well, with a value of <?ci 

of 82.6 MPa. Hoek and Brown [178] reported average values of m, of 13, substantially larger than 

the values of 5 to 6  that most of the results shown. However, when the results are combined and 

the large confining tests are included, m, is 11.2, a comparable result to Hoek’s, Figure 6-20, and 

a clear signal that Hoek-Brown parameters should be evaluated with results on testing with 

confining stresses that cover a range similar to the unconfined compressive strength of the 

material.

Table 6-2. Mechanical properties of anhydrites

Criterion Mohr-Coulomb Hoek-Brown (Intact Core)

Formation Friction Angle Cohesion (MPa) dti ntj

Castillo 31.4 2 0 . 2 72.4 5.2

Salado 46.9 15.6 102.9 6.3

Marker Bed 1396 46.7 13.0 94.2 5.2

Whitehaven 36.5 30.3 114.5 9.4

Blaine 17.1 57.9 165.3 2 . 0

All7 44.8 18.1 82.6 1 1 . 2 0

6.3.3 Hydraulic Properties

Anhydrites are a common caprock for oil and gas reservoirs, they have low permeabilities and 

high capillary entry pressures. However, actual measurements are scarce, and as with the 

mechanical behavior, the most extensive database of hydraulic properties comes from the WIPP 

[180], An important series of hydraulic properties was produced for the Weybum project by Dong 

et al.[70] and in this research.

Effective porosity measurements carried out in 42 samples of WIPP anhydrite samples ranged 

from 0.4 to 2.7%, and total porosity measurements ranged from 0.4 to 1.6% in three samples 

[180]. At Weybum, porosity measurements were between 0.2 and 8.0% [70], However, the large 

numbers were in the lower section of the formation that has substantially less anhydrite, and even

6 Marker Bed 139 includes both Castillo and Salado Formations

7 No test with a confining stress larger than 40 MPa was considered for the Mohr-Coulomb parameters 

because the envelope becomes highly non-linear.
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some of the tests may have been carried out in the Three Fingers layer, a dolomite-anhydrite- 

gypsum formation. Gas permeabilitites measured at the WIPP ranged from a minimum of 

5.0xl0"2 0  m2 at 10 MPa effective stress to a maximum of 8.3xl0 ' 16 m2 at 2 MPa effective stress 

[180]. On the other hand permeabilities from Weybum samples gave gas permeabilities (nitrogen) 

between 2 .2 x l0 18 and 3.8xl0~19 m2, and liquid permeabilities (C0 2/brine) between 1.2xl0 ' 18 and 

6.4x1 O'21 m2 [70], Likewise, permeability measurements using distilled water at the University of 

Alberta gave permeabilities between 4xl0 "19 and lxlO-2 0 m2 (see Section 6.3.4).

The results clearly showed that the correlation between porosity and permeability is rather weak. 

On the other hand, both porosity and permeability exhibit very small decrease with confining 

stress. Therefore, for a given specific project, permeability must be evaluated from both 

laboratory and field testing due to the lack of correlation with secondary parameters.

In-situ results from WIPP showed that the lowest permeability of anhydrites is 3 orders more than 

the lowest halite [181]. Moreover, at WIPP there was an intent to see the change in permeability 

with excavation of galleries, but the results were unsuccessful. Permeability values measured at 

different distances from the walls of different galleries showed no trend. However, the in-situ 

pore pressure was function of the distance to the galleries’ walls. In most of the measurements 

within a diameter of the gallery the pore pressure was dissipated, it is clear that fracturing has 

occurred, and permeability, somehow, is a function of damage. Finally, hydraulic fracturing tests 

were carried out at the WIPP, and permeability was evaluated pre-treatment and post-treatment. 

The results show that newly opened fractures have a highly non-linear permeability that depends 

on fracture aperture and fluid pressure [182] where flow rates increased significantly. However, it 

was not possible to interpret the test to obtain fracture permeabilities, although residual apertures 

were estimated to be 0 . 2  mm.

6.3.4 Experimental R esults

In order to establish more accurately the geomechanical and hydraulic properties of Weybum’s 

caprock, the Midale Evaporite and the transition unit between the Midale Evaporite and the 

Midale Beds8, a laboratory testing program was carried out at the University of Alberta. Such a 

program included mechanical testing in the form of unconfined compressive strength and triaxial 

compression tests, cyclic triaxial loading, and permeability measurements before shearing, while

8 Test in the Three Fingers unit were included because their anhydrite content is in the order Of 30% and it 

has low permeability.
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shearing, and in one test, permeability after shearing. Also, the samples were sent for 

geochemical analysis. However, due to loading frame limitations the only samples that could be 

taken to failure were from the Three Fingers, a dolomite-anhydrite-gypsum layer that is the 

transition between the Marly and the Midale Evaporite. This formation has less than 30% 

anhydrite, and the test results must be carefully interpreted before considering them as 

representative of Midale Evaporite anhydrite, which has contents of anhydrite of more than 90%. 

These samples could not be loaded to failure because the load frame utilized for these 

experiments did not meet the load requirements.

6.3.4.1 Mechanical and Hydraulic Testing

A set of four tests was carried out, two in the Three Fingers and two in the Midale Evaporite. 

Table 6-3 and Figure 6-21 summarize the results obtained from the mechanical tests carried out in 

the Midale Evaporite. The results are fairly consistent, although as it will be seen in the next 

section, the mineralogy of the Midale Evaporite changes significantly throughout the reservoir, 

with anhydrite content being a critical value in the mechanical properties of the rock.

Table 6-3. Summary of geomechanical tests carried out in Midale Evaporites

Test

No.

Well o 3

(MPa)
P

(MPa)

E,*

(GPa)
Of

(MPa)

£f

(%)

Unit

1 13-14-006-14W2 0 0 21.5 20.5 0.40 Three Fingers

2 13-14-006-14W2 8 3 12.9 30.6 0.30 Three Fingers

3 8-13-006-14W2 30 3 12.3 - - Anhydrite

4 8-13-006-14W2 3 1 1 2 . 0 - - Anhydrite

The failure mode in the unconfined compression test followed that of a brittle material, which is 

characterized by vertical failure planes, where columns are developed as can be seen from the 

‘jumps’ in the radial strain measurements, Figure 6-22, and the picture of the failed sample, 

Figure 6-23. This sample had an unconfined compressive strength of 20.5 MPa with a tangent 

Young’s modulus of 21.5 GPa.

9 Tangent Young’s Modulus
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Two monotonic triaxial compression tests were carried out at confining pressures of 8  and 30 

MPa. The test done at 8  MPa in a Three Fingers sample failed in a brittle manner, Figure 6-24. 

The sample developed a clear shear plane as a product of the coalescence of extensive 

microfracturing throughout the sample. Some of the extensive fracturing that occurred in the 

sample can be seen in Figure 6-25. The sample failed at a maximum deviatoric stress of 30.5 

MPa, and its tangent Young’s modulus was 12.9 GPa.

Once the sample failed, permeability was measured through the shear plane. As was expected in 

well-defined failure planes, the permeability becomes a function of the effective confining stress. 

However, the enhancement in permeability was very low because the plane of failure did not cut 

the sample at the end (which was expected), Figure 6-26. The plane was very rough, some gouge 

developed, and apparently, the contact area was still very large, Figure 6-27. All these factors 

have long been recognized as critical in the permeability of fractures.

The sample tested at 30 MPa confining stress (Midale Evaporite) unfortunately could not be 

failed because of limitations in the equipment available. The sample exhibited an elastic behavior 

through the entire test with a tangent Young’s modulus of 12.3 MPa, Figure 6-28. Likewise, 

permeability and specific storage evolution were monitored during this test with limited change in 

their values, proving that during the test the sample was behaving elastically, Figure 6-29. The 

permeability of the sample was in the order of 1 0 " 2 0 m2.

Finally, a cyclic triaxial loading was carried out at 3 MPa confining stress in a Midale Evaporite, 

which had as purpose to induce gradual damage in the sample. Figure 6-30 shows the stress-strain 

plot, where it is clearly seen how plastic strains are accumulated throughout the test. The gaps 

between cycles are interruptions in the test for a few days, which caused some minor creep in the 

sample. Figure 6-31 shows the evolution of elastic properties due to cycling. Such a plot is a clear 

indicator of mechanical damage occurring in the sample. However, the values tend to a constant, 

which means that the rate of induced damage is decreasing at every cycle. It is worth noting the 

Poisson’s Ratio tends to its maximum possible value of 0.5, which can be due to the “destruction” 

of any anisotropy existing in the material due to the damage of the sample itself.

Permeability was monitored during the test with some interesting results. The results showed that 

permeability increases with incremental damage due to cyclic loading, the increase being in the 

order of one order of magnitude, Figure 6-32. However, measurements are also affected by the 

strain at which the measurement was taken. This clearly addresses the need of a better damage 

indicator such as acoustic velocities. Nonetheless, it is clear from this test that damage of the 

sample in the pre-failure range does not affect significantly the hydraulic properties of the
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anhydrite, which has positive implications inside a reservoir that has been exploited and 

stimulated for years such as Weybum.

6.3.4.2 Geochemical Testing

The samples available for geomechanical and hydraulic testing at the University of Alberta were 

analyzed chemically using X-ray Fluorescence (XRF). The results were interesting because they 

exhibited mineralogical heterogeneity between samples from the same well but separated by only 

a few meters, Table 6-4. The proportions of the various minerals in a sample were estimated 

using a technique reported by Slaughter. This solution technique must be consistent with the 

mineralogy of the sample as determined by X-ray Diffraction, as the mineral proportions must 

reflect the bulk chemical analysis. The major oxides were determined using XRF. Sulphur content 

was determined using the uncalibrated UniQuant software technique (www.uniquant.com). The 

solution uses the simplex algorithm to minimize an objective function representing the difference 

between the measured elemental composition and that calculated from the estimated mineral 

proportions and the known mineral compositions [183]. The solution method requires that the 

calculated oxide content cannot exceed the measured value. A capability exists within the 

program to allow for the composition of the minerals to vary within prescribed bounds, although 

this was not needed for the samples analyzed here.
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Table 6-4. Mineralogical Components of Different Midale Evaporite Samples.

Well 13-14-006-14W2 8-13-006-14W2 8-13-006-14W2 15-11-006-14W2
Depth 1396.3-1397.5 1399.03-1400.25 1392.3-1393.2 1418.0-1420.0
Unit Three Fingers Midale Evaporite Midale Evaporite Midale Evaporite
Test No. 1 & 2 3 4 Not used

Mineralogical Assignment (%)
Minerals Dolomite 39.8 Dolomite 0 Dolomite 9.43 Dolomite 21.55

Fe(OH)3 0.54 Fe(OH)3 0.04 Fe(OH)3 0 . 2 1 Fe(OH)3 0.25
Kaolinite 2 . 6 Kaolinite 0 Kaolinite 1.44 Kaolinite 1.67

Plagioclas 1.35 Quartz 0 Quartz 1 . 0 2 Quartz 0 . 2

Quartz 7.18 Gypsum 3.01 Calcite 0 Gypsum 15.85

Gypsum 15.06 Calcite 0 Anhydrite 81.48 Calcite 0

Calcite 2.39 Anhydrite 92.08 Anhydrite 59.19

Anhydrite 29.57
Total 98.49 Total 95.13 Total 93.58 Total 98.72

X-Ray Fluorescence (mass fraction)
Oxides Si02 9.32 Si02 0 Si02 1.69 Si02 0.98

Ti02 0 . 1 1 Ti02 0 Ti02 0 . 0 1 Ti02 0

A1203 1.29 A1203 0.48 A1203 0.57 A1203 0 . 6 6

Fe203 0.4 Fe203 0.03 Fe203 0.16 Fe203 0.19
MgO 8.7 MgO 0 MgO 2.06 MgO 5.1
CaO 30.53 CaO 38.91 CaO 36.43 CaO 36.1
Na20 0.16 Na20 0 Na20 0 Na20 0

K20 0 K20 0 K20 0 K20 0

P205 0 P205 0 P205 0 P205 0

S03 24.39 S03 59.55 S03 53.24 S03 42.18
LOI 23.7 LOI 0.64 LOI 5.24 LOI 13.9

6.4 Transport Properties and CO2

The flow of a non-wetting phase into a geological formation that is otherwise intact is controlled 

by its capillary displacement pressure and effective permeability. Both of these properties are 

fluid dependant, and storage of C 0 2 has brought attention to the influence of C 0 2 as a flowing 

phase into these properties. Hildebrand and Krooss [69] have carried out extensive research on 

these properties for argillaceous materials using fluids such as water, N2, and C 02. Among the 

materials tested by them were samples of Boom clay, Opalinus clay, and Tertiary mudstones from 

the Norwegian Shelf. Their results indicate that both the capillary displacement pressure and the
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capillary entry pressure are significantly lower when pure C 0 2 is used instead of N2, Figure 6-33. 

While no definitive explanation is given for this phenomenon, it was suggested that it is likely a 

result of the lower interfacial tension of C 02. Clearly more fundamental research is needed to 

clarify these results. On the other hand, their results for effective permeability were inconclusive 

as there was not a clear contrast between effective permeabilities for different fluids.

Dong et al. [70] carried out similar experiments as part of the Weybum project, using anhydrites 

from the Midale Evaporite. The results were similar to the ones in argillaceous materials where 

the breakthrough pressure using N2 was three times the pressure using C 02, Figure 6-34. 

Likewise, breakthrough pressures between oil-saturated C 02/brine systems and pure supercritical 

C 02/brine systems were compared for similar samples, and in this case the breakthrough 

pressures were similar, Figure 6-34. These results again pointed out that there are still questions 

as to the transport properties for C 0 2 systems, and especially supercritical C 02, which is expected 

at the in-situ conditions of most C 0 2 -E0R storage projects.

6.5 Implications for G eological Storage

The foregoing discussion has presented an intriguing picture of the ability of shales and 

anhydrites to provide hydraulic integrity for caprocks. These materials are the caprock of many 

oil and gas fields worldwide because of their low transport properties, but there is much 

uncertainty about their transport properties in the presence of C 02. Moreover, hydro-mechanical 

effects can increase their transport properties significantly and both the identification of the 

conditions that can trigger this change, and prediction of the change are not easy matters, which 

are further complicated by the scale of the project.

The mechanical properties of shales cover a large spectrum of values, and their hydraulic 

properties are controlled by the presence of conductive discontinuities. These conductive 

discontinuities are usually of tectonic origin and their transport properties are functions of the 

acting effective stress and presence of cements. Moreover, when a shale deforms in a brittle 

manner, a distinctive shear plane develops where particles are aligned in the direction of 

displacement and permeability is enhanced by this new particle orientation and dilation. 

However, perm eability is only enhanced by the full development o f  these shear planes. On the 

other hand, when shales deform in a ductile manner, there is no substantial change in their fabric 

and structure and permeability is not enhanced. The limit between brittle and ductile deformation 

is not clear and site specific hydro-mechanical testing is the best way to address this issue. 

Therefore, reservoirs capped by shales will require hydro-mechanical testing of caprock samples,
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and back calculation of caprock transport properties by hydrogeological modeling (which may 

identify the presence of conductive features).

Anhydrites are medium to hard rocks, and shear failure is unlikely to occur during a geological 

storage project. However, permeability in hard rocks is enhanced through microfracturing as the 

rock is stressed beyond its damage threshold, which is different from the ultimate strength, and 

this threshold could be overcome during a typical geological storage project. Such a threshold can 

be found generically by unconfined compression tests, and there is no need to fully characterize 

the material as in shales. However, more fundamental research in anhydrites is needed to 

establish the damage threshold and change in permeability before using a generic approach.

Among the critical issues that need to be addressed, there are the identification of conductive 

features in both shales and anhydrites, the influence of the change in the in-situ stresses in the 

transport properties of these features, as well as the transport properties of both matrix and 

fractures for C 02.

6.6 Summary

The hydro-mechanical behaviour of both shales and anhydrites was reviewed, and the 

experimental results of the testing carried out in the Midale Evaporite were presented. It is clear 

that both materials can act as hydraulic seals under the right conditions, but certainly there are 

areas of uncertainty that need to be addressed to keep building confidence in geological storage as 

a safe option. The hydro-mechanical coupling is strong for both materials which implies that the 

hydro-mechanical behaviour of the caprock at any given C 0 2 storage project must be evaluated 

and be an integral part of the safety assessment for such projects.
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6.7 Figures
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Figure 6-1. Classification of stiff clays and shales, modified after Morgenstern and 

Eigenbrod [109]. C„ is unconfined compressive strength and w is moisture content
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Figure 6-2. Sedimentation compression curves for natural clays, modified after Skempton
[118]
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Figure 6-3. Intact, intrinsic and post-rupture failure envelopes as well as residual strength 

for Todi Clay, modified after Burland [116] and Burland et al. [129]
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Figure 6-4. Stress-strain behaviour of mudstones: (a) generalized picture; and (b) London 
clay, modified after Petley [127] and Johnston and Novello [107]
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Figure 6-6. Schematic representation of the development and evolution of shear zones,
modified after Skempton and Petley [132]
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Figure 6-7. Permeability of argillaceous material from both laboratory and inversion of flow 
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measured in the laboratory for the Midale Evaporite in this thesis and by Dong et al. [70]
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Figure 6-27. Test No. 2, photograph of the shear plane. Notice the roughness of the faces 
and the contrast in mineralogy in the Three Fingers unit
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7 The Weyburn C02-E0R Storage Project: Mechanical Earth 
Model

7.1 Overview

Both performance assessment techniques and the observational method require a base case 

scenario or model that encompasses the most likely conditions of the site. This is achieved 

through the logical organization of all the relevant information gathered in a C 0 2 -E0R project. 

Collection and organization of such data leads to a clear picture of the in-situ conditions, and 

identifies the uncertainties and/or gaps in the base case scenario. In the case of geomechanical 

performance assessment for C 0 2 storage, scenario development is efficiently accomplished by 

developing a mechanical earth model.

7.2 Mechanical Earth Model (MEM)

A MEM is a logical compilation of relevant information about earth stresses and rock mechanical 

properties based on geomechanical studies and geological, geophysical and reservoir engineering 

models [187]. Such a model is the base case scenario for geomechanical performance assessment, 

and is the ideal method to identify areas of uncertainty or lack of information. The recognition of 

uncertainty or lack of information will lead to the development of alternative scenarios.

7.2.1 Geological Model

7.2.1.1 Geological Setting

The Weyburn Field is a major oil field in southeastern Saskatchewan and is located in the

northeastern part of the Williston Basin. The Williston Basin, where petroleum production is

widespread, is an intercratonic basin located in central and western North Dakota, eastern 

Montana, northwestern South Dakota, and southern Manitoba and Saskatchewan [188]. The 

entire stratigraphic succession ranges from Middle Cambrian and Early Ordovocian sandstones 

that directly overlie the Precambrian basement to Quaternary rocks at surface [189]. The 

depositional history of the basin has lead to a clear division in two categories of rocks: Paleozoic 

rocks that are predominatly carbonates, evaporites, and m inor shales; and M esozoic rocks that are 

dominated by shales, siltstones, and sandstones [189], The Basin has undergone successive 

erosional events, the most relevant being the Sub-Mesozoic Unconformity. During this event the 

sedimentation changed from marine and marginal marine environments during the Paleozoic to
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transport and deposition of siliclastic sediments in the Mesozoic. Figure 7-1 shows the 

stratigraphic column of the basin and differentiates between aquifers and aquitards.

The Weyburn Field is a carbonate reservoir of Mississippian age and part of the Madison Group, 

which ranges from 400 to 700 m in thickness of carbonate and evaporate deposition. The Upper 

Madison carbonates of southeastern Saskatchewan were deposited in a relatively broad, shallow 

marine environment [190]. Slight changes in sea level resulted in fairly uniform depositional 

changes [191]. Above the Weyburn Pool the thickness of the Mesozoic sequence is 1300 to 1400 

m. The Mississipian rocks are capped by a regional aquitard, the Watrous Formation, a low 

permeability siliclastic shaly Triasic-Jurasic formation, Figure 7-2.

The Mesozoic units contain both the most important regional aquitards, and the aquifers with the 

largest transmissivity. The aquitards are the Watrous Formation, Vanguard Group, Joli Fou 

Formation, Colorado Group and the Bearpaw Formation. They are regionally extensive, and 

control the shallower flow regime as Khan and Rostron showed [192], and similar to what Neuzil 

showed for the Cretaceous shales of Mid North America [71, 155].

A detailed review of the tectonic evolution of the Williston Basin by Redly [193] indicates that 

the basin initially developed as a circular feature during the Sauk-Absakora (Paleozoic) cratonic 

sequences, and evolved to an oval asymmetric basin during the Zunji-Tejas (Mesozoic) 

sequences. This latter configuration of the basin, where the main axis is oriented NW/SE and the 

minor NE/SW, is a manifestation of the Sevier and Laramide orogenies that produced NW/SE 

and SW/NE striking faults and a southwest tilt to the basin, Figure 7-3. Consequently, the active 

stress regime in the Williston and Western Canadian Sedimentary basins [194] are expected to be 

similar as they were affected by the same regional tectonic events.

7.2.1.2 Salt Dissolution

Salt dissolution is a widespread feature in the Williston Basin especially in the Prairie Evaporite, 

and as such has played a very important role in the geological evolution of the basin, and the 

presence of hydrocarbon pools in it -the influence of salt dissolution in the reservoir’s hydraulic 

integrity will be studied in more detail in Chapter 9. However, in the development of the MEM it 

is important to consider its influence on the in-situ stresses in the reservoir.

Consequently, modeling of the depositional history of the basin, including salt dissolution and 

erosional periods was carried out. The three depositional ‘periods’ included salt dissolution, 

which has been very active throughout the history of the basin. The Devonian and Mississippian 

erosional events were included in the model as both were significant (Whittaker, personal
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communication10). The modeling was carried out by simulating successive events of deposition 

and erosion, with dissolution occurring both during Devonian and Mississippian times but distant 

from the reservoir, salt free area in Figure 7-4. Thus, initially a model that included deposition up 

to Devonian was built, then 50 m were eroded, then deposition up to the Mississippian proceeded, 

followed by 2 0 0  m of erosion in what is the most significant unconformity of the depositional 

history of the basin. Finally, deposition up to the present was allowed, neglecting the more recent 

erosive events. The amounts of erosion were provided by Steve Whittaker11. The results of the 

model12 show how the erosive events lead to a stress ratio (horizontal to vertical stresses), Ko, 

bigger than one, but still fairly close to one. There is evidence of thinning of the Prairie Evaporite 

by more than 30 m beneath part of the Weyburn Field, Figure 7-4 and Figure 9-2 in Chapter 9, as 

well as the absence of three other Devonian salt beds that are present elsewhere. However, 

anomalous thickening of the overlying Late Devonian and the earliest Mississippian strata 

indicates that compensatory deposition occurred before deposition of the Midale beds. 

Consequently, this localized dissolution below the reservoir could not affect the state of stresses 

in the reservoir. Figure 7-5 shows the results of the elastic modeling of these events at Phase 1A 

for the massive dissolution features that are distant from the reservoir. Clearly, salt dissolution 

has not influenced the stress state as it was induced into the model subsequent to each 

depositional event, and changes in K0  were not observed due to salt dissolution. The erosional 

events had a larger influence at their time of occurrence, but the effect on the in-situ stresses was 

overwritten by massive depositional events. However, the erosion-deposition sequence must have 

affected the elastic and mechanical properties of the formations where K0  increased significantly.

7.2.1.3 Reservoir Characterization

The Weyburn Field is a Mississippian carbonate reservoir where the oil is trapped in the Midale 

Beds of the Charles Formation at a depth of approximately 1450 m. The initial pressure and 

temperature of the reservoir was 14.5 MPa and 61°C respectively [28, 29]. The Mississippian 

strata in the Weyburn area dip southward at a rate of 8.3m/km, forming a broad homoclinal 

feature [191]. The reservoir is sealed by underlying low permeability dolostones and anhydrites

10 Conversation on September 2003 with Steve Whittaker, Senior Research Petroleum Geologist at 

Saskatchewan Industry and Resources

11 See footnote 8

12 The parameters used in this model can be seen in Table 9-1 of Chapter 9
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of the Frobisher Beds and by an overlying 2 to 11 m thick layer of anhydrite of the Midale 

Evaporite. Although variably affected by erosion on the Sub-Jurassic Unconformity, the Midale 

Evaporite forms a regional top seal across the field [29], The reservoir itself is subdivided into a 

lower limestone-dominated unit called the Vuggy, and an upper dolostone unit called Marly. 

These units have thickness ranging from 10 to 22 m and 1 to 11 m, average porosities of 15% and 

26%, and average permeabilities of 2 *1 0 14 m2 ( 2 0  md) and 1 0 " 14 m2 ( 1 0  md), respectively [28],

The Midale Evaporite is a band of anhydrite and anhydritic dolomite that makes the caprock of 

the reservoir. Formed during the latest phase of the brining-upward cycle of the deposition of the 

Midale Beds [189], the succession is made up of laminated to massive anhydrite at its base, 

grading upwards into nodular anhydrite with scattered dolostone interbeds.

The Midale Marly is divided into an upper non-reservoir low porosity zone known as the “Three 

Fingers”. It is a thinly interbedded anhydrite, shale and cryptocrystalline evaporitic dolomite, o f a 

thickness of 1.5 to 3.0 metres [190]. The porous Marly consists primarly of microcrystalline to 

chalky dolostone, whose porosity is limited to pin point vugs [190, 191, 195]. The chalky 

dolostones are often separated by less permeable interbeds of dolomitic limestone and limestone. 

These beds are usually less than a meter thick, with textures from mudstones to wackestones, 

with occasional anhydrite cemented grainstones [190].

The Vuggy zone is composed almost entirely of limestone. It consists of interbeds varying in 

texture from mudstone to grainstone [190, 195]. The rocks that make up the major portion of the 

reservoir consist of grainstones and packstones [190]. The name for this zone is derived from the 

open vuggy porosity that can be found in the coarser grained rock. The Vuggy zone was further 

divided into a lower and upper zone. The upper portion of the Vuggy unit consists of interbedded 

peloidal and bioclastic packstones and rare peloidal grainstones [191]. The lower portion is a 

thinly bedded, slightly argillaceous lime mudstone-wackestone, interbedded with occasionally 

porous bioclastics and/or peloidal packstones [191]. Marly-like dolomudstones occur locally in 

the lower part of the Vuggy section. These beds are generally thin, have poor porosity, poor oil 

staining, and are often anhydrite cemented [190],

The Frobisher Evaporite is a zone composed of massive, bedded and nodular anhydrite which is 

similar to the Midale Evaporite, but less massive [189, 190], It forms a lower seal to the northern 

portion of the Weyburn Field but it is not present beneath the southern portion [189]. The 

Frobisher Evaporite is generally not fractured, although its nodular character makes it slightly 

prone to small-scale fractures [196],
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The Frobisher Marly is lithologically analogous to the Midale Marly beds due to similar 

depositional environment and diagenetic processes [190]. Its thickness is from 1 to 6  meters. This 

horizon is considered to be in pressure communication with the overlying Midale Vuggy 

throughout much of the area, and has been productive in some areas of the field [190].

7.2.1.4 Depositional Environment

Four major shallowing upwards cycles have resulted in the deposition of the Frobisher and 

Midale beds [190], The major components of a complete shallowing upwards sequence are an 

initial subtidal intershoal and subtidal shoal phase (the Vuggy), an intertidal lagoonal phase (the 

Marly), and a supratidal phase (the upper Marly and Evaporite) [190]. Initial lower Vuggy 

deposition occurred in response to the early phases of a major transgression over the Frobisher 

surface. The remainder of the cycle is dominated by a shallowing upwards sequence as the 

shoreline prograded seaward resulting in the deposition of the upper Vuggy and Marly; and 

finally the supratidal sediments of the upper Marly and Midale Evaporite. Each transgressive- 

regressive cycle contains smaller scale cycles which form the three primary stages of shoal 

development in the Vuggy [28, 190],

Shoals are characterized by bioclastic, oolitic, and pelloidal grainstones, which may or may not be 

anhydrite cemented. Packstone buildups are also locally present. Intershoal areas are 

characterized by tighter, fractured lime mudstones, wackestones and packestones. In general the 

Vuggy in the intershoal areas is thinner than the shoal areas, and is the thinnest in the Marly 

channel areas. The Marly dolostones are deposited as a drape over the pre-existing Vuggy 

topography and, consequently, are thinner over the shoal areas and thicker in the intershoal areas 

[28, 190],

The Midale Evaporite was not deposited in a sabkha environment like the Frobisher Evaporite, 

but rather in a broad flat salina setting. The majority was deposited subaqueously, which results 

in the. laminated to massive anhydrite common in this formation. As the salina filled with bedded 

gypsum, the relative water level dropped, allowing for the deposition of nodular and elongate 

gypsum, later altered to anhydrite [197], These anhydrite types are more abundant at the top of 

the formation, while the transition to massive/laminated deposition appears abruptly, suggesting a 

relatively sudden shallowing of the salina lake [197].
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7.2.2 Hydrogeological Model

Khan and Rostron [192] built a comprehensive hydrogeological system for the Weyburn project. 

Their model showed that the Watrous aquitard separated the deep hydrogeological system from 

the shallow system, and thus this formation is the true hydraulic seal for the project. Moreover, 

they showed that all aquifer flow is predominantly laterally confined within regionally continuous 

aquifer units.

In the specific case in the Weybum Field, the Midale aquifer has a uniform flow regime, but it is 

highly variable chemically (measured as Total Dissolved Solids, TDS). Within the field low 

gradients drive the flow slowly (<1 m/yr), and the flow is roughly parallel to the subcrop [192]. 

South and east of the Field, density driven flows drive formation water down dip and inward into 

the basin [192], which is positive for C 0 2 storage. Vertical pressure profiles indicate slight 

overpressuring in the Mississippian beds, which may be due to either effects of water injection, 

minor isolation of that portion of the aquifer, or energy loss in the water phase due to lateral flow 

through the aquifer [192], Figure 7-6, indicating negligible vertical flow. Likewise, 

hydrochemistry differences between Mesozoic aquifers and Mississippian aquifers supports the 

lack of flow between these formations [192].

7.2.3 Role of Fractures

The Weybum Field is a naturally fractured reservoir with a medium to low permeability matrix. 

Therefore, fractures are a main control in flow movement, production, and the design and/or 

operation of any EOR technique. This has lead to a large number of fracture studies in the Midale 

Beds [190, 198-202], and these results have been used to address geomechanical concerns with 

the caprock. Some of these studies have been carried out in the Midale Field, which is adjacent to 

the Weybum Field and has similar geology.

7.2.3.1 Midale Field

Beliveau et al. [201] studied core from 100 vertical wells. About 20% of the core had fractures, 

23% of the entire intershoal Vuggy, 16% of Marly, and 11% of shoal Vuggy. The Midale 

Anhydrite and Frobisher Anhydrite showed no fracturing. Additional information was gathered 

from three horizontal wells drilled orthogonal to the fracture system. The examination of this core 

showed the intershoal Vuggy fracture density was two to four times higher than the one in the 

Marly with a fracture trend of N45E. Based on these core examinations, a fracture spacing of 

approximately 0.6 to 0.9 m in the Marly, 0.3 m in the intershoal Vuggy, and 0.6 to 1.2 m in the
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shoal Vuggy was estimated. Among the most relevant features of the fractures are, that without 

exception the fractures are vertical to nearly vertical, predominantly open, and when there were 

two fractures in a core, no high-angle intersections were observed.

Fischer [199] studied the core from 48 vertical wells, and three Formation Microscanner logs 

(FMS) from the Midale Field. His results showed that the Vuggy is two to three times more 

fractured than the Marly. Moreover the Marly M2, which is a tight limestone, was more fractured 

than the rest of the more dolomitic Marly. The fracture density of the Marly was about one 

fracture every two meters for the Marly M l and M3 (more porous crystalline dolomites), and four 

fractures per meter in the M2. The fracture density of the Vuggy was two to four fractures per 

meter, with the shoal having twice the fractures as the intershoal, but these results were 

anticipated [199],

From the FMS it was deduced that there were two sets of fractures. The dominant fracture set had 

a strike azimuth of 50° to 60° ± 30°. The remaining fractures were termed off-trend. Fracture 

length was not possible to quantify, but two wells 1 0 0  m apart did have simultaneous production 

response, indicating that they intersect on a single fracture trend. However, evidence was not 

found for wells in any injection pattern to be directly linked on trend, suggesting that fracture 

length is less than 560 m. Fracture heights of 28 cm and 47 cm with average apertures of 0.06 to 

0.4 mm were measured for the Marly and Vuggy, respectively [199].

7.23.2 Weyburn Field

Churcher and Edmunds [190] carried out a fracture study for PanCanadian in 1994, where core 

from over 150 vertical wells was described, and five FMS logs from five horizontal wells as well 

as 51 Repeat Formation Tests (RFT) were used. The results showed a vertical to subvertical set of 

fractures oriented NE-SW, which controls the directional permeability of the field. The results 

show a fracture spacing of about 3 m for the Marly, 0.3 m for the intershoal Vuggy, and 2.5 m for 

the shoal Vuggy.

Bunge [202] analyzed three oriented cores originally collected by Core Laboratories Ltd. [198]. 

The study was more detailed than the previous ones, but the amount o f core employed was less. 

Moreover the study included five electronic borehole images, four EMIs and one FMS, but not all 

of them were of good quality. His results found three sets of fractures, named A, B, and C, with 

strike azimuth of 40± 5°, 285± 7°, and 328±11° respectively. These fractures dip on average 80°, 

with fractures dipping 80° to 90° accounting for 69% of the total. Fracture height was about 30 cm 

and independent of the formation, which is different from the results in the Midale Field.
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Apertures were between 0.004 mm and 0.2 mm. The fracture density (number of fractures per 

metre) in the Marly was 2.3, 1.5, and 1.0 for sets A, B and C respectively. Similarly, fracture 

density in the Vuggy was 3.8, 2.5, and 1. 6  for sets A, B, and C respectively.

7.2.33 Fractures and Reservoir Performance

Considering the widespread fracturing in the reservoir, and the NE-SW trend of the fractures, it 

was expected that the reservoir performance was going to be dominated by these fractures. Thus, 

in the Midale Field, waterflooding was controlled by the fracture system as the water-cut 

distribution illustrates [201], Figure 7-7. Reservoir simulations showed a permeability anisotropy 

of 25 on average, a result similar to well testing in closely space wells, that allowed calculation of 

the dual-porosity parameters and area anisotropy in the Midale Field [203].

Likewise, the Weybum Field showed a similar behavior during waterflooding [191, 195, 204, 

205], Figure 7-7. Pressure buildup and falloff tests showed similar results as the Midale Field, but 

it was not possible to establish the permeability anisotropy, although history matches using 6 : 1  to 

10:1 have given good results. However, there was not a test between closely spaced wells that 

allowed determining such a permeability anisotropy directly.

7.2.3.4 Fractures in the Caprock

Four types of fractures have been identified in core from the Midale Evaporite [197]. 

Synsedimentary cracks that were formed in and around the vertically growing gypsum crystals in 

the floor of the salina, Figure 7-8a [197], Dewatering cracks were formed in the very early stages 

of compression and dewatering. These reflect upward water movement very early in the 

diagenetic history of the formation, Figure 7-8b [197].

Healed vertical fractures that occurred post lithification had taken place due to the angular pieces 

of the surrounding lithology within the fracture space, Figure 7-8c. There fractures are filled with 

another phase of anhydrite likely emplaced in the Tertiary, coincident with oil migration through 

the Midale beds [197], These fractures appear to be completely healed. Anhydrite cementation is 

also present in fractures of the reservoir, and likely occurred the same time as oil was emplaced 

[190]. Therefore, the fractures in the caprock and the reservoir were most likely formed at the 

same time and as a consequence of the same events. Moreover, these fractures seem to coincide 

in age with structures formed during the change in orientation of the basin associated with the 

Laramide and Sevier orogenesis.
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Finally there are late-stage cracks that are usually vertical, thin, and without infill or hydrocarbon 

residue. It is likely that these fractures are drilling-induced [197] or they could have been formed 

during the waterflooding of the field, Figure 7-8d.

7.2.3.5 Fractures in the Williston Basin

Fractures are not only present in the Midale and Weybum fields within the Williston Basin, but 

are a widespread feature in different formations of different age. Many of these fractures share 

common azimuths, dips, and apparently formation time, which may lead to concluding they are 

the result of a common set of events.

Thin, vertical, planar fractures have been observed in the Mission Canyon Formation, at the Little 

Knife Field, North Dakota [206], which appear to be extension fractures. Fractures are present 

only in carbonate units, but within the carbonate units their occurrence is not lithology dependent. 

Fractures have a predominant East-West trend, with a density of 0.3 m of fracture per 0.7 m of 

core. Studies of aqueous and hydrocarbon fluid inclusions associated with the fractures revealed 

that the fractures formed after the strata were buried to at least their present depth of 2987 m, 

which indicates that their age is post-Mesozoic. Likewise, the pore fluid pressure gradient was 

hydrostatic immediately after (if not during fracturing), formation water salinity has remained 

fairly constant since fracture initiation, and migration of hydrocarbons into the reservoir preceded 

fracture genesis.

Likewise, fractures in Late Cretaceous to Late Pleistocene sediments have been observed in 

Saskatchewan, eastern Montana, and western North Dakota, Figure 7-9 [207]. Two sets of 

vertical fractures trending NE-SW and NW-SE are observed consistently, regardless of rock type 

or age. Both sets appear to be extensional in origin and are similar in character to joints in 

Alberta. The principal set of fractures has a trend NE-SW and the secondary set has a trend NW- 

SE, which matches the trend of modem lineaments observed in the Williston Basin area, Figure 

7-9. The trend in sub-Mannville lineaments is similar, although more scatter is present and the 

principal and secondary trends are rotated 90° with respect to the modem lineaments. It seems 

that fracturing began at least by Late Jurassic time, as the sub-Mannville unconformity shows the 

same pattern of valleys as the modem topographic surface. Stauffer and Gendzwill [207] 

suggested that the fractures formed as a combination of tectonic stresses caused by westward 

motion of the North American Plate together with uplift of the sediments.
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7.23.6 Structural Features in the Williston Basin

A fairly extensive study o f the structural features, including basement structures, fracture zones, 

lineaments and faults was carried out as part of Phase 1A in Weybum [189]. Results indicate that 

two phenomena are the cause of most of the structural features in the basin; salt dissolution and 

the movement of the North American continent during plate tectonics. Structures in the salt 

dissolution areas are probably connected with their surface expression and related intra- 

sedimentary structural features. Features due to plate tectonics are better seen as surficial 

expressions such as lineaments but can also cause deep-seated features such as the Souris River 

Fault. This is a strike-slip fault within the risk assessment area with a NNW-SSE trend, and no 

vertical displacement [189], and as such it is an expression of the actual stress field in the basin, 

as it will be seen later on in this chapter. Nonetheless, the risk assessment area is outside the salt 

dissolution area, and in general it shows the least disturbance from tectonism.

7.2.3.7 Origin o f  the Fractures

From the foregoing discussion it seems clear that the widespread presence of fractures in the 

Williston Basin has tectonic origins. The migration from a circular to elliptical basin, with the 

main axis oriented NW/SE and NE/SW due to the Seveir and Laramide orogenesis, lead to a new 

stress field in the basin. This stress field is common to the Interior Plains of United States [208] 

and the Western Canadian Sedimentary Basin [194], The shortening in the NE/SW direction leads 

to fracturing perpendicular to the extension direction (NW/SE), as it is observed in the Williston 

Basin [209], The direction of shortening became the direction of the maximum horizontal stress, 

and the minimum principal stress is orthogonal to this direction, parallel to the direction of 

elongation.

Systematic joints, such as the ones seen in the reservoir and other areas of the basin in the NE/SW 

direction began forming as a consequence of the NW/SE elongation of the basin by the time 

orogenic events had a larger manifestation in continental North America. Thus fractures such as 

the ones present in both Little Knife, and younger sediments in Saskatchewan, eastern Montana, 

and western North Dakota formed by the time of active plate tectonic movement reflected in the 

Nevada,. Sevier and Laramide orogenies, the earliest occur in Late Jurassic and the latest going 

up to Late Cretaceous/Paleocene. Differential stresses are observed up to 2000 km inland due to 

plate tectonic movement, as it has been recorded by twinned calcite in carbonate rocks in 

northwestern North America [210], Thus, the fractures of Tertiary origin observed in the Midale 

Evaporite (section 7.2.3.4) are a consequence of these events as wells.
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Likewise, a conjugate set in the NW/SE direction developed. These conjugate sets can form as a 

result of many different mechanisms such as the change of stress in the direction perpendicular to 

the systematic joints after their formation. Because the surface of open systematic joints is 

traction free, their formation will release the crack-normal tensile stress [211]. Another 

mechanism is fracturing development due to the elastic ‘desire’ of the basin to recover its original 

shape, once the shortening forces stop acting, which leads to fracturing perpendicular to the 

systematic joints [209], The development of the conjugate set could be a result of bending or 

warping in the direction parallel to the systematic joints as well, considering that they formed 

long narrow bands of brittle material [209]. At Weybum, the most likely causes of formation of 

this secondary set of fractures are the elastic stresses trying to bring the basin to its original 

circular shape, causing more fracturing between systematic joints, and the tilting of the basin that 

may have caused bending failure between systematic joints. Despite the possible multiple 

mechanisms acting to create the conjugate set, this set has a smaller density, and its influence on 

flow is masked by the fact that these fractures are contained between systematic joints, so their 

connectivity is poor compared with the main set. Also, those fractures are widespread, but not 

necessarily present between every systematic joint, and in that case, the ‘off-trend’ flow 

permeability would not be affected largely by this secondary set, as it is the case of Weybum.

The mechanism of fracturing outlined above implies fracturing in the NE/SW direction in most of 

the stratigraphic column at the Williston Basin. However, many of these fractures may have self­

healed through a combination of process and conditions such as mineralization, large pressures, 

and large temperatures. One of these events was the formation of metasomatic anhydrite, infilling 

not only the Midale Evaporite tectonic fractures, but also the reservoir fractures itself [190], This 

cement was emplaced at the same time oil was emplaced. Therefore, fractures in the caprocks are 

not observed from core studies and well testing because most of them must have been cemented. 

Many reservoir fractures are cemented as well [190, 202], but it is likely that the density of 

fractures in the reservoir, and its vuggy nature did not permit complete cementation of the system, 

as the amount of anhydite needed may have been too large. This difference in volumes is a 

combination of larger porosity and higher fracture density in the reservoir than in the caprock. 

The lower fracture density in the caprock compared with the reservoir is due to the contrast in 

elastic properties between the Midale Evaporite and the Midale Beds, as they can lead to 

tensional fractures in formations with different stiffness, even in the presence of far-field 

compressional stresses [212], A simplistic three dimensional simulation, Figure 7-10, assuming 

an isotropic state of stress as initial condition, and then applying a constant rate of displacement 

in one direction leads to much lower stresses in the direction of extension in the ‘softer’ formation
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(Midale Beds) than in the ‘stiffer’ formations (Frobisher and Midale Evaporite), Figure 7-11. 

Once the displacement progresses, the stress in the softer formation tends toward higher tensional 

values, which would eventually lead to fracturing. Another factor to be mindful of is the presence 

of vugs in the Midale Beds that can act as ‘defects’, and create a lower effective area to resist the 

traction forces. Diederichs [213] showed how the critical crack intensity, critical extension strain, 

and the linearity crack interaction threshold in stress space are consistent in Brazilian tests, 

confined tension tests, and uniaxial tests when crack propagation is not permitted, which would 

lead to a very similar fracture density in both reservoir and caprock, but when crack propagation 

is permitted -which is more realistic-, isolated cracks propagate under tensile conditions resulting 

in instantaneous failure after initiation in direct tension tests [213], These tensile stresses are 

developed despite an overall confined state [214], Thus, it is possible to expect a faster crack 

propagation in the Midale Beds once the formations is under traction, while the Evaporites having 

less defects will have a slower crack propagation, and less tendency to crack. Granted this picture 

is rather simplistic, it helps to visualize how fracture density would be substantially larger in the 

Midale Beds, and therefore despite a cementing event later on, all the fractures were not sealed.

Table 7-1 summarizes the geological, hydrogeological, and fracture density information from the 

preceding sections for the caprock system formations. It is clear that before exploitation and 

production the caprock and the lower seal were very competent seals, with low transport 

properties and unknown fractures.
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Table 7-1. Hydrogeological description of the reservoir units13

Reservoir

Zone

Lithology Porosity

(%)

Matrix 

Permeability (m2)

Fleterogeneity Fracture Density 

(spacing)

Midale

Evaporite

Anhydrite 0.3 to 8 1 0 4 9  to 1 0 ' 21 Low None-Low

Marly Dolostone 20 to 37 

(26)

< 1 0 4 6  to 1 0 4j 

( 1 0 44)

Low Low-Moderate 

(2-4 m)

Upper

Vuggy

Limestone 2 to 15 

( 1 0 )

< 1 0 4V to 2 *1 0 " 14 

( 1 0 45)

Medium High 

( < 1  m)

Lower

Vuggy

Limestone 5 to 20 

(15)

<104 i to5*10 4 3

(2 * 1 0 44)

High Moderate-High 

(< 1 - 2  m)

Frobisher

Evaporite

Anhydrite NA

©ob

Low None-Low

Frobisher

Marly

Dolostone NA NA Low Low-Moderate

7.3 Mechanical Earth Model for Weyburn

7.3.1 Mechanical Properties

A general model that covers the elastic properties from the Cretaceous Mannville Group down to 

the Mississippian Frobisher Beds was developed for this thesis. Such a model can be used for 

geomechanical studies on wellbores and/or faults as it includes most of the stratigraphic column. 

The Mannville Group was chosen as an upper limit because of its large flow velocity [192], as 

any C 0 2 potentially leaking upwards would likely be carried away laterally by this aquifer. A 

more detailed model of the caprock system, with Mohr-Coulomb and Hoek-Brown parameters 

was built for the Midale Evaporite, the Midale Beds, and the Frobisher Evaporite for 

geomechanical modeling of the caprock system. In order to obtain properties for these models 

information from the geological model, geophysical logs, laboratory testing, and published 

information in similar materials was used.

1 3  Values in parenthesis indicate averages
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The dynamic elastic properties were evaluated using dipole sonic logs that were run in five 

different wells in the Weybum area, Figure 7-12. This figure shows the location of wells used for 

density calculations, and to obtain the geological picks as well. For the case of the caprock system 

itself, the dynamic elastic properties were not only obtained from dipole sonic logs, but also from 

dynamic core studies carried out by Core Labs [215], Static properties come from the results 

presented in Chapter 6  for the Midale Evaporite, and from tests in the Vuggy formation carried 

out by McLellan [216], Compressional and shear wave velocities are related to elastic properties 

by the following equations[217]:

V = 0.5 ( vP i v s)2 - i
(K/vs)2-1

e  = p v ;
/ W J K ) 2 - 4 S

(yjv.y-1

where Vp is the longitudinal wave velocity; Vs is the shear wave velocity; E  is the dynamic 

Young’s modulus; and v  is the dynamic Poisson’s ratio. Table 7-2 shows the dynamic elastic 

properties from dipole sonic logs for the whole stratigraphic column.

Table 7-2. Dynamic elastic properties from dipole sonic logs at Weyburn Phase 1A

Unit Unit

Weigth

kN/m

Vp

km/s

Vs

bn/s

Young’s 

Modulus

GPa

Poisson’s 

Ratio

Bulk

Modulus

GPa

Shear

Modulus

GPa

Mannville 23.05 3.15 1.53 14.82 0.346 16.04 5.51

Rierdon 21.87 2.80 1 . 2 2 9.16 0.384 13.11 3.31

Upper Shaunavon 22.40 3.23 1.51 14.23 0.359 16.88 5.23

Upper Watrous 26.30 4.20 2.26 35.53 0.296 28.98 13.71

Lower Watrous 25.07 4.20 2.26 33.88 0.296 27.63 13.07

Poplar Beds 27.69 5.25 2.91 60.99 0.279 45.92 23.85

Ratcliffe Beds 27.62 5.25 2.91 60.82 0.279 45.79 23.78

Midale Evaporite 28.27 5.55 2.94 64.92 0.306 55.72 24.86

Midale Beds 24.21 4.13 2.32 33.78 0.268 24.23 13.32

Frobisher Evaporite 26.98 4.97 2.71 51.96 0.289 41.12 20.15

Frobisher Beds 25.55 4.97 2.71 49.20 0.289 38.94 19.08

151

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



There is a clear contrast between the post-Mississippian and pre-Mississippian formations, with 

shales and siltstones of the Triassic-Jurassic Watrous Formation serving as a transition possibly 

due to the presence of dolomitic and anhydride cements, Figure 7-13. Unfortunately dynamic 

elastic properties are only strictly valid for very small strains, and the strains associated with 

geological deformations are large. Moreover, the relationship between strain and elastic 

properties is non-linear. However, an extensive review of dynamic and static measurements both 

in the laboratory and the field showed that in the worst-case scenario, static properties are 

generally never less than a third of dynamic properties, Figure 7-14 and Figure 7-15. 

Consequently, a 1/3 relation was used to determine the static modulus of the stratigraphic column. 

It is important to note that the contrast between elastic properties is more important than the 

actual value, and as such it is clear that the contrast of properties at the reservoir itself is very 

small. Therefore, the degradation in the elastic properties by three will affect absolute 

deformations mainly, but relative deformations between formations will not be affected 

significantly.

Information about mechanical properties of formations of the Weybum’s caprock system is 

limited to triaxial testing studies carried out at the University of Alberta on both the Three Fingers 

Unit14 and the Midale Evaporite, and tests on the Vuggy at the Midale Field carried out by 

McLellan [216]. Properties of the Midale Evaporite are complemented by the review on 

anhydrites from Chapter 6 . It is assumed that the Midale and Frobisher Evaporite have similar 

properties. However, intact core properties are not necessarily representative of rock mass 

properties. Therefore, the Hoek-Brown criterion is used as representative of the rock mass 

behavior, as the GSI is estimated considering the geological description and fracture density of 

each formation. Table 7-3 summarizes the mechanical properties of the caprock system.

Moreover, using the following, GSI can be used to evaluate the Young’s modulus of rock masses

[218]:

(G 5 7 - I0 ) /4 0

14 A transitional Unit between the Midale Beds and the Midale Evaporite whose anhydrite content is around 

30% and has low permeability
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where the different parameters are described in Chapter 6 . This equation was established from 

near surface measurements, and at greater depth, particularly in massive to moderately jointed 

rock it may underestimate the rock mass modulus of virgin rock mass [186].
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Table 7-4 and Table 7-5 summarize the elastic properties of the caprock system formations 

evaluated by the different techniques and correlations. Considering the uncertainty associated 

with both experimental and geophysical measurements, and correlations, two sets of values are 

chosen for the model: ‘Soft’ values which come from both static measurements and rock modulus 

evaluated using GSI; and ‘Stiff values which come from dynamic measurements and are meant 

to capture the upper limit to the value of these properties. Figure 7-16 shows both the elastic and 

mechanical properties for the caprock system.

Table 7-3. Mechanical properties of the caprock system formations

Criterion Hoek-Brown Parameters Mohr-Coulomb

Unit

<T,

(MPa)

nij mb GSI s a 0

n
c ’

(MPa)

Midale Evaporite 70-82 11.2 4.59 75 0.0622 0.5009 44.4 18.15

Marly 17-23 20.5 11.58 70 0.0357 0.5014 40.0 3.5

Upper Vuggy
16.7 20.5

4.91 60 0.0117 0.5028

46.8 3.5
Lower Vuggy 5.87 65 0.0205 0.5020

Frobisher

Evaporite
70-82 11.2 3.84 70 0.0357 0.5014 44.4 18.15
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Table 7-4. Elastic Modulus of the caprock system formations

Young’s Modulus Static / GPa Dynamic / GPa M odel/GPa

Unit Lab GSIHoek Lab Log Soft Stiff

Watrous 35.5 7.4 21.9

Midale Evaporite
21 38.3 65 22.7 61.3

Marly 12.9 25-38

34

10.3 33.4

Upper Vuggy
20

7.3 56 18.3 54.8

Lower Vuggy 9.7 48 15.4 48.7

Frobisher Evaporite 28.7 52 15.8 51.6

Table 7-5. Poisson’s  Ratio of the caprock system formations

Poisson ’s Ratio Static Dynamic Model

Formation Lab Lab Log Soft Stiff

Watrous 0.296 0.227 0.219

Midale Evaporite 0.250-0.350 0.306 0.263 0.278

Marly 0.280-0.320

0.268

0.286 0.286

Upper Vuggy 0.333 0.309 0.306

Lower Vuggy 0.282 0.286 0.281

Frobisher Evaporite 0.289 0.313 0.290

7.3.2 In-situ Stresses

The information available for in-situ stress for the Weybum Field is sparse and some is of 

questionable quality. To determine the direction of maximum and minimum horizontal stress, 

breakouts from nearby wells, including information from the Midale Field, and results from an
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anelastic strain recovery test performed in the Midale Field were utilized [219]. The directions are 

compared with the azimuth bearing of natural fractures as measured in core studies in the 

Weybum and Midale fields reported in this chapter, Figure 7-17. The directions from breakouts 

measured in the Midale Field, anaelastic strain recovery tests, and the directions from natural 

fracture sets coincide. Breakouts that show a small azimuth angle are from poor quality 

measurements. The azimuth of the maximum horizontal stress is around 40-50°, whereas the 

minimum horizontal stress has an azimuth of 130-140°.

The vertical in-situ stress was obtained from density logs, with an average unit weight of 24 

kPa/m. The magnitude of the horizontal stresses is difficult to establish because of the lack of 

direct measurements in the Weybum Field. Measurements from Regina [220] and the Midale 

Field [219], both in southeastern Saskatchewan seem to indicate a minimum horizontal stress 

gradient of 18 kPa/m, where the lower values obtained from the Midale Field may be due to 

depletion of the reservoir (14 kPa/m). Measurements of Kindersley, southwest Saskatchewan, 

seem to show a slightly larger gradient, but they are fairly distant from the Weybum Field. 

Currently, the only information available about the maximum horizontal stress is from the Regina 

area [220] about 100 km northwest of the Weybum Field, but these measurements are right at the 

Precambrian basement of the basin and may not be representative of the maximum horizontal 

stress within the basin as there is a 90° re-orientation in the direction of stresses in the 

Precambrain basement [220], Consequently, it becomes speculative to utilize these measurements 

for stress interpretations within the Weybum Field. However, there is a corollary that the major 

principal stress will be in the NE/SW direction, as it is in the Western Canadian Sedimentary 

Basin. Therefore, the stress regime in the field is strike-slip, which leads to formation of faults 

such as the Souris River, which has not undergone any vertical displacement, as would be 

expected for this type of fault.

There was insufficient information available to evaluate the maximum in-situ stress, but clearly 

the stress regime is strike-slip and it was still necessary to bound the value of the maximum 

horizontal stress. Deep stress measurements carried out by Towned and Zoback [221] reveal that 

the average friction coefficient fj. varies between 0 . 6  and 1 .0 -  which correpnds to friction angles 

of 30 to 45°-. Considering that the the Souris River fault that is present in the risk assement area 

seems to be in equilibrium, and assuming that the fault field friction coefficient is best reflected 

by a value of 0.6 with no cohesion it is possible to estimate aH. The state of stresses on a stike- 

slip regime is represented by [2 2 2 ]:
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Solving for crH the equation above, a maximum stress gradient of 28 kPa/m would be expected. 

While this constitutes a gross estimate of <JH other evidence exists to support that this value falls 

into the range of values expected in the Western Canadian Sedimentary Basin. Thus, Figure 7-18 

summarizes the available data at the Western Canadian Sedimentary Basin for maximum 

horizontal stresses, and the average gradient is 25.6 kPa/m with a standard deviation of 3.4 

kPa/m. Therefore a 28 kPa/m gradient is at the upper limit of the recorded maximum horizontal 

stress gradients. The use of the maximum gradient for the maximum horizontal stress is on the 

safe side, as the in-situ shear stress is the largest and shear failure is more likely to occur during 

both the history of the reservoir and the C02 injection. Nonetheless a smaller horizontal stress 

gradient would be more likely because the Williston Basin is distant from the subduction zone 

that gave origin to the actual stress regime. Also while the maximum horizontal stress value is 

driven by this plate interaction, differential stresses decrease fairly as was shown by van der 

Pluijm et al. [210] in paleostress measurements recoded by twinned calcite in carbonate rocks.

7.3.3 Base Case Scenario and Alternative Scenarios

Thus far the geological, hydrogeological, geophysical, and geomechanical information at 

Weybum, and especially with focus in Phase 1A, has been reviewed and analyzed. Following the 

performance assessment methodology discussed in Chapter 3, all this information has to translate 

into scenarios, a base case scenario or most likely model, and alternative scenarios. Table 7-6 

presents the stress regime and mechanical properties use for the Base Case scenario, and the 

alternative scenarios to be analyzed. The Base Case is a geomechanical model in a strike-slip 

stress regime, with elastic properties named as ‘soft’ in
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Table 7-4 and Table 7-5, where there are no faults. The rest of scenarios described in Table 7-6 

address uncertainties with both in-situ stresses and mechanical properties because of the lack of 

information and/or reliable measurements for both aspects. None of the scenarios include a fault 

in Phase 1A as the extensive geological mapping combined with seismic measurements did not 

find any evidence of faulting in the reservoir area. Fractures were included in the manner of GSI 

values that affect the Hoek-Brown envelope, and the values estimated for the bounding seals were 

very conservative, so fracture densities were embedded in the properties for different scenarios. 

However, this does not mean that a scenario with a leaky caprock should not be considered for 

the flow simulation in the performance assessment of the whole system.

Table 7-6. Scenarios for geomechanical performance assessm ent

Scenario CC

k N /m

CH

kN/m kN/m

K0 Stress Regime Elastic Properties

Base Case SS-BC 24 28 18 0.93 Strike-slip Soft

SS-BC-1 24 28 18 0.93 Strike-slip Stiff

SS-BC-2 24 28 18 0.93 Strike-slip Stiff in seals, soft in 

reservoir

Iso 24 24 24 1 . 0 0 Isotropic Soft

RF-1 24 33 33 1.5 Compressional Soft

RF-2 24 41 41 2 . 0 Compressional Soft

NF-1 24 18 24 0.79 Extensional Soft

NF-2 24 18 24 0.79 Extensional Stiff

NF-3 24 18 24 0.79 Extensional Stiff in seals, soft in 

reservoir

7.4 Summary

A MEM has been developed for Weybum Phase 1A following the review and synthesis of all 

pertinent geological, hydrogeological, geophysical and geomechanical information. The issue of 

fractures in the caprock has been addressed, and it has been shown that the presence of fractures 

in the Midale Evaporite was minimal to absent before exploitation and production of the field 

began. All this information has been used to build a Base Case scenario and a set of Alternative 

scenarios to evaluate the geomechanical performance assessment of the caprock system for this 

C 0 2 -E0R storage project.
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7.5 Figures
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Figure 7-1. Stratigraphic and hydrostratigraphic column at Weyburn, after Khan and
Rostron [192]
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Figure 7-2. Detailed geology of the Madison Group at Weybum, courtesy of EnCana
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Figure 7-3. Centres and inflection ellipses of the modeled sequences during the 
tectonostratigraphic evolution of the Williston Basin, modified after Redly [193]
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Figure 7-4. Areas of massive salt dissolution around the risk assessm ent area at Weybum,

after Kreis et al. [223]
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Figure 7-5. Influence of salt dissolution and erosive periods in the in-situ stresses at the
Weyburn Field, Phase 1A
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(a) (b)

rFNTIWIETRES

Figure 7-8. Fractures in the Midale Evaporite: (a) synsedimentary cracks, (b) dewatering 
fractures, (c) fracturing, and (d) long-elongated fractures; after Nickel [197]
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Figure 7-9. Fractures in Late Cretaceous to Late Pleistocene sediments in the Williston 
Basin, modified after Stauffer and Gendzwill [207]
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geological information to correlate with dynamic elastic properties of the caprock system
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Figure 7-13. Elastic properties of the stratigraphic column at Weyburn
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Figure 7-18. Maximum horizontal stress at the Western Canadian Sedimentary Basin. Data
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8 Geomechanical Performance of the Weyburn Field

8.1 Introduction

Chapter 4 reviewed the likely geomechanical processes that can affect the hydraulic integrity of a 

CO2 -EOR storage project from the moment the field produces oil up to the end of C 0 2 injection. 

Chapter 7 developed a MEM of the Weyburn Field, and multiple scenarios that include the most 

relevant features of the system to consider during the geomechanical performance assessment. 

This chapter will carry out the geomechanical simulations based on the scenario analysis to track 

the performance of Weybum’s caprock system from the late 1950’s until today, and then explore 

its performance when the focus of the project shifts towards C 0 2 storage.

8.2 Geom echanical Model

8.2.1 Hydromechanical Coupling

The fundamentals of fluid flow and solid mechanics interaction are based on the concept of 

effective stress formulated by Terzaghi [113]. Based on this concept and Terzaghi’s one­

dimensional theory of consolidation, Biot [227] investigated the coupling between stress and pore 

pressure in a porous medium and developed a generalized three-dimensional theory of 

consolidation. This theory since then has been reformulated in more convenient ways, and with 

the development of computers its application has become common. Likewise, reservoir 

simulation is well-developed for a variety of problems, but the use of conventional reservoir 

simulators cannot explain some phenomena that occur during production such as subsidence, 

compaction, casing damage, wellbore stability among others [228]. Therefore, geomechanical 

effects have slowly been incorporated into reservoir simulation to address these issues, an area 

where substantial development has been achieved during the last 2 0  years.

A typical porous flow simulator expresses the pore volume VP for a grid block as

r, = r,°[i+ c , ( P - p , j \

where Vp is the pore volume, p  is the fluid pressure, cr is the compressibility-like term which is an 

user defined variable, and the sub- or superscript 0 implies the earlier time step, [228], For 

poroelastic calculations the pore volume for infinitesimal displacements may be expressed as

V„ — V° h + a£kk  + 7 7  ( p - P o )  M
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where (f>o is the initial porosity, £kk is the bulk strain, and a  and 1/M  are Biot’s parameters. The 

fluid pressure enters the deformation calculations through the linear poroelastic constitutive 

equation

ay = <rj + Xekk Sy + 2G£y -  a ( p  -  Po )8IJ 

where <7y is the stress tensor, and X and G are elastic constants.

Despite recent advances, the interaction between reservoir fluid flow and solid deformations still 

presents many challenges such as accuracy, convergence, and computing efficiency [228]. There 

are essentially four different methods for coupling fluid flow and solid deformation:

• Fully coupled approach where porous flow and displacements calculations are carried out 

together through a system of equations with pressure, temperature and displacements as 

unknowns [228, 229]. This approach is the most stable and reliable, but it is not an easy 

matter to couple a reservoir simulator and a geomechanical simulator. This usually 

requires code development and can be slower than any of the other approaches. It is 

sometimes called implicit coupling [228].

• Iterative coupled approach where the fluid flow equations and geomechanics

deformations are solved separately and sequentially by a reservoir and a geomechanics

simulator respectively, and the coupling terms are iterated on at each time step [228, 

229]. It is an attractive option as it is very straightforward, but may require a larger 

number of iterations for difficult problems due to convergence issues [228].

• Explicitly coupled approach where a reservoir simulator solves the fluid flow equations

for each time step, and geomechanical simulations are carried out during selected time

steps. The frequency of geomechanical calculations is driven by the magnitude of pore 

volume changes during the time steps [228], It is also called one way coupling as changes 

in the pore pressure field induce changes in stresses and strains, but changes in the stress 

and strain field do not affect pore pressures or pore volumes [229], Its advantages are that 

it is very straightforward and less time consuming as the calculation of displacement 

takes most of the time in the previous approaches [228]. However, it cannot always 

capture the true physics of the problem in situations such as when either diferential 

deformations or fluid gradients are large, transport properties are very susceptible to 

stress changes, or there are faults or weak planes present.
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• Pseudo coupling approach where a conventional reservoir simulator can compute some 

geomechanics response such as compaction and horizontal stress change through simple 

relations between porosity and vertical stress, and porosity and stress, respectively [229].

The geomechanical simulations for this work were explicitly coupled, where the history matching 

of the field was carried out in ECLIPSE [230] by EnCana, and its results at certain time steps 

were imported into FLAC 3D [231], a geomechanical simulator. This approach was chosen 

because of the geomechanical and geometric features of the Weyburn Field. Yale et al. [232] 

show that the effects of coupling are larger when the width/thickness relationship is in the order 

of 50 but for the Weyburn model the width/thickness ratio is around 150. Likewise, the effects of 

coupling are strongly dependant in the stiffness contrasts between overburden and the reservoir. 

Fully coupled approaches yield more accurate results when the overburden is significantly stiffer 

than the reservoir [228, 232], but at Weyburn the contrast is between 1.5 and 3.0 for the multiple 

scenarios so the explicit coupling is expected to yield accurate results suitable for performance 

assessment purposes.

Moreover an iterative approach would have required a new history match as the flow grid has 

aspects ratios in the order of 60:1, which are not acceptable in FLAC 3D (10:1 is the limit for 

accurate results) [231], Also Weyburn is a mature, heavily exploited field but there is no evidence 

of subsidence/heave or movement in weak planes, and there are a large number of wells present 

and this translates into relatively small fluid pressure gradients. These aspects also suggest that 

the explicit approach will yield reliable results.

8.2.2 Boundary Conditions

Figure 8-1 shows a nine-pattern area from Phase 1A that was used for the simulations. This area 

is embedded in the middle of the Weybum Field. To minimize the influence of the boundary 

conditions the model was extended in every direction around the area of interest and the material 

properties of each layer were applied to this ‘buffer zone’ around the field. A set of simulations 

with different size of buffer zones lead to a 6  km extension of the model in every direction to 

minimize the influence of the boundary conditions. Figure 8-2 shows displacements in the 

horizontal direction for different size of buffer zones and clearly the change between 3 and 6  km 

is small. Consequently it was decided that 6  km was an appropriate size for a ‘buffer zone’ 

around the simulated area.

Figure 8-3 explores the differences between a constant stress boundary and a fixed boundary. 

Clearly there is no significant difference in the results within the reservoir. Nonetheless, none of
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these boundary conditions reflects the reality of the field as it is very likely that the most 

appropiate boundary condition is a step-wise constant stress, where the horizontal stresses are 

changing as a function of the pore pressure change (see Section 8.4.2). Unfortunately, no 

information on pore pressures around the field, the lack of actual measurements of in-situ stresses 

and their variation during the history of the field does not permit the application of this type of 

boundary condition.

8.2.3 Grid and Pressures

Flow simulators work well with grid blocks with very large aspect ratios as in Weybum where the 

aspect ratios were in the order of 60:1. However, geomechanical simulators are very limited in 

this aspect in order to permit reasonable solution for deformations. The limit for FLAC 3D is in 

the order of 10:1 [231]. Therefore, it was necessary to generate a new grid for FLAC 3D and map 

the pressures from the flow simulation grid into the FLAC 3D grid. Considering the diffusive 

character of pressure and the lack of flow barriers inside the reservoir, simple arithmetic 

averaging was used to calculate the pressures for the FLAC 3D grid. Figure 8-4 shows the grid 

used for the simulations, which respects the geological structure of the field.

8.3 Reservoir History

As mentioned in Chapter 2, the field has gone through a variety of exploitation and EOR 

techniques and this history of the reservoir is reflected in its pressure history. Figure 8-5 shows 

the pressure history of the field through maximum, minimum and average pressures in the area 

for modeling. The most relevant events in exploitation and stimulation are also shown. From 

1957 to 1964 primary production which was pressure driven was favoured but a substantial 

decline in pressure in the field lead to a substantial decrease in production rates. Therefore, the 

field was waterflooded to both increase the pressure and sweep efficiency. A very significant 

pressure increase in a short period of time occurred throughout the field and average pressures 

have been above in-situ pressure since then. By 1986 and 1991 vertical and horizontal infilling 

were carried out respectively. This means that the density of vertical wellbores was increased and 

horizontal drilling was introduced to aim at areas with poor recovery such as the Marly. In the fall 

of 2000 C 0 2 injection began as an EOR activity, where the goal was to inject C 0 2 into the Marly. 

Water is intermittently injected as well as means of conformance control as the C 0 2 tends to flow 

towards the Vuggy because of its larger permeability.

Clearly the reservoir has gone through significant pressure changes in its almost 50 years of 

production. However, Figure 8-5 must be interpreted carefully as maximum and minimum
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pressures are tied partially to wellhead measurements of injection and production pressures, and 

wellhead readings are not always representative of bottomhole pressures [233]. Moreover, it 

would seem that the pressure gradients in the field are large, but histogram plots of pressure at 

four different years indicate that most of the pressures are near the average value, Figure 8 -6 . This 

is likely due to the large density of wellbores and the large permeability in the direction of the 

natural fractures that do not permit the development of large gradients inside the field.

8.4 G eom echanical Modeling and Performance

As mentioned above, an explicitly coupled approach was employed to carry out geomechanical 

simulations. Simulations were carried out for both the history of the reservoir up to 2001 using 

the pressure data record and the CO2 injection. To model the pressures post 2001 C 0 2 injection, 

the final pressure distribution was “artificially” elevated to explore the integrity during high 

injection pressures and significant overpressuring of the reservoir. Thus, simulations were carried 

out for the following dates: January 1961, July 1964, July 1966, July 1968, January 1971, January 

1976, January 1979, January 1983, July 1987, July 1993, January 2000, January 2001, and May 

2001. The pressures then were increased by 16%, 32%, 48% and 64%, the latter being sufficient 

to induce hydraulic fracturing conditions. The following sections will address the geomechanical 

mechanisms that were identified in Chapter 4 as likely to cause loss of hydraulic integrity in the 

field based on the simulations for the multiple scenarios developed in Chapter 7.

8.4.1 Capillary Leakage

While the geomechanical simulations do not specifically address this point, the pressure history 

of the reservoir shows maximum pressures post-C02 injection 10 MPa above in-situ pressure. 

This pressure difference is similar to the breakthrough pressures for C 0 2 that Dong et al. [70] 

measured for Weybum’s caprock, Figure 6-34b. Nonetheless, permeability is fairly low, so the 

rate of movement of C 0 2 through the caprock is potentially very slow, and the volumes that could 

leak are very small. However, more fundamental research is needed in this area, but early 

evidence from experimental work indicates that for actual injection pressures in the field C 0 2 

would enter into the caprock, but migration would be very small due to the low permeability of 

the Midale Evaporite. This situation was not predicted initially as it is generally accepted that the 

capillary entry pressure of anhydrites is very large.
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8.4.2 Hydraulic Fracturing

The geomechanical simulations lead to the conclusion that the reservoir will hydraulically fail 

once pressures reach the minimum horizontal stress, and shear failure will not occur. However, as 

was briefly mentioned in the boundary condition section, the minimum in-situ horizontal stress 

changes as pressure changes but these changes cannot be predicted precisely analytically, and it 

can only be determined by in-situ stress measurements. Therefore, the uncertainty as to the actual 

stress field in a C 0 2 -E0R storage project is increased by exploitation and production. Moreover, 

it has not yet been proven whether pressures return to original in-situ pressures and the horizontal 

stresses return to their original value. Actually, evidence exists that is not generally the case. 

However, this evidence comes from chalk reservoirs in the North Sea where waterflooding has 

been used to counteract massive subsidence unsuccessfully, but the material had already 

collapsed during depletion [81], and the waterflooding apparently induced very large thermal 

stresses [234],

Poroelastic theory predicts that for an isotropic, porous and elastic reservoir that is laterally 

extensive with respect to its thickness, the changes in stress with depletion can be predicted as:

l - 2 v
= a --------

l - v

K u
a  = 1 -  —

where a  is Biot’s parameter, V is Poisson’s ratio, Kb is the bulk modulus of the rock mass, and Kg 

is the bulk modulus of the mineral grains [235]. Assuming eras 1 and v  betweem 0.25 and 0.35 

the relation between stress change and pore pressure change is between 0.46 and 0.67. However, 

in-situ stress measurements in a variety of fields has found this value between 0.47 and 0.87, 

Figure 8-7, and often in disagreement with elastic properties measured in cores [81, 236, 237], 

Nonetheless this difference is strongly marked in chalk reservoirs, while in sandstone reservoirs 

the values of A fall into the range expected from elastic properties, considering that the truly 

elastic properties of the rock mass must be slightly different from the core values. Likewise, the 

rate of change between horizontal and vertical effective stress has a large variation range with 

values between 0.15 and 0.30 for chalk reservoirs, and 0.5 to 1.00 for sandstone reservoirs, Figure 

8 -8 .

Figure 8-9 and Figure 8-10 show the change in horizontal stress with pore pressures at Weybum, 

and the change in horizontal and vertical effective stress respectively as predicted by the
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geomechanical simulations. The value of A from the simulations is 0.53 for the Marly, 0.43 for 

the Upper Vuggy and 0.51 for the lower Vuggy, which for or of 1.0 leads to a Poisson’s ratios of 

0.32, 0.36 and 0.33 respectively. These values are slightly larger than the values used in the 

simulations, Table 7-5. The difference is expected as the reservoir response is a rock mass 

response, therefore the overlying and underlying formations where the pore pressures do not 

change influence the response of the rock mass. The change in vertical effective stress with 

respect to horizontal effective stress is 0.53, similar to the McAllen Ranch field. The response of 

the field is similar to the two sandstone reservoirs where in-situ stress measurements are 

available, and which did not present subsidence. Thus, clearly there is a contrast in the response 

among reservoirs where subsidence is meaningful and where it is not, as can be seen in Figure 

8-11. This contrast in the response is important because deformations in the chalk reservoirs were 

plastic, while deformations in the sandstone reservoirs where subsidence was not observed must 

be elastic. If the deformations are elastic it would be expected that the change in horizontal stress 

with pressure is reversible, as it has been observed in overpressured basins where large 

overpressuring leads to large horizontal stresses, with an average value of A of 0.7 [238] 

(overpressuring is a slow process), or the Wilmington Field in California where maximum 

subsidence was in the order of 8 . 8  m and covered an area of 75 km2, but after water injection 

there was a rebound of as much as 33 cm over a period of eight years and subsidence was limited 

to an area of 8  km2 [239].

Therefore, from a performance assessment point of view the question is whether after depletion 

the change in horizontal stress is reversible, meaning the reservoir behaves elastically. Works by 

Martin [176], Diederichs [213], and Kaiser et al. [214] have addressed the issue of damage 

initiation in hard rocks, which follows this criterion:

VxM ,ano„ = Ad ■* UCS + B o,

where AD is around 0.3 and B is 1.3-1.5 for granite, and 2 for sandstone [176, 213], The elastic 

properties remain constant before damage initiation [213], therefore the response of the rock must 

be elastic if the stress path does not reach the damage threshold. If the response of a reservoir is 

elastic and subsidence has not been observed, it is fair to assume that the vertical and horizontal 

stresses are the principal stress. Figure 8-12 shows in Hoek-Brown space the principal stresses 

after depletion in the Rulinson Field, and before and after depletion in the McAllen Field. The 

elastic properties of both materials were reported by Lin [240] and Salz [241], and damage 

initiation lines for AD of 0.3 and B  of 1.5-2.0 were plotted. In both cases stresses after depletion 

are below the damage initiation threshold, so an elastic response is expected in these two fields as
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well as minimum amounts of subsidence. Similarly, at Weybum the stresses before C 0 2 injection 

did not induce damage in the Midale Beds, so an elastic response of the rock is expected and the 

change in the minimum horizontal stress must be reversible, Figure 8-13. Once EOR stops and 

C 0 2 is injected the damage criteria may be crossed, which will lead to heave and a change in the 

elastic properties of the Midale Beds, but because the caprock is such a strong material, the 

concerns about damage in the caprock are minimum. Moreover, the mechanical properties used 

for the Midale Beds come from tests by McLellan [216], but the quality of the samples was 

doubtful (core plugs), underestimating the strength of these formations. Note that the damage 

threshold is also associated with change (increase) in permeability, as it has been observed in salt 

rock [78],

8.4.3 Shear Failure

Due to the coupling between fluid flow and deformations, the stress field will change during 

production in oil fields as the pressure changes in both the payzone and its overburden. These 

stress changes are a function of the pore pressures, the elastic properties of the system, and the 

original in-situ stresses. Figure 8-14 shows the results in terms of stress paths for the scenarios 

developed in Chapter 7. The left side has the results for the history of the reservoir, and the right 

side once pressure is increased artificially. The bottom figure in each column shows the pressure 

changes, and the hydraulic fracture thresholds for different minimum in-situ stress gradients. 

Appendix B has stress and pressure contours for the base case scenario.

From the left side of Figure 8-14 it is clear that the history of exploitation and production is 

predicted to not lead to shear failure of Weybum’s caprock or any of the formations of the 

caprock system. It is postulated that if  the caprock were a shale it would be very likely that shear 

failure would have been induced as shales are substantially weaker than anhydrites. Once 

pressures are maximized, shear failure can occur in the Midale Beds for pressures that are 32% 

more than the actual pressures, but not failure in the Midale Evaporite would occur. However, at 

pressures around 32% of in-situ pressures the minimum in-situ stress would be overcome and 

hydraulic fracture would be the failure mechanism, and these hydroffactures would allow 

important volumes of leakage and a quick depressurization of the reservoir.

The stress path for the different scenarios is a function of the initial in-situ stresses, the change in 

pore pressures, and the value of A. In the isotropic case a change in slope can be seen as there is a 

shift in principal stresses from the in-situ pressure. When pressure is below the in-situ pressure, 

the vertical stress is the major principal stress, and when pressure is above original in-situ
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pressure, horizontal stress is the major principal stress. A similar phenomenon is observed for the 

normal faulting regime (NF). There is no shift in principal stress directions for the other 

scenarios, but this is specific to Weybum, and not general to every CO2 storage facility. 

Therefore, in case of shear failure the direction of the shear planes cannot be determined only by 

the original in-situ stresses, but it will be necessary to understand how the horizontal stresses 

evolve with pressure. Massive amounts of leakage require a fracture that crosses the caprock, and 

the acting stresses at failure can lead to vertical fractures (hydraulic fractures or strike-slip 

regime), steep dipping fractures (normal stresses), or gently dipping fractures (reverse stresses). 

The likelihood of massive leakage increases as a function of the acting stresses in the failure 

plane, the roughness and strength of the fracture walls, the amount of displacement, the presence 

of gouge and the fluid pressure [166, 242], Therefore, the transport properties of induced fractures 

can change significantly from depletion to storage because the effective stresses increase during 

depletion and decrease during storage. Consequently fractures can develop during depletion but 

leakage will be minimum, but once storage increases the fluid pressures that fracture may become 

conductive. This is why it is so important to include the exploitation and production history o f the 

reservoir into the geomechanical performance assessment.

Finally, the production and injection of fluids in the reservoir causes deformations in the caprock 

system. These deformations can lead to failure of wellbores, and the potential release of C 0 2. At 

Weybum deformations were uniform through the stratigraphic column as a consequence of the 

fairly uniform change in pore pressures of the system. Contours of displacements for the base 

case scenario are presented in Appendix B and a detailed analysis of deformation between 

formations for three wellbores is presented in Figure 8-15, Figure 8-16 and Figure 8-17. Clearly 

the deformations in the horizontal direction were practically identical for every formation, and 

vertical deformation is larger in the top formations and decreases gradually to the lower 

formations. The magnitude and direction of deformations is a function of the pore pressures and 

their location in the reservoir, so when pore pressures are above in-situ pressure the reservoir 

swells, the maximum swelling in the outer parts of the field, and vice versa for pressures below 

in-situ. The influence of location, Figure 8-1, is clear from the three wells in Figure 8-15, Figure 

8-16 and Figure 8-17 because the reservoir act as a ‘sponge’, so the well in Figure 8-15 has 

mainly deformations in the West-east direction, the well in Figure 8-17 has mainly deformation in 

the North-South direction, and the well in Figure 8-16 has much smaller deformations, similar in 

both directions as it is close to the center of the field.
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The stiffness of the system controls the amount of deformation, and the stiffness of the system is 

controlled by the stiffest formations. Figure 8-18 shows the deformations for the base case 

scenario in well 101-14-14-006-14W200 for different elastic properties. The displacements for 

the soft system are substantially larger than for the stiff system as the contrast between properties 

is about three. The differences between the stiff system and the system with stiff overlying and 

underlying formations and soft payzone is small. Clearly the elastic properties of the anhydrites 

(the stiffer rocks of the whole system) control the displacements. This is in contrast with shales 

where their stiffness can vary orders of magnitude, and the presence of weak planes can 

potentially control the deformations of the caprock system [243]. Initial in-situ stresses have little 

relevance in the displacements of the system as its behavior is elastic, Figure 8-19. Its influence 

would be more marked if  shear failure were present. Figure 8-20 shows a summary of the 

displacements in all the boreholes monitored, Figure 8-1, at the Midale Evaporite level for the 

base case scenario. Clearly pressure and location control the displacements throughout the 

reservoir as mentioned previously.

8.4.4 Fault-Related Flow

Faults can act as either flow barriers or flow conducts depending on the acting in-situ stresses, the 

amount of displacement, the mineralogy of the fault gouge, and the presence of cements in the 

fault plane. Likewise, fault reactivation and the possibility of dilation can enhance the transport 

properties of faults, allowing significant amounts of fluid to flow. Therefore, it is necessary to 

evaluate the risk o f fault reactivation during both depletion and C 0 2 storage in a C 0 2-E0R 

storage project.

The Mohr-Coulomb criterion represents very well the frictional strength of planar surfaces such 

as faults. The criteria can be expressed in terms of pressure to induce fault reactivation as:

Tf  = c'+tan^-(crn ~Pf )

T f — c'
Pf — & „ -----------

ta n ^

where <f> is the friction angle of the fault, c its cohesion, T„ and on the shear and normal stress 

acting on the plane at failure respectively, and Pf  the pressure at failure. Assuming that the plane 

of failure contains g2, the shear and normal stress can be written in terms of principal stress as:
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where <9 is the angle of the fault respect to the major principal stress. Thus in the case of a normal 

stress regime Pf can be written as:

p  = ?_v_ ± £ h__ a v CQS20 _  °v ~  °h gin20
2 2 2 tan ̂

where

o'h =<?ho + AAP  
AP = P/ -P 0

sin 20
2P , = ay  + oy0  + .4 A P - (oy - oy 0  -  ^ A P )c o s2 (9 - (g v - a m -  A A P )--------

ta n ^

2Pf  = o v x  + <yh0V  + A AP y/ 

where 

sin2P
X  = 1 - cos2P ■

tan^

s in 2 P
\// = l + cos 2  6  +

tan (j)

and

(Tv h crh0 — AP0
P  =  —  V ____________

r  1 - ^
¥

where P0 is the original in-situ pressure. Proceding in a similar way equations for pressure to 

active the faults in reverse and strike-slip stress regimes can be obtained. Thus for a reverse stress 

regime:

p  _ <THoZ + < TrY-AzPo  
1 2 - A X

and for a strike-slip regime:

p  _  ^ hoZ  + ® w ¥ ~ 2AP0 
f  2 - 2  A
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These equations are only valid if the change in pressure does not cause as stress rotation. Thus, it 

is possible that while a stress regime is strike-slip under in-situ conditions, it may become normal 

during depletion as the horizontal stresses decrease and the vertical stress remain constant. 

Similar methodologies to evaluate the fault stability have been developed by Streit and Hill [244, 

245] and Hawkes et al. [246],

Figure 8-21 shows the pressures necessary to reactivate faults in a strike-slip regime at Weybum 

(base case scenario) for different friction angles in the fault. Faults in strike-slip regimes can be 

activated only through pressure increase, and for a friction angle and a fault orientation of 30° the 

pressure would be in the order of 25 MPa, approximately the current injection pressure. 

Therefore, the potential to reactivate a strike-slip fault during C 0 2 injection in a C 0 2 -E0R 

storage project is significant. However, as was mentioned in Chapter 7, there are no faults in the 

area of Phase 1A but there are faults in the risk assessment area15.

In the case of a reverse stress regime (reverse fault scenario), faults can only be reactivated by 

increasing the pressure as well, but the pressures are slightly larger than the pressures in the 

strike-slip regime, Figure 8-22. Consequently, the potential to reactivate these faults during C 0 2 

injection is medium, emphasizing again the need of a good geological model, and the need to 

know the stress regime of a potential C 0 2 storage reservoir.

Finally in the case of normal faulting (normal fault scenario), faults can be reactivated by 

depletion when pressure decreases, Figure 8-23. However, in the case of Weybum if the stress 

regime were normal, the likelihood of reactivating a normal fault will be low as the friction angle 

of the fault would have to be less than 17.7°, Figure 8-24. However, in faults where large 

displacements have occurred, and shales are a significant part of the geology, friction angles can 

be very low depending on the amount and type of clay present in these faults. Normal fault 

reactivation is believed to have occurred in the Ekofisk field [236, 245]. The limit angle assuming 

poroelastic behavior can be evaluated as:

. (Jv -<Th+AP0 
sind =

(7v + ( 7 h - A P 0

15 The risk assessment area is a geological model that extends 10 kM beyond the limits of the C 02 injection 

area, which was used for the long-term simulations to quantify the volumes of C 02 that were stored and that 

migrate out of the reservoir.
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The methodology presented here can be misleading as faults can cause stress reorientations as 

shown by Martin and Chandler [247], Therefore, techniques to evaluate fault stability that 

incorporate the three principal stresses such as the one developed by Pascal [248] are more 

realistic as long as there are reliable in-situ stress measurements.

8.4.5 Pre-Existing Fissures

The lack of pre-existing fissures in the caprock, and the fact that the damage threshold is not 

crossed due to the stress changes means that there won’t be any leakage through fissures in the 

caprock. However, leakage in pre-existing fissures is enhanced by both shear stresses and high 

pore pressures, both existing at Weybum. Consequently, in a typical C 0 2-E0R storage project a 

fissured caprock may eventually leak at a significant rate, which will be a function of the fissure 

density, fluid pressure and in-situ stresses. Thus, numerical experiments have shown that the 

permeability of fractured rocks decreases with increase in stress magnitude when the stress ratio 

is not large enough to cause shear dilation of fractures, whereas permeability increases with 

increased stress when the stress ratios are large enough [249]. Therefore the state of stress, 

dilation and connectivity between fractures are the factors that will control the leakage in fissured 

caprocks.

8.5 Summary

The geomechanical modeling for the multiple scenarios developed for Weybum was presented. 

The results clearly indicate that the reservoir and its caprock are a safe and sound sink for 

geological storage as long as pressures are kept below hydraulic fracturing pressure. The 

production from 1950 until now has likely not affected the hydraulic integrity of the caprock as 

the predicted stress changes remain below the established damage threshold. Also, an elastic 

response is expected for the same reason, which implies that horizontal stresses may recover once 

pressure was increased during the waterflood. However, this last postulate remains unproven due 

to a lack of in-situ stress measurements. In general, the knowledge and understanding available 

regarding stress evolution in oil reservoirs is poor. Therefore C 0 2 -E0R storage projects may 

require mandatory stress measurements before injection and close to the end of injection to 

validate the modeling results. A methodology to evaluate the potential of fault reactivation for 

any stress regime was developed, which can be used for screening of faults in potential storage 

reservoirs.
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Figure 8-1. Nine-pattern spot at Phase 1A used for geomechanical modeling with the 
location of the wells used to track displacements
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Figure 8-2. Displacements in the west-east direction for different “buffer zone” sizes. A 
buffer zone of 6 km was used for the geomechanical modeling as displacements were 

becoming insensitive to the size of the buffer
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Figure 8-12. Principal stresses for the Rulison (before and after depletion), and the 

McAllen field (after depletion). Notice that in both cases the final state of stresses is below 
the damage line. Strength data from Lin [240] and Salz [241]
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Figure 8-14. Stress results from the geomechanical models and pressure evolution. Plots 
(a), (c), (e), (g), (i), (k) illustrate pre-C02 injection results and plots (b), (d), (f), (h), (I) 
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shown in Figure 8-1) for the base case cenario.
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Figure 8-16. Displacements at every formation in the Well 191 -10-12-006-14W200 (location 

shown in Figure 8-1) for the base case scenario
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X ^  x ^  \N® \* $  \N * vN* sS *  >N® \K* \S® \N * <V \* ÂX Â Â Â A* A* A* A* Â «  /
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9 Impact of Salt Dissolution on Weyburn’s Performance

9.1 Introduction

Conceptually, salt dissolution is a well-understood phenomenon having been observed throughout 

the world. However, its consequences in the mechanical and hydraulic integrity of overlying 

formations are not clear. The presence of extensive dissolution features in the Prairie Evaporite 

(PE) is an element included in the long-term risk assessment for the Weybum Field, and it is 

considered one of the alternative scenarios for such risk assessment [35] The Weybum Field is 

located around 800 m above the PE, a formation that has undergone substantial dissolution 

throughout its geological history. To understand the causes and consequences of dissolution a 

review of the dissolution phenomenon and what is known about dissolution in the PE was 

undertaken. Likewise, the MEM of Weybum is used to build a geomechanical model, which is 

employed to predict if such existing features and their reactivation might have an effect on the 

hydraulic integrity of the reservoir.

9.2 M echanism s of Salt Dissolution

Salt removal by solution is a chemical process by which the salt mineral passes into solution. 

Such a process leads to the development of “voids” or “caverns” that may significantly impact the 

tectonic history of a basin where evaporites are an important component, such as the Forth 

Approaches Basin [250], the Devonian Carbonates of Western Canada [251-253] and others 

around the world. The mechanisms that cause salt dissolution are not well understood as it is 

difficult to establish clearly which mechanisms acted on a salt formation in a specific basin and 

the development time [254], The reasons for these difficulties come from complete dissolution of 

the formation (no geological record), cessation of the dissolution process a long time ago, or 

simply a lack of information about the geology and geological history in a region.

9.2.1 Classification of Salt Dissolution Mechanisms

All models of salt dissolution require that unsaturated fluids come into contact with the salt body 

and the dissolved salt is carried away from the solution site through regional- or local-scale fluid 

movements. The amount of dissolution and its geological “signature” are a consequence of how 

this water accesses the salt formation, and how dissolution propagates in the formation. 

Cartwright et al. [250] classified dissolution events depending on how dissolution propagates, and 

such classification is useful to look at the consequences of dissolution, which is the main goal of 

this chapter, Figure 9-1:

203

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



• superjacent dissolution: dissolution caused by undersaturated fluids migrating over the 

main salt body. However it can be the result of local or intermediate flow regimes;

• subjacent dissolution: dissolution caused by undersaturated fluids migrating along the 

base of the body. Subjacent dissolution is associated with centrifugal and centripetal flow 

regimes, flow through faults or fractures, and flow induced by glacial loading and/or 

unloading; and

• lateral dissolution: dissolution caused by undersaturated fluids migrating along the edges 

of the salt body.

9.2.2 Salt Dissolution Consequences

One of the most obvious consequences of the salt dissolution process is subsidence of overlying 

strata and anomalous thickening of sediments in areas where deposition is contemporaneous with 

or immediately following periods of salt dissolution. Such subsidence can be either continuous or 

discontinuous:

• Continuous or trough subsidence: continuous subsidence involves the formation of a 

smooth surface subsidence profile that is free of steep changes. Subsidence like that has 

been observed in seismic sections in the Williston Basin where massive dissolution of the 

Prairie evaporate has occurred, and an anticline has formed trapping hydrocarbons [251- 

253], Nonetheless, continuous dissolution does not preclude the formation of breccia as 

described by Stanton Jr. [255] in his paper on the brecciation process. Thus intermediate 

steps associated with dissolution lead to gradual subsidence, brecciation, small-scale 

solution precipitation, and evaporate flowage occurring simultaneously with solution.

• Discontinuous subsidence: discontinuous subsidence is characterized by large surface 

displacements over limited surface areas and the formation of discontinuities in the 

surface profile, and collapse chimneys. Such dissolution and subsequent brine flow and 

chamber collapse is likely responsible for the formation of breccia chimneys [256]. An 

example of collapse chimney is present in the Delaware Basin, where undersaturated 

water flow from the upper part of the Captain Aquifer flows under artesian pressure 

through fractures to contact salt creating a dissolution wedge.

204

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



9.3 D issolution of the Prairie Evaporite

9.3.1 Prairie Evaporite

The Prairie Evaporite is a thick interbedded sequence of halite, sylvite, bedded anhydrite, and 

minor dolostones that grade westward into shales [257], Its thickness is more than 200 m in some 

parts, and around 150 m in the Weybum area. The Prairie Evaporite is divided into the lower 

Whitkow and upper Leofnard salt members and the intervening anhydride Shell Lake Member 

[257-259],

The Witkow Member is a sequence of salts and anhydrites that overlies the Winnipegosis 

Formation and underlies the Shell Lake Member. The anhydrite is present only adjacent to the 

mounds and the halite occupies the interval away from the mounds [258]. The Shell Lake 

Member is a massive anhydrite, and it forms the base of the Prairie Evaporite Formation where 

the Whitkow member is absent. Its thickness ranges from 0 to 35 m [257, 258], The upper Prairie 

Evaporite known as the Leofnard Member is as much as 100 m thick and consists of halite in its 

lower portion and up to three potash members in its upper portion [258].

9.3.2 Dissolution and Timing

In an area west of the Weybum Field the PE has been completely removed (Prairie salt-free area) 

from a large area by the process of salt dissolution, Figure 7-4. In other areas, only partial 

dissolution has taken place. The origin of salt dissolution features are likely the result of a 

combination of different processes acting simultaneously or at different times. Work on salt 

dissolution in the Lloydminster area of west-central Saskatchewan by Anderson et al. [251] 

suggests several potential large scale mechanisms resulting in salt dissolution, including near 

surface exposure, centripetal flow of unsaturated waters, regional faulting/fracturing, glacial 

loading and/or unloading, dissolution of underlying salt beds and salt creep. The removal of salt 

in the Prairie salt-free area appears to have started soon after deposition of the Prairie Formation 

and continues to the present day [260, 261]. Two types of salt collapse have been recognized in 

the literature in this area, one that is spatially related to underlying porous and permeable 

Winnipegosis mounds [258, 262] and the other from dissolution related to periodic movement 

along faults rooted in the Precambrian basement [253, 260, 261, 263], Both mechanisms are 

subjacent dissolution.

Timing of the dissolution is rather difficult to establish, however a rough estimate can be 

established from isopach maps, structural anomalies and compensational deposition in the 

overlying layers. The work of Hajnal et al. [264] was useful in delineating the structural
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framework for the salt dissolution areas. The work by Hamid et al. [263] found that the spatial 

interpolation of well picks used in subsurface mapping results in uncertainties of the positions of 

salt edges of approximately 1.5 km, which is quite good, and it is being improved by the inclusion 

of seismic studies. Holter [261] reviewed the literature available up to 1969 and concluded that 

late Devonian dissolution was restricted to localized channels and lows mainly in southwestern 

Saskatchewan and in the Hummingbird area and other local areas in southeastern Saskatchewan, 

Figure 7-4. Most of the salt dissolution dining the Mississipian-Jurassic occurred at scattered 

localities over much of southern Saskatchewan, except within and immediately north of the 

Hummingbird area [265]. Within the map area shown, post-Jurassic dissolution was concentrated 

to a great extent north of the Roncott- Hummingbird area. Similarly, De Mille [253] found that 

salt removal may have begun as early as late Devonian time, and recurred repeatedly, with 

maximum leaching occurring during the post-Mississippian erosional interval and during the 

post-Second White Specks time.

9.3.3 Dissolution near the Weyburn Field

Near the reservoir there are two significant dissolution features. The first one is the edge of the 

massive feature west of the field where more than 150 m of salt have been dissolved, Figure 7-4. 

This feature is present around 80 km from the reservoir, occupying a large area in southern 

Saskatchewan. The second feature is a small dissolution area south-east of Phase 1A, which 

apparently has a circular shape, approximately 8  km in diameter approximately, and a dissolved 

thickness of 30 to 50 m, Figure 9-2a. Such a feature is about 7 km away from Phase 1A. 

Dissolution in this feature beneath Phase IB occurred before deposition of the Midale Beds [189], 

This feature has also been seen in seismic surveys, Figure 9-2B, and it is associated with a strike- 

slip fault that seems related to the Winnipegosis mound [202], Figure 9-2c. However, until now 

there is no clear connection between the presence of this fault, and salt dissolution at this location.

9.4 G eom echanical Modeling

9.4.1 Model

A geomechanical model was built using average properties of the MEM for the formations above 

the Frobisher. The properties of the underlying formations were taken from data available in the 

literature [266]. The Devonian was split into the formations above the PE, and the PE. Beneath 

the PE a stiff Precambrian material was used. Table 9-1 shows the properties of the different 

formations.
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Table 9-1. Elastic properties used for the geomechanical model

Formation Bulk Modulus Shear Modulus

K(GPa) G (GPa)

Cenozoic 4 2

Cretaceous 5 2

Jurassic-Triassic 9 4.5

Mississippian 16 7

Upper Devonian 34 17

Prairie Evaporite 25 1 1

Precambrian 35 2 0

Breccia 9 4.5

Multiple models in both FLAC 4.0 [267] (finite difference method) and Phase2 [268] (finite 

element method) were built, which were run elastically and plastically. A dissolution front was 

advanced from a distance of 4 km to the reservoir until it was lying below the reservoir. Salt 

dissolution was modeled by removing large volumes of the PE -in  increments of 1000 m in the 

elastic model, and 500 m in the plastic model—, allowing equilibration of the model, and then 

replacing these zones with a softer material to simulate the breccia, Figure 9-3. These large 

dissolution steps make arching less relevant, and subsequently the impact on overlying 

formations is larger. However, the plastic model frequently lead to confusing, physically 

impossible and/or unreliable results, and the input parameters were critical to achieve a stable, 

converging solution. Therefore, most of the results reported here are from the elastic analyses, 

and only one set of plastic results are presented. It is important to bear in mind that the end goal 

of this modeling exercise was to analyze the influence of future salt dissolution on the hydraulic 

integrity of the Weybum Field, and obtain a clear phenomenological picture o f the important 

mechanisms. Problems with stress-strain analyses have been long recognized for large 

excavations in the mining industry, where subsidence is mainly predicted by empirical methods 

based on field measurements [269], Moreover, analyses for performance assessment can be both 

quantitative and qualitative, and for the current study an improved understanding and insight into 

the problem is more relevant than the precise analysis results. The simulations do not include
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provisions for salt creep, as the mechanics of dissolution are not well understood and the idea of 

making the model more complicated without an acceptable understanding of the 

phenomenological processes is not warranted.

9.4.2 R esults and D iscussion

9.4.2.1 Elastic Analysis

Figure 9-4 summarizes the results for the elastic simulations. The left column of the figure shows 

the results along the reservoir, Figure 9-3, and the right column shows the results with depth at 

the edge of the reservoir, Figure 9-3. The reservoir only begins to ‘feel’ the dissolution front at a 

distance of 2 km. Consequently, any dissolution feature that is present currently, independent of 

when it occurred, likely has no effect on the integrity of the PhaselA reservoir region. Likewise, 

the change in K0  is rather small as it is only slightly altered in the shallower depths of the vertical 

profile, Figure 9-4b.

Once the front begins to approach the reservoir, the principal stresses increase indicating that 

deformations associated with the stress increase may influence the integrity of the reservoir. Thus 

at 1 . 0  km, the closest part of the reservoir sees a significant change in principal stresses, 

especially for an extensional setting (Ko<1.0), Figure 9-4c. Cleary the horizontal stress is relaxing 

as the dissolution causes mainly horizontal displacements beyond the area of dissolution. Thus, in 

a compressional setting (Ko>1.0) the relation between principal stresses tends to 1.0, Figure 9-4c. 

Moreover, the principal stresses are rotating as the values of K0  are different from the principal 

stress relationship. The Ko vertical profile is altered substantially through the stratigraphic 

column, at shallower depths the horizontal decreases while at depths similar to the PE Ko is 

increasing as the vertical stress decreases due to relaxation of the underlying formation because of 

the nearby ‘void’ as the floor of the excavation heaves. The gaps in the profile are due to changes 

in elastic properties between formations. Still, dissolution effects appear insufficient to cause 

failure in the reservoir and/or a loss of hydraulic integrity

Once the dissolution front reaches the edge of the reservoir, the elastic analysis predicts a likely 

failure of the caprock system for extensional settings (K0<1.0), Figure 9-4e. However, the plastic 

analysis indicates that the elastic analysis becomes non-conservative when the dissolution front is 

this close, and failure is likely to occur with any of the states of stress analyzed in this work, as it 

will be seen below. Yet, the trend in stress changes is similar for both analyses, therefore the 

elastic analysis provides insight into the problem. There is a very significant decrease in 

horizontal stresses below and above the PE, Figure 9-4f, which is likely to accelerate the
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dissolution process initially as the permeability of both overlying the underlying formations is 

likely enhanced. If the undersaturated water comes through faults, they will likely open as the 

acting normal stress in the faults is lower. If the water is flowing through bounding formations, 

these formations will intensely fracture and ease the flow of undersaturated waters. A third 

potential mechanism of flow enhancement is hydraulic failure (tensional failure) of underlying 

aquitards as the minimum horizontal stress is lower, and they may be in contact with 

overpressured aquifers, as it has been seen in Potash mines in Saskatchewan [266]. After large 

pressures in the source aquifers are dissipated, salt dissolution rates decrease and may even stop 

as the fluid flow regime moves toward a hydrostatic regime.

Finally the dissolution front moves below the reservoir, and the analysis indicates a stress 

redistribution that will lead to failure and loss of hydraulic integrity of the reservoir for any stress 

state, Figure 9-4g. Observations in coal mining have shown that collapsed material above mining 

galleries increases its volume by a 100% [269], so disintegration of the material won’t be seen all 

the way up to the ground but it will be a gradual process where further up the effects of having an 

underlying caved zone are less noticeable. Still, significant fracturing can be expected in the 

Weybum Field as all of the formations up to the sub-Mesozoic unconformity are quite stiff, and 

prone to fracturing. The process will ease into the Watrous as this is a more ductile and thick 

formation, but its hydraulic integrity may be affected as well.

The influence of the amount of dissolution was studied by carrying out a set of simulations with 

an isotropic state of stress and 150 m of dissolution instead of 50 m. The results did not show a 

significant difference in terms of stress change, especially when the front of dissolution was still 1 

km away from the reservoir, Figure 9-4. The most likely influence of the thickness of dissolution 

will be the distance that collapse propagates upwards, as a larger volume will be needed to fill up 

the empty volume. Therefore, from a performance assessment point of view, dissolution thickness 

becomes quite relevant as dissolution gets closer to the field, because it will determine how far up 

in the stratigraphic column that formations are significantly disturbed.

The results presented above are qualitative in nature, as the geomechanical modeling of 

dissolution is approximate; elastic analyses do not allow for stress redistribution due to yielding, 

and there is no clear understanding of the mechanisms and timing of the dissolution. Nonetheless, 

these results show that dissolution will only have a serious impact on the integrity of the reservoir 

when it occurs very close (less than one km) or below the reservoir itself.
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9.4.2.2 Plastic Analysis

Multiple trials of plastic analyses were attempted, but the fact that the dissolution process 

produces large caverns that must be replaced by collapsed material makes continuum mechanics 

unable to reproduce the physics of the dissolution process. However, a few models that were 

successful had mechanical properties assigned to the formations in the upper limit for each 

formation. Phase2 [268] was employed for this axisymmetric analysis, but because of the 

impossibility of capturing the physics, it is likely that the stress calculations above the dissolution 

area are not very accurate, but stresses around this area are a good indicator of how arching 

affects the stress redistribution. Figure 9-5 shows the result for both elastic and plastic analyses 

for 50 m of dissolution in an isotropic state of stress. Principal stress relationships along the 

reservoir for a moving dissolution front are presented. The first thing worth noting is that the 

stress distribution for a plastic analysis of a dissolution front at 500 m is in between the elastic 

analysis for a front dissolution that is between a 1000 m and the edge of the reservoir. Clearly, the 

plastic analysis is providing similar results in the elastic range, which firstly validates the plastic 

analysis, and secondly and most importantly, indicates it is unlikely that a dissolution front 1 km 

away from the field will have any significant effect on the hydraulic integrity of the caprock 

system.

Once the dissolution front is at the edge of the reservoir, the difference between the elastic and 

plastic analysis is enormous as the maximum value for the principal stress relationship is around 

three times more in the plastic than in the elastic analysis. This suggests that the elastic analysis is 

unconservative, and loss of hydraulic integrity in the caprock system is likely. Stress distributions 

for dissolution below the reservoir are similar in both analyses, but as mentioned above, the 

plastic analysis results above the dissolution front are not very reliable. However, it is clear that 

between 1 0 0 0  to 2 0 0 0  m along the reservoir both plastic and elastic stress distributions are 

similar, validating the idea that dissolution 1 0 0 0  m from the reservoir will have a very small 

impact in the safety of the project.

Subsidence studies where supercritical extraction occurs (the relation between the width of 

extraction, and depth of extraction are larger than 1.4) have shown an angle of draw or limit angle 

(the angle subtended between the horizontal and a line joining the extraction edge with the limit 

of subsidence) of 15 to 35° [269, 270], Figure 9-6. This angle limits the zone of large 

deformations, and for a distance of 800 m between the field and the PE, a horizontal distance of 

maximum 600 m will see major displacements. Therefore, field measurements from mining seem 

to validate the results presented here where a 1 km distance from the field to the dissolution front
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is considered safe. Nonetheless, subsidence at surface will occur up to 1500 m from the edge of 

dissolution, and this is one of the reasons shallower formations show a more pronounce change in 

Ko than deeper formations when the dissolution front has not reached the reservoir, Figure 9-4.

9.5 Summary

Salt dissolution is included as an alternative scenario for consideration in the long-term 

performance assessment of the Weybum project. Geomechanical modeling of the dissolution 

processes shows how the existing dissolution features near the reservoir do not compromise the 

integrity of the reservoir. In addition, dissolution will likely only affect the hydraulic integrity of 

the reservoir if it occurs very close to the reservoir (less than 1 km) or below the reservoir itself. 

As dissolution has not occurred beneath the reservoir and the risk assessment area in recent 

geological times, dissolution is unlikely to disrupt the safety and robustness of the Weybum field 

as a storage site for C02.
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9.6 Figures
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Figure 9-1. Modes of salt dissolution [250]: suprajacent dissolution resulting from 

groundwater penetration; subjacent dissolution resulting from groundwater flow along 
sub-salt aquifer units; and, lateral dissolution resulting from circulation along the lateral

margins of the salt body
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(b)

Figure 9-2. (a) Minor salt dissolution feature east of Phase 1A, below Phase 1B. This 

feature has been observed in (b) seismic, and (c) there is a fault that pass by the 
dissolution zone, after Kreis [223J, and Bunge [202]
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Figure 9-4. Results from elastic analysis for salt dissolution
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10 Thermal Effects Associated with C02 Injection in the Integrity 
of Bounding Seals16

10.1 Introduction

The injection of C02 gives rise to a variety of coupled physical chemical processes that may 

affect the hydraulic integrity of bounding seals and the injectivity of C02. Bounding seals are 

composed of overburden immediately above the injection horizon (typically termed caprocks) and 

underburden, and the wellbore systems used to access the injection horizon. A comprehensive 

review of hydro-mechanical mechanisms that may lead to the underperformance of bounding 

seals was discussed in Chapter 4, but the impact of temperature was not considered. Operational 

considerations require a dense stream of C02 at the wellhead, which is easily achieved by cooling 

off the C02. Consequently, the injected stream of C02 downhole could potentially be 

considerably cooler than the in-situ temperature of the injection horizon.

The thermomechanical behavior of a saturated porous medium has become a relevant issue with 

the advent of technologies such as geothermal energy, thermal stimulation of hydrocarbon 

reservoirs, nuclear waste disposal or issues with borehole stability in the oil industry. The study 

of coupled thermo-hydro-mechanical (T-H-M) effects has shown the strong coupling between 

heat flow, fluid flow, and solid matrix deformation. In light of this established coupling response 

associated with the injection of a cooler stream of C02, the integrity of the caprock system 

becomes an important consideration. This chapter analyzes such influence from a simplistic 

approach, but still the insight gained and results are clear in showing the large role that T-H-M 

effects can have under certain circumstances in the soundness and robustness of C02 geological 

storage as a safe and environmentally acceptable technology to control emissions of C02 into the 

atmosphere.

10.2 Theoretical Background

Governing equations for a fluid-saturated thermoporoelastic porous media have been developed 

by different authors [271-276], A change in either solid body strain, pressure or temperature 

results in the corresponding unequilibrium o f  momentum, mass and energy systems [276]. A  fully 

coupled thermoporoelastic formulation can be described as:

1 6  The TOUGH2 modeling in this chapter was carried out by Dr. Stephen Talman
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Index notation is used; a comma stands for differentiation with respect to spatial co-ordinates and 

a superscripted dot means derivate with time. T is the temperature, u is the displacement, p  is the 

pressure, ekk is the total body strain, X and G are elastic constants, oris Biot’s parameter, /?is the 

thermal expansion factor, k is the fluid permeability, fi is the fluid viscosity, a  is the lumped 

compressibility, ah is the thermal expansion coefficient, K* is the thermal conductivity, #/ is 

Darcy’s velocity of fluid flow, s is the intrinsic heat capacity for fluid, s* is the lumped intrinsic 

heat capacity, T„ is the reference temperature, g/and Qh are the fluid and heat sources [276],

The first two-terms of the right-hand side of each equation are the coupling terms. In the first 

equation these terms adjust the effective stress due to changes in fluid pressure and the total 

strains due to thermal expansion respectively [276], In the second equation the terms adjust the 

mass rate changes due to solid volumetric strain, and the rate variation due to thermal expansion 

(or contraction) of fluid and solid respectively [276], Finally in the last equation the first term 

accounts for unequilibrium of energy transport due to forced thermal convection in fluid flow, 

and the second one for energy lost as a result of solid deformation in the form of thermal 

expansion or contraction [276],

10.3 Conceptual Models

C02 injection is a rather complex problem where a stream of C02 flows into a saturated reservoir. 

Typically the reservoir will be either water or oil/hydrocarbon saturated. The injected fluid will 

most likely be at a different temperature than the in-situ one particularly if the injection period is 

great compared to the time required to remove significant quantities of heat from the vicinity of 

the wellbore. Consequently the injection will cause deformation of the porous media and a change 

in its stress state [277]. C02 injection is essentially a complex multhiphase-thermomechanical 

problem, and in the long-term there will also be an important chemical component. Because of 

the complexity of the problem the model has been simplified, and it has the following features:

• It assumes that the reservoir in its natural condition is C02 saturated. Therefore there is 

flow of only one component, and uncertainties about relative permeability and capillary 

pressures are eliminated.
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• The flow of heat and mass is modeled using TOUGH2 [278] modified to incorporate the 

C02 equation of state (EOS) proposed by Span and Wagner [277]. The simulation treats 

the injection of pure C02 with an enthalpy content of -300 kJ/kg into a reservoir filled 

with C02. The enthalpy content corresponds to injection of a fluid at about 280 K and 20 

MPa.

• The in-situ stress field assumes that both vertical and horizontal stresses are similar 

(K0=1.0), which implies that the stress field is irrotational, and the pore pressure field 

may be decoupled from the governing equations and determined independently [279].

• The equations for heat flow and fluid flow are solved coupled using TOUGH2, and the 

temperature and pressure field are taken to FLAC 4.0 [267] at the desired times to solve 

the mechanical equations. As mentioned above, the pressure field can be decoupled 

because of the irrotational stress field. Likewise, the temperature field can be calculated 

without calculating simultaneously the strains because of their weak coupling [275], Note 

however that the converse is not true.

In order to simulate the most likely scenarios for C02 injection —enhanced oil recovery (EOR) 

and deep saline aquifers—, two different models are considered. The first model is a thin 

carbonate reservoir capped by a thin anhydrite, which is capped by a thick shale, Figure 10-1. 

Such geometry is not uncommon for existing hydrocarbon reservoirs, and consequently is a 

potential site for EOR activities. The reservoir is at a depth of 1500 meters, an in-situ temperature 

of 313 K (40° C), and C02 is injected through a horizontal well in the middle point of the 

reservoir at a rate of 0.05 kg/s per meter into the page and a temperature of 280 K (7° C). The 

second model is a typical deep saline aquifer, composed of a 100 m thick sandstone capped by 

thick shales, an in-situ temperature of 320 K (47° C), and C02 is injected at a similar rate as in the 

first case. Table 10-1 and

Table 10-2 show the T-H-M properties of the materials used in both models.

The flow boundary condition for the models was constant pressure at the outer vertical boundary 

with no flow conditions imposed at the horizontal and inner vertical boundaries. Heat transfer was 

allowed at the horizontal boundaries using the semi-analytical heat transfer option available in 

TOUGH2. The mechanical boundaries assumed symmetry at the centre line, and non­

displacement boundaries at the base and outer boundary. The top boundary was assumed as 

constant stress. It will be demonstrated that the impact of such boundaries is rather small 

compared to the consequences of injecting cool C02.
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Table 10-1. Thermal and hydraulic properties for the formations used in the models

Porosity

4>

Density 

p (kg/m3)

Permeability 

k (m2)

Specific Heat 

cp (J/kg-K)

Conductivity 

kT (W/m-K)

Shale 0.21 2650 3E-18 977 1.5

Anhydrite 0.001 2980 IE-20 744 5.0

Sandstone 0.20 2260 3E-14 852 3.0

Limestone 0.20 2800 2E-14 852 3.0

Table 10-2. Mechanical properties for the formations used in the models

Bulk

modulus

K (GPa)

Shear

modulus

G (GPa)

Cohesion 

c (MPa)

Tensional

strength

T (MPa)

Friction

angle

$

Linear 

coefficient 

of thermal 

expansion

a(l/K )

Shale 13 8 10 1 30 1.5E-5

Anhydrite 74 25 60 6 40 1.5E-5

Sandstone 37 18 30 3 35 3.0E-5

Limestone 37 18 30 3 35 3.0E-5
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10.4 Results

10.4.1 Carbonate Reservoir

The injection of C02 at 280 K into a 313 K reservoir causes a rapid cooling of the nearby 

wellbore region, and a rapid increase of pressure, which reaches its maximum at the injection 

point around two months later. Subsequently, the cooling front keeps traversing the reservoir but 

the pressure inside the reservoir remains constant, Figure 10-2. The pressure development 

demonstrates the influence of the fixed pressure imposed at the outer boundary condition and the 

large permeability of the reservoir. Notice how after less than 20 days the cooling front has 

advanced around 15 m into the reservoir, and in two months more than 30 m.

The alternative of treating the outer boundary with a no flow condition will lead to higher pore 

pressures, and slightly higher reservoir temperatures. However, the enthalpy of C02 at reservoir 

conditions is reasonably pressure independent, Figure 10-3, so that any cooling of the reservoir 

will not be greatly impacted by the choice of boundary conditions.

The impact of cooling on the stress state inside the reservoir is significant. The cooling causes a 

decrease in the stresses, while the pressures are increasing due to the C02 injection, which 

eventually leads to tensional failure of the reservoir. Figure 10-4 shows the horizontal stresses 

along the centerline of the reservoir for isothermal and non-isothermal cases after 208 days of 

C02 injection. The non-isothermal case is analyzed elastically and plastically. From the elastic 

analysis it is clear that the total horizontal stress decreases significantly towards the cooling front, 

becoming negative well into the reservoir, and the effective stress is negative over an even greater 

distance. However, such a state of stress is impossible because the tensional strength of the 

material will be insufficient to prevent failure; therefore a plastic analysis was carried out. The 

plastic analysis shows that eventually the total horizontal stress becomes identical to the pressure 

inside the reservoir, and the effective stress is zero. A zone of zero effective stress in the plastic 

analysis implies that the tensional strength has actually been overcome, causing hydraulic 

fracturing, and the material has lost its tensional strength. Notice the difference in size of the 

zones affected by tensional failure between an elastic analysis and a plastic analysis. The elastic 

analysis predicts a much larger zone of failure because there is not a redistribution of stresses 
once the tensional strength is overcome. Figure 10-5 shows the horizontal stresses in a top to 

bottom cross-section near the injector. These results clearly show how the tensional strength is 

overcome from top to bottom into the reservoir, and starts to propagate inside the caprock.
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10.4.2 Deep Saline Aquifer

A typical saline aquifer for C02 injection will be a long thick sandstone capped by shales. The 

response of this thicker formation is similar to the thin injection horizon in the preceding case, but 

the fracturing occurs essentially only in the injection horizon. Consequently, the injection of a 

cooler C02 stream into a thick formation may be positive because it will stimulate the 

permeability nearby the wellbore, creating a “sweet” spot for injection that will help to maximize 

the volume of C02 storage without affecting the integrity of the bounding seals. However, 

uncertainty on how fracturing propagates inside the reservoir and localization of temperature 

effects around hydraulic fractures will lead to a different flow regime, and it may make this 

apparently beneficial effect misleading because the integrity of the bounding seals may be 

affected. Figure 10-6 shows the temperature and pressure profiles along the centerline of the 

reservoir after 20 years of C02 injection. Notice how far into the formation the cooling front has 

propagated, but the pressure has not increased dramatically. Figure 10-7 shows the zone of 

tensional failure, which is restricted to the injection horizon in contrast with the thin reservoir.

10.5 D iscussion

It is clear that the injection of C02 at cooler temperatures than in-situ has a large impact on the 

integrity of both the injection horizon and its bounding seals. A cooler stream of C02 causes an 

important decrease in total stresses that may eventually lead to tensional failure of the injection 

horizon, Figure 10-4. This failure might propagate to the overburden and underburden, affecting 

the hydraulic integrity of the bounding seals. The initial effect of hydraulic fracturing around the 

injector may be positive, especially for thick formations where C02 will flow easily, pressure will 

be kept low, and a larger volume of C02 can be injected. Similar calculations by Noorishad and 

Tsang [280] have shown that the difference in temperature between the reservoir and injected 

waters lowers the injection pressure required for hydrofracturing by as much as 10 MPa. 

However, in the long-term and in realistic conditions C02 will concentrate below the caprock, 

which may lead to an important change of stresses and pressures in the caprock, potentially 

affecting its integrity. Consequently there is the need to carry out the modeling with a more 

realistic approach where all the multiphase flow effects are considered as well as flow through 

fractures that are either induced or natural. On the other hand, in the case of a thin reservoir for 

C02-EOR storage it is clear even from a simple model like the one used here that the hydraulic 

integrity of the caprock will be affected, and other parameters such as the thickness of the sealing 

rocks, and the potential for leaking into an aquifer become more relevant. Moreover, the
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fracturing and loss of CO2 will be a detriment to EOR activities where the sweep efficiency will 

decrease, and significant amounts of C02 which otherwise could be reutilized will be lost.

Hitherto it has been assumed that the situation can be modeled as a continuum, but it is important 

to bear in mind that once tensional failure is induced , the continuum approximation and hence 

the mechanical model is no longer valid. Moreover, the presence of fractures will change the flow 

field, and the problem becomes three-dimensional. Nonetheless, the results shown above are still 

valuable because a more realistic model will show a more dramatic picture near the injector. The 

zone of hydraulic fracturing will be smaller, but the fluid will concentrate in the fractures, with 

local fluctuations of pressure that will make the fractures grow, and the temperature field will 

change locally slightly. The fracture will propagate in its own plane at different rates in different 

directions depending on the near field stress and mechanical properties of the formation. 

Consequently, the caprock will be affected substantially more than the model shows because the 

fracture will propagate into the reservoir, and upwards and downwards. This underscores the 

important role that the in-situ state of stress plays in geomechanical modeling, and even more in a 

case where hydraulic fracturing is expected to occur, because hydraulic fractures propagate 

perpendicular to the direction of the minimum in-situ stress. Therefore, more accurate modeling 

of the situation will require a better knowledge of the in-situ stresses, and a mechanical model 

that can handle continuous and discontinuous media such as discrete element modeling (DEM). 

However, fracture initiation is a rather complex phenomenon that cannot be modeled realistically 

and efficiently in a complex situation like C02 injection at the moment.

Fracture propagation will need to be considered as well. Initial fracture shapes in a multi-layered 

medium are fairly well understood from reservoir stimulation technologies and numerical 

modeling. Hydrofracturing for reservoir stimulation is a controlled process where fluid and 

proppant volumes are known before hand, and there is a reasonably accurate idea of the final 

shape of the fracture. On the other hand there is little experience for fracture propagation when 

the injected volumes will be many orders of magnitude larger than in reservoir stimulation and 

will go on for a very long period of time. Therefore there is the need to understand how the 

fracture will evolve with time, when it will stop, whether a new set of fractures coming off the 

main fracture will form or the fracture will become a conduit for C02 to flow into the matrix. 

These are just some of the questions that will need to be addressed because of the massive scale 

of C02 storage operations.

The treatment of the reservoir as being C02 saturated will also impact the results. In the treatment 

presented here C02 will tend to flow throughout the entire thickness of the reservoir, rather than

223

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



concentrated just under the caprock. This leads to a more uniform heating front, rather than 

developing a larger zone of cooling at the top of the reservoir. Despite this discrepancy, the net 

heat transferred into the reservoir will be realistic. Furthermore, heat effects associated with 

dissolution of C02 into reservoir fluids are ignored. There will be a heat associated with the 

dissolution of C02 into the existing reservoir fluids. Heat will be generated by C02 dissolution 

into aqueous fluids, whereas it will be removed by C02 dissolution into hydrocarbons. 

Consequently, the cooling effects will be overestimated in the aquifer case and underestimated in 

the EOR case. The magnitude of the error will be time dependent; initially the capacity to hold 

C02 may lead to warming around the injector, however, the capacity to absorb C02 will be 

quickly exhausted and so cooling will develop. Modeling by Pruess et al. [281] suggests that less 

than 10% of the injected C02 can be incorporated into the aqueous phase. In the long term the 

heat contribution associated with the C02 injection will overwhelm those associated with solution 

into the reservoir fluid. Whether or not there are associated heat effects associated with 

C02/reservoir fluid interactions may effect the time required to achieve a given temperature 

within the reservoir, however, it will not, in the long-term affect the conclusions regarding the 

eventual cooling.

Another phenomenon that needs to be understood better is how pore pressures change inside a 

low permeability material when it cools off substantially. It is clear that when low permeability 

materials warm the pore pressure increases and that the process is linear, with a change of about 1 

MPa per 1 °C [279], However, there is little public experimental evidence of which the authors 

are aware that the same happens when a material is cooled off. Additionally, the existing models 

assume that there is a continuous fluid phase which is true for shales, but uncertain for anhydrites. 

Therefore, it is the author’s point of view that more research is needed in the response of low 

permeability materials to cooling, especially in anhydrites.

10.6 Summary

A simplified approach to show the significant effects of C02 injection at cooler temperatures than 

in-situ reservoir has been presented. The results clearly indicate the potential that cooling off the 

reservoir while injecting C02 might have in the integrity of bounding seals, through stress re­
distribution, pore pressure increase and eventually tensional failure of the caprock. Therefore, 

when C02 is injected into a reservoir a close look must be given to the thermal effects that may 

jeopardize the hydraulic integrity of the caprock, and the successful storage of C02. A good 

knowledge of the in-situ state of stress is fundamental to understand the possible influence of 

thermal effects in the bounding seals. Moreover, there is the need to develop and implement more
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realistic, complex models that can handle different phenomena such as multiphase flow, flow in a 

discontinuous medium, and fracture initiation and propagation.

10.7 Figures

500 m

54 mShale

To = 313 K

C Jv=h  = 35 M 
p o =  15 MPa

• C O 2 Injector 27 m

135 m

Shale

Figure 10-1. Model of carbonate reservoir used as a potential CQ2-EOR storage sink
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Figure 10-2. Temperature and pressure profiles along the centerline of the carbonate 

reservoir from 17 days to 208 days of injection
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11 Geomechanical Performance Assessment of Caprock 
Systems in C02-E0R Storage Projects

11.1 Introduction

A C02 geological storage system has four components: a reservoir with its caprock (caprock 

system), the overburden between the containment zone and exposure zone, the C02 exposure 

zone comprising the shallow saturated and undersaturated zone, and preferential C02 migration 

paths like wells or faults. A safety assessment is required to quantitatively and qualitatively 

analyze the overall performance of this system, and compare its performance against regulatory 

limits and targets. However, most systems are complex and require assumptions and 

simplifications that would render the system treatable and the analysis results reliable and 

verifiable. On the other hand, a performance assessment of some subset of processes or 

components of the system would allow more comprehensive and complex analyses to be 

undertaken and would provide valuable input towards the safety assessment. Thus, performance 

assessments of multiple processes and/or components of the C02 geological storage system are 

logical steps towards a final safety assessment, and as such, the geomechanical performance 

assessment of the caprock system is a basic component of both safety and risk assessment for 

geological storage of C02.

11.2 Performance A ssessm en t: Transparency and Elements

Chapter 3 addressed the concept of performance assessment, its general methodology and main 

components. Reviews of performance assessment methodologies in nuclear waste disposal 

(NWD) have established some guidelines to promote transparency [282]:

• Present the method to carry out the performance assessment.

• Present the assumptions made and their basis.

• Present the modeling accurately. An accurate description of exactly what conceptual

features and processes are represented in the models, and by what algorithms.

• Present the data used and their sources.

• Present intermediate results.

• Analyze the results to identify key assumptions, models, data and uncertainties.

• Explain the results.
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• Identify points of weakness.

Moreover, performance assessment is a combination of qualitative and quantitative elements that 

should be assembled logically and congruently. Ideally, a performance assessment includes the 

following elements [282]:

• A context or perspective.

• Criteria should be set by a regulatory body or by design targets.

• Objectives and scope of the assessment.

• A description of the system both at a conceptual level and a detailed one.

• Approach to performance assessment.

• Interpretation and elicitation of the databases.

• Scenario analysis. The description of the system combined with the identification of FEPs 

makes up the scenario analysis.

• Description of models. The conceptual basis and mathematical expression of models 

should be described.

• Results and interpretation.

• Confidence in key arguments.

• Compliance with the criteria.

• Conclusions

The geomechanical performance assessment of Weybum has been carried out trying to 

incorporate these elements while addressing transparency issues. Exceptions are a clear approach, 

which was outlined in Chapter 3, but is to be developed further in this chapter, and the description 

and validation of analytical models for both fluid flow and solid mechanics as these models are 

well developed. The use of commercially validated software makes this step unnecessary. 

Therefore, there is a framework in place to develop a comprehensive methodology to evaluate the 

geomechanical performance assessment of caprock systems for C02-E0R storage projects.
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11.3 M ethodology

One of the goals of this thesis was to develop a methodology to evaluate the geomechanical 

performance of caprocks in C02-E0R storage projects. Such a methodology is described below 

and summarized in Figure 11-1.

11.3.1 Objective

In geological storage a seal or caprock is a geological formation with appropriate hydraulic 

properties to effectively contain injected C02 for a sufficient period of time to ensure maximum 

impact on emission reductions and to satisfy health, safety and environmental concerns. Granted 

the present understanding of transport properties for shales and anhydrites in the presence of C02 

is not good, the geomechanical performance assessment is generally concerned with the presence 

of conducting features. Conducting features are zones of relatively high hydraulic conductivity 

which are interconnected, and occupy a small portion of the domain, although their scale can vary 

from micro- to megascale [60]. These conducting features which may disrupt the hydraulic 

integrity of an otherwise suitable caprock and can be either storage-activated or storage-induced 

(see Chapter 4).

11.3.2 Time Frame

A timeframe for geological storage projects is not in place yet, but it will range from a few 

hundred years to a few thousand. However, geomechanical effects due to C02 injection will only 

play a role until injection stops and pressure decays to its equilibrium state defined as the in-situ 

pressure in open systems. Therefore, the geomechanical performance assessment only considers 

the time until the pressure decays. Nonetheless, there can be geomechanical effects due to 

geological events such as tectonic failure or salt dissolution, which play an important role on in 

the long-term performance assessment. These geomechanical effects are considered for the long­

term assessment as alternative scenarios and are analyzed individually.

The geomechanical performance assessment should be carried out in three phases for C02-EOR 

storage projects. The first two phases are interrelated. The first phase is a pre-C02 injection 

performance assessment that goes from the moment exploitation and production began up to the 

moment C02 injection starts. The second phase is the short-term performance assessment that 

goes from the initial injection of C02 up until pressure decay. A peculiarity of the first step is that 

scenario analyses, which try to establish the existing conditions of the caprock system before 

exploitation, gathers a substantial part of its information during exploitation and production, so a
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large amount of engineering judgment goes into developing this start-up scenario with 

information gathered at later times than the time the scenario is representing. Likewise, the base 

case and alternative scenarios used for the short-term performance assessment use not only the 

results from the pre-C02 injection performance assessment, but the same information that was 

used to build the cases for the pre-C02 injection performance assessment. Therefore the process 

becomes iterative and there is a constant synergy between both assessments through an iterative 

process. The final phase is the long-term performance assessment that, as was mentioned 

previously, addressed specific scenarios such as tectonic activity, mining, or salt dissolution. The 

timeframe for this phase is determined by either the timeframe of the project or by the possibility 

of one of these phenomena or activities occurring. For example, it is known that salt dissolution 

has occurred in the Williston Basin and it has been active for thousands of years, therefore it is a 

scenario that needs to be considered without a specific timeframe.

11.3.3 Uncertainty

Uncertainty is inherent to any geological system, and its sources are well understood as seen in 

Chapter 3. There are essentially two broad methods for quantitatively handling uncertainty in the 

assessments: deterministic and probabilistic approaches. The main difference between 

deterministic and probabilistic methods is that the latter explicitly tries to quantify probabilities 

and to combine these into risk estimates, whereas deterministic methods do not take this 

quantitative step. The approach to uncertainty in this work is deterministic for two reasons; one 

conceptual and one practical. Conceptually the link between performance assessment and safety 

assessment is stated by Dewiere et al. [283] as "... the role of safety assessment is to determine 

the area of acceptability, while performance assessment is to determine the limits of possibilities 

and ranges of uncertainties in predictions...”. Thus, a deterministic approach relies on the 

possibility of making bounding analyses. These analyses have as a goal to either support the 

conservatism of the ‘reference assumption’ or to illustrate the impact of conditions deviating from 

reference conditions [282], Some assessments may implicitly assume that the variants represent 

less plausible situations, and in others an effort is made to show qualitatively that the likelihood 

of detrimental cases is low [282],

The practical reason to justify a deterministic approach is that while probabilistic methods have 

come a long way into geotechnical analysis, although not in daily practice, a probabilistic 

approach for reservoir geomechanical simulations is not sufficiently meaningful given the present 

state-of-the-art. The three basic inputs to these models are in-situ stresses, type of boundary 

conditions, and geomechanical properties. Uncertainty associated with in-situ stresses is better
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addressed by in-situ stress measurements, but they are expensive, and usually from an oil 

production perspective they lack relevance, which makes them uncommon and not easily 

included into the budget of a typical project. However, if these measurements are not available, a 

good understanding of the depositional and geological history of the basin combined with soft 

data, such as geophysical logs, evidence of drilling and borehole stability issues, and good 

judgment, can provide reasonable estimates of the in-situ state of stress without resorting to a 

probabilistic approach. Uncertainty associated with the type of boundary condition for reservoirs 

such as Weybum is epistemic. Our understanding of stress changes during oil depletion is poor, 

our geomechanical models cannot handle the scale of the Weybum pool, therefore simulations are 

made in small portions such as the nine-pattem area in Phase 1A where the boundaries of the 

model are embedded into the field and perhaps stresses at the boundaries evolve with pressure. 

Finally, uncertainty about geomechanical properties in theory could be handled probabilistically 

but this approach is beyond present computational capabilities, as each simulation can take long 

periods of time —each simulation at Weybum took approximately 3 days of CPU time—.

11.3.4 Pre-C02 Injection Performance Assessment

11.3.4.1 Scenario Analysis

Scenario analysis for geomechanical performance assessment has two goals: the identification of 

the possible geomechanical mechanisms that may affect the hydraulic integrity of the caprock 

system, and the construction of a realistic 3D geomechanical model with its appropriate boundary 

conditions and properties. The first step includes the identification of all possible geomechanical 

mechanisms that may affect hydraulic integrity. These mechanisms and their potential 

consequences are well known in geotechnical engineering and lately they have become more 

relevant in the oil industry. Unfortunately, these were often overlooked in the early stages of 

geological storage. Ranking of the processes is a common practice in scenario analysis, but the 

geomechanical mechanisms that may affect hydraulic integrity of bounding seals are explicitly 

included in reservoir and geomechanics simulators. Therefore all of these can be addressed 

precluding the need for such a ranking. Instead, the results of the modeling will provide a rank of 

these mechanisms to determine which ones are relevant in specific cases. These must be included 

in the safety and risk assessments. These mechanisms were presented and organized in an 

effective manner in Chapter 4.

The construction of the 3D geomechanical model is an iterative process because the 

characteristics of the caprock system at the time exploitation begins are poorly known. However,
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the characterization of the reservoir improves dramatically with development of the field because 

additional knowledge is gathered when more wells are drilled, and stimulation activities are 

undertaken to improve primary production. Initially a start-up model can be developed with the 

existing geological and hydrogeological models at both regional and reservoir scales, which is 

further populated with geomechanical properties gathered from both laboratory and field 

experiments, and soft data such as geophysical logs and literature reviews. This initial model will 

allow identifying gaps and formulating questions regarding the validity of model assumptions. 

Thus, Weybum is a naturally fractured reservoir and questions such as “can fractures be present 

in the caprock and if so, are they conductive?” need to be addressed.

This leads to the need to integrate logically the relevant information available into the mechanical 

earth model (MEM). This model is not simply the amalgamization of existing information, but it 

has to ‘put the pieces of the puzzle together’, i.e. the widespread evidence of similar fractures in 

the Williston Basin indicates a similar mechanism of fracturing. On the other hand, the regional 

hydrogeological studies show no evidence of cross flow through major aquitards and, while at 

first glimpse these two observations appear to be contradictory, geomechanical considerations 

such as the mechanism of formation of the fractures can explain why fracturing is observed 

presently in certain formations, or how geochemical processes may have self-healed some of 

these formations. Moreover, uncertainty needs to be addressed because in projects of this type 

and magnitude it is not uncommon to find large sources of uncertainty. One of those uncertainties 

at Weybum is the in-situ stress state. There are no field measurements available, but a global 

understanding of the stress field is gathered from its geological and tectonic history, and that 

combined with data from nearby reservoirs and soft data such as the presence of strike-slip faults 

can be used to bound the state of stresses. Nonetheless, alternative scenarios with different in-situ 

stresses or geomechanical properties are built for further analysis to bound the analysis 

deterministically and carry out a sensitivity analysis.

11.3.4.2 Model Development

Once the base case and alternative scenarios are developed, model development is the next step 

for performance assessment. The generic methodology includes conceptual model development, 

validation of the models, and the actual numerical modeling. However, as was mentioned 

previously, the use of commercial validated software shifts the focus of this step towards 

numerical modeling. E0R-C02 projects have a long history and it is expected that the boundaries 

of the field are well-defined. Its geometry is known and whether there is any evidence of 

geomechanical activity in the way of subsidence/heave, wells sheared after completion and even

237

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



in some cases seismicity. Consequently, it will be fairly easy to identify which approach 

modeling shall take; i.e., Weybum is a very large field surficially, but thin, where neither 

subsidence/heave or borehole stability issues have been observed. Therefore an explicit approach 

would be able to provide useful results and take advantage of the existing history match. On the 

other hand fields where geomechanical activity has been observed would require an iterative or 

implicit approach depending on the tools available and the magnitude and frequency of the 

geomechanical events.

An issue with these simulations in ‘geomechanically inactive’ fields such as Weybum, is their 

calibration and validation. Monitoring instmmentation for deformation or seismic activity is 

installed as a response to problems encountered during production in oil fields, and otherwise it 

would never be in place. Therefore, at least in the early stages of geological storage, the 

installation of monitoring wellbores with tiltmeters and geophones, and in-situ stress 

measurements at different reservoir pressures are necessary to build confidence in our 

performance predictions.

11.3.4.3 Evaluation Against Performance Criteria-Scenario Adjusment

Finally, the results of scenario development and numerical modeling lead to the scenarios that 

will be used to carry out the short-term performance assessment. These analyses of Weybum lead 

to the conclusion that the hydraulic integrity of the reservoir has been preserved during 

exploitation and production of the field pre-C02 injection. Therefore, it was not necessary to 

adjust the existing scenarios and it was possible to proceed with the short-term performance 

assessment. However, in other cases it is possible that the hydraulic integrity of the reservoir may 

have been affected, and the scenarios need it to be adjusted either by changing the mechanical or 

hydraulic properties or developing new scenarios; i.e., if the caprock was significantly affected, 

the scenario of a reservoir with a leaky caprock would have to be considered for the safety and 

risk assessment of the Weybum Project, and the geomechanical properties of the caprock system 

would need adjustment for the remainder of the geomechanical performance assessment. While 

this has to be an alternative scenario considering the ‘belts and suspenders’ approach, it may have 

become the base case scenario and it might even threaten the viability of the project.
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11.3.5 Short-Term Performance A ssessm en t

11.3.5.1 Scenario Analysis

The short-term performance assessment takes the final results from the pre-C02 injection 

performance assessment as scenarios, with the adjustments that were considered necessary. There 

is no scenario analysis per se for this step in the performance assessment but involves either an 

adjustment of the existing scenarios or change in their ranking. However monitoring and 

verification may provide new insights into the features of the system and the scenarios may need 

to be adjusted to reflect this new reality.

11.3.5.2 Model Development

Here both reservoir simulation and geomechanical simulations have to move together because 

more than performance assessment is driving these simulations, but also optimization of both the 

EOR process and the volume of C02 stored. At Weybum the modeling work lead to the 

conclusion that hydraulic fracturing is going to be the controlling mechanism once EOR stops in 

order to store the maximum possible volume of C02. Therefore, a combined effort between 

geomechanics and reservoir simulation may lead to an adjustment of the field operations to raise 

the pressures uniformly throughout the field. However, such integration was not achieved in this 

thesis because the reservoir simulations were still ongoing when the geomechanical simulations 

were nearing completion. The issue of calibration and validation is as relevant here as it is in the 

pre-C02 injection performance assessment, and it can be considered the ‘weakest link’ of 

geomechanical performance assessment because usually there are not enough measurements to 

validate geomechanical simulations.

11.3.5.3 Evaluation Against Performance Criteria

The final results of this analysis will be used as input for both the performance assessment of the 

overburden and the safety assessment. Thus, the results in Weybum showed that shear failure 

would not occur during C02 injection. Consequently, in the safety assessment the caprock must 

be considered as a competent seal for the stored C02, and the likelihood of having a leaky 

caprock is low. These two conclusions are very important for the risk assessment, which 

eventually will be presented in terms of volumes of C02 reaching the biosphere and its 

consequences.
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11.3.5.4 Monitoring and Verification

Due to the multiple uncertainties and novelty of geological storage projects, the short-term 

performance assessment must be complemented by monitoring in an iterative process combined 

to either verity or adjust the performance predictions. This will be the focus of the second phase 

of the Weybum project that will begin in late 2005. The information that will be gathered will be 

used to adjust and calibrate the flow and geological models available, especially at the reservoir 

scale, and this may lead to adjustment of the short-term geomechanical performance assessment 

of the caprock system. Moreover, if new evidence that contradicts the existing MEM is produced, 

it is likely that the whole process may need to be repeated using the new information available.

Nonetheless, the results from seismic and geochemical monitoring indicate so far that CO2 is 

effectively being contained by the caprock system, and that it is not unrealistic to think of C02 as 

permanently stored (early estimates of leakage indicate that less than 3% of the C02 injected will 

leak out in the next 5000 years) [25].

11.3.6 Long-Term Performance Assessm ent

The last step in the geomechanical performance assessment is its long-term stability against 

specific phenomena or events, which can be affected by geomechanical phenomena such as 

tectonic activity, mining induced effects or salt dissolution. Usually this analysis is more of 

qualitative in nature as uncertainties are large. If numerical modeling is carried out, the models 

used are simple representations of the scenarios used for more complex performance assessments. 

Thus, at Weybum salt dissolution is an existing possibility that was addressed through 

geomechanical modeling in Chapter 9. A simplified version of the MEM developed in Chapter 7 

was used for the analysis. The results from the modeling were more of a qualitative nature, a 

defined set of conditions in which salt dissolution can affect the hydraulic integrity of the caprock 

system was established. This analysis needs to be complemented by a better understanding of the 

geological conditions that trigger dissolution at Weybum, and the likelihood that dissolution will 

occur in the future.

11.4 Geom echanical Performance A ssessm en t of Weyburn

11.4.1 Scenario Analysis

Scenario analysis starts with a FEP analysis, where FEPs are identified, classified, ranked and 

screened to build the scenarios, and it is followed by the development of a 3D geomechanical 

model. At Weybum this was accomplished by:
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• Processes or mechanisms that may affect the hydraulic integrity of the caprock system 

were identified in Chapter 4. These mechanisms are generic to any geological storage 

project, and can be addressed by fluid flow and deformation models.

• The features of the caprock system were evaluated from the geological and

hydrogeological models that were developed as part of the project. Mechanical testing on 

Weybum’s caprock, soft data such as geophysical logs, basin scale information, and 

literature reviews complemented this information. This information was assembled 

together in a MEM which lead to a base case scenario and alternative scenarios.

• Events such as salt dissolution were recognized early on in the project, and were

addressed through the use of simplified scenarios.

11.4.2 Uncertainty

Uncertainty was handled deterministically as explained previously. Therefore, a set of scenarios 

with different features such as different stress states and geomechanical properties were 

developed to find bounding limits in the performance of the caprock system that would help to 

build confidence in the results. Conservative values were used for both elastic and mechanical 

properties. Mechanical properties, as long as the values are realistic, can be adjusted by tweaking 

the values of the Geological Strength Index (GSI) in the Hoek-Brown failure criterion. On the 

other hand, the project would have benefited immensely if in-situ stress measurements were 

available. However, its relevance to examining the soundness of performance assessment was not 

well recognized in the first phase of the Weybum Project but there is potential to measure in-situ 

stresses in the final phase of the project.

11.4.3 Model Development

The model development focused on modeling of the multiple scenarios developed and 

interpretation of results. An explicit approach was considered as the most beneficial for the 

project because the resources to carry it out were available, it was technically sound (see Chapter 

8 ), it was the quickest approach and it did not require any model or software validation. The 

results prove that hydraulic fracturing is the primary potential mechanism of failure within the 

caprock at Weybum, that almost 50 years of reservoir exploitation and production did not affect 

the hydraulic integrity of the caprock and salt dissolution is highly unlikely to affect the 

performance of the system. Deformations of the caprock system have been uniform throughout 

the reservoir, so their effect in wellbore integrity is expected to be minimal.
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11.4.4 Compliance with Performance Criteria

A working criterion for geomechanical performance assessment of caprocks was developed in 

Chapter 3. Such criteria were met during the three stages of geomechanical performance 

assessment. Therefore, the Weybum reservoir is considered as a safe sink for geological storage 

of C 0 2 from a geomechanical perspective.

11.4.5 Implications for Weyburn’s  Risk Assessment

The caprock system is a safe and sound sink for C 0 2 storage as long as injection pressures remain 

below minimum in-situ stress. However the in-situ stresses have not been measured so the risk 

assessment credibility would benefit from in-situ stress measurements that would provide 

operational limits as to the injection pressures. The likelihood of having an ineffective caprock is 

minimal as no evidence of conducting features was found before exploitation, and conducting 

features have likely not been induced during production as the geomechanical modeling showed. 

Therefore, while it is worth considering an ineffective caprock as a bounding case, the safety 

assessment simulations must have as an important component a low permeability continuous 

Midale Evaporite overlying the injection formations.

During the geological characterization carried out for this project only a strike-slip fault was 

found in the risk assessment area, but no faults where found in the Phase 1A area. The analysis 

for faults in a strike-slip regime in Chapter 8  showed that a fault would have to have a friction 

angle between 25 and 30° with no cohesion to reactivate at the actual pressures in the field. These 

values are around the lower limit of frictional strength for faults that have not gone through large 

displacement, and there is no evidence of large displacements in the fault present in the risk 

assessment area [189], This fault is fairly distant from the injection area and the pressure changes 

must be substantially smaller near the fault. Consequently the likelihood of fault-reactivation- 

induced leakage is minimal at Weybum.

Deformations in the caprock system are uniform through the payzone and caprock and 

consequently mechanically induced deformations at the caprock system do not affect wellbore 

integrity. Therefore, geomechanical wellbore integrity issues are limited to drilling and 

completion related effects that are beyond the scope of this thesis.

Salt dissolution, one of the alternative scenarios considered for risk assessment, was analyzed 

from a geomechanical perspective, and it was found that dissolution would have to occur within a 

kilometer of the reservoir to affect its hydraulic integrity. Therefore, with a proper understanding 

of how the C 0 2 plume will migrate during the timeframe of the project (5000 years in Weybum),
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it will be necessary to identify whether the geological conditions that may lead to salt dissolution 

are present in the area coved by the plume.

Finally thermal effects due to the injection of a cooler stream of C 0 2 into the reservoir were 

considered. The geomechanical implications are the development o f tensional stresses in both the 

reservoir and the caprock in thin reservoirs such as Weybum. Therefore, Weybum’s caprock may 

underperform as a consequence of thermal induced fracturing. However, this scenario can only be 

validated by direct monitoring of temperatures inside the reservoir during C 0 2 injection.

11.5 Summary

A methodology to carry out geomechanical performance assessments of caprock systems has 

been presented. This methodology is based on the experience gathered from the IEA Weybum 

C 0 2 Monitoring and Storage Project. The methodology is as general as possible in order to avoid 

the particularities of Weybum affecing its application elsewhere. The methodology addresses the 

different phases a geomechanical performance assessment for C 0 2 -E0R projects must go 

through, how to carry out the scenario analysis and model development in each phase and how to 

manage uncertainty. A brief summary of the main findings in each phase at Weybum is presented 

and its implications for risk assessment.
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12 Conclusions and Recommendations

12.1 Summary

The natural greenhouse effect is a well-understood phenomenon where gases such as methane, 

ozone, carbon dioxide, and water vapor contribute to the warming of the earth’s atmosphere by 

absorbing and re-emitting the infrared or heat radiation. Among the different greenhouse gases 

C 0 2 accounts for around 56% of the anthropogenic emissions, and although hotly debated, there 

is growing acceptance that increasing C 0 2 emissions are contributing to the rise of global 

temperature. The possible consequences of such climate change are causing international concern.

Geological storage can serve a powerful role as an emissions reduction technology but the 

acceptance of this new “paradigm” will require a view of geological storage as safe and 

environmentally sound. Bounding seals and reservoir integrity as well as an adequate 

understanding of the possible leakage mechanisms through the caprock is one of the technical 

development issues of critical importance to the safe and effective implementation of geological 

storage. The IE A Weybum C 0 2 Monitoring and Storage Project presents an excellent opportunity 

to conduct a performance assessment of a caprock system overlying a large scale C 0 2 -E0R 

storage project.

In the short-term or injection stages the main trapping element is a competent caprock. The 

caprock will see large injected volumes of C 0 2 that will dramatically increase near wellbore 

pressures, change the flow regime, the temperature, and the chemical environment in the sink. 

One primary concern in the short-term is the stability of the caprock seals, the integrity of the 

reservoir, and the sink reaction to a rapidly changing environment, which in turn affects their 

geomechanical, geochemical, and hydrogeological properties. Therefore, in the short-term the 

caprock and its performance assessment become critical to the successful implementation of 

geological storage of C 02.

A performance assessment is analyses to predict the performance of a system or subsystem, 

followed by comparison of the results of such analyses with appropriate standards and criteria. A 

performance assessment of C 0 2 sequestration consists of three major steps: scenario analysis, 

model development, and compliance with a working criteria.

From a performance assessment perspective there is a widespread view that depleted oil and gas 

reservoirs can be considered as safe sinks for geological storage of C 0 2 because hydrocarbon 

reservoirs have existed within structural and stratigraphic traps over geological time and that this 

uniquely demonstrates their suitability for C 0 2 storage. However, oil and gas reservoirs have
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usually undergone a variety of processes during primary recovery and may have been subjected to 

secondary and tertiary recovery processes. These reservoir production processes imply that the 

reservoir and the bounding sealing horizons (caprock) have undergone physical and/or chemical 

changes such as changes in in-situ effective stresses, consolidation, depressurization, 

repressurization and temperature. There are a number of distinctive geomechanical mechanisms 

that can affect the hydraulic integrity of caprocks, leading to leakage and/or failure of the seal. 

Effects of the initial massive injection can be classified as those that are storage-induced, and 

those that are storage-activated. Capillary leakage, hydraulic fracturing and shear 

deformation/fracturing of caprocks are considered as storage-induced; flow through faults, 

fractures and fissures are considered storage-activated. It is important to recognize in the case of 

disused oil and gas reservoir how the history of exploitation and production may trigger and/or 

affect these mechanisms, and lead to the loss of hydraulic integrity in bounding seals.

The hydro-mechanical coupling in both shales and anhydrites is strong; therefore new 

experimental facilities were developed for the hydro-mechanical testing of geomaterials at high 

pressures and temperatures. The system has proven capabilities of measuring a large range of 

permeabilities which can be as low as 1 0 ' 21 m2, and with future improvements in temperature 

control even lower permeabilities could be measured. The system can measure local strains with 

great accuracy and stability and it has the potential to measure seismic velocities axially and 

radially while shearing. Tests were carried out in the Midale Evaporite of the Weybum field with 

mixed results as the new system produced results of excellent quality, but problems with 

infrastructure did not allow for a comprehensive testing program on this material.

A mechanical earth model (MEM) was developed for Weybum Phase 1A. Generation of such a 

model reviewed and analyzed the geological, hydrogeological, geophysical and geomechanical 

information and models available. All this information was used to build a Base Case scenario 

and a set of Alternative scenarios to evaluate the geomechanical performance assessment of the 

caprock system for this C 0 2 -E0R storage project. Likewise the issue of fractures in the caprock 

was addressed, and it was proven that the presence of fractures in the Midale Evaporite was 

minimal to absent before exploitation and production of the field began.

The geomechanical modeling for the multiple scenarios developed for Weybum indicate that the 

reservoir and its caprock are a safe and sound sink for geological storage as long as pressures are 

kept below hydraulic fracturing pressure, and no tensional stresses are induced due to the 

injection of C 0 2 cooler than the reservoir temperature. The production from 1950’s until now did 

not affect the hydraulic integrity of the caprock as the stresses remain below the damage threshold
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for hard rocks. Likewise, a methodology to evaluate the potential of fault reactivation for any 

stress regime was developed, which can be used for screening of faults in potential storage 

reservoirs.

The possibility of salt dissolution was addressed from a geomechanical perspective, and it was 

found that as long as dissolution does not occur within a kilometer of the reservoir its hydraulic 

integrity will not be affected.

Finally a methodology to carry out geomechanical performance assessments of caprock systems 

was presented. Such methodology was based on the experience gathered from the IE A Weybum 

C 0 2 Monitoring and Storage Project. The methodology addresses the different phases of a 

geomechanical performance assessment for C 0 2 -E0R projects must go through, how to carry out 

the scenario analysis and model development in each phase, and how to manage uncertainty.

12.2 C onclusions

Geological storage of C 0 2 in disused oil and gas reservoirs is perhaps the most promising 

technique to reduce C 0 2 emissions into the atmosphere because of the economic benefits that 

incremental oil recovery brings in a tight energy market. Besides, the possibility of a future 

trading carbon market is drawing the attention of industry and governments that are viewing C 0 2 

as a potential source of economic development. Elowever, C 0 2 storage as an option to manage 

C 0 2 emissions and an economical commodity requires a scientific and technical framework to 

make it viable. Moreover, catastrophic releases of C 0 2 can harm both humans and the ecosystem. 

Therefore, it is necessary to make C 0 2 storage predictable to avoid any negative impacts on life 

or society and move ahead with a carbon market. Considering the risks to health, safety, the 

environment and economy, risk assessment and risk management programs are being 

implemented, and performance assessment is a vital component of these. In order to carry out risk 

assessment efficiently a C 0 2 storage project has been divided in four basic components [40]:

• C 0 2 containment zone consisting of the C 0 2 reservoir and the overlying seal (caprock 

system).

• Overburden in between the containment zone and exposure zone.

• C 0 2 exposure zone comprising the shallow saturated and undersaturated zone, fresh or 

marine surface water, and atmosphere.

• Preferential C 0 2 migration paths like well zones or fault zones.
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The performance assessment of the caprock system is critical as the public may oppose options 

where C 0 2 remains underground but it migrates out of its primary sink, and any credits for C 0 2  

storage may be limited to C 0 2 remaining in the injection horizon.

Leakage during the operational phase of a C 0 2 storage facility may occur mainly through 

conducting features in its caprock, which will be storage-activated or storage-induced. Therefore, 

the hydromechanical behavior of the caprock system has to be included in the performance 

assessment of any geological storage project. In C 0 2 -E0R storage projects, oil and gas reservoirs 

have usually undergone a variety of processes during primary recovery and may have been 

subjected to secondary and tertiary recovery processes. These reservoir production processes 

imply that the reservoir and the bounding sealing horizons (caprock) have undergone physical 

and/or chemical changes such as in in-situ effective stresses, consolidation, depressurization, 

repressurization and temperature, which may affect its hydraulic integrity.

The IEA Weybum C 0 2 Monitoring and Storage Project is the first C 0 2 -E0R storage project in 

the world. It has offered a unique opportunity to address the geomechanical issues that these 

projects have. The results of the performance assessment carried out in this thesis can be used as a 

base for future C 0 2 -E0R storage projects. The most relevant findings of this geomechanical 

performance assessment were:

• Scenario analysis provides a valuable insight into the characteristics of the system, and is 

perhaps the most important step in performance assessment. The logical and congruent 

organization of the geoscience and engineering information, from a geomechanical 

perspective, collected during the lifetime of an oil or gas field can be achieved through a 

mechanical earth model, MEM. Such a model must include both regional and local data, 

a comprehensive understanding of the geology, structure and hydrogeology of the field, 

and a recognition of their impact in the hydraulic and mechanical properties o f the 

caprock system. The development of a MEM helps to identify uncertainties and form 

hypotheses on the likely response of the system.

• Shales and anhydrites are the two most common caprocks in oil and gas fields worldwide. 

The coupling between hydraulic and mechanical response in both materials is strong but 

different. The mechanical properties of shales cover a large range, and their hydraulic 

properties are controlled by the presence of conductive discontinuities. These conductive 

discontinuities are usually of tectonic origin and their transport properties are a function 

of the acting effective stress and presence of cements. Moreover, when shales deform in a 

brittle manner, a distinctive shear plane develops where its particles are aligned in the
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direction of displacement and permeability is enhanced by this new particle orientation 

and dilation. However, permeability is only enhanced by the fall development of these 

shear planes. On the other hand, when shales deform in a ductile manner, there is no 

substantial change in their fabric and structure and permeability is not enhanced. The 

limit between brittle and ductile deformation is not clear and site specific hydro­

mechanical testing is the best way to address this issue. Therefore, reservoirs capped by 

shales will require hydro-mechanical testing of caprock samples, and back calculation of 

caprock transport properties by hydrogeological modeling (which may identify the 

presence of conductive features).

• Anhydrites are medium to hard rocks, and shear failure is unlikely to occur during a 

geological storage project. However, permeability in hard rocks is enhanced through 

microfracturing as the rock is stressed beyond its damage threshold, which is different 

from the ultimate strength, and this threshold could be overcome during a typical 

geological storage project. Such thresholds can be found generically by unconfined 

compression tests, and there is no need to characterize the material fully as shales. 

However, more fundamental research in anhydrites is needed to establish the damage 

threshold and change in permeability before using a generic approach.

• The Weybum Field is a sound and safe sink for geological storage of C 0 2, whose 

hydraulic integrity was not affected by 50 years of oil production and stimulation. 

Hydraulic fracturing will control the volume of C 0 2 that could potentially be stored in the 

field. Thus, it is likely that reservoirs that have gone through an aggressive production 

history such as Weybum and have not experienced any geomechanical activity are 

limited in their capacity to store C 0 2 by hydraulic fracture as long as large thermal 

stresses are not induced. However, geomechanical modeling must be carried out in any 

geological storage project as the results are influenced by the properties of the system, its 

geometry, production and injection schemes, gradients and in-situ stresses.

• In-situ stress measurements are perhaps the single most relevant parameter in a 

geomechanical performance assessment. In-situ stresses are not stationary as they change 

with pressure in oil and gas reservoirs and the state-of-the-art cannot predict accurately 

those changes. Moreover, it is clear that pressure depletion leads to a decrease in 

horizontal stresses, but it is not known whether these stresses fally recover after pressures 

come back to in-situ, and if these stresses keep increasing once pressures are above in- 

situ values. This question is very important from a performance assessment perspective
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because most CO2 -EOR storage projects have already gone through large pressure 

changes, and while it is common to find in the literature that the ‘safe’ thing to do is 

inject C 0 2 up to the point where pressure is back to original in-situ values, the reality is 

that a large percentage of these fields have been or are at pressures larger than in-situ. 

Weybum has been ‘overpressured’ for around 40 years and when C 0 2 injection started, 

the average pressure in the field was 6  MPa above original in-situ pressure. This 

overpressuring was due to an aggressive waterflood, the most common enhanced 

recovery technique in oil fields. Therefore in-situ stress measurements should be 

mandatory as part of the approval process by the regulatory entity for any C 0 2 -E0R 

storage project.

• Salt dissolution is an alternative scenario for consideration in the long-term performance 

assessment of the Weybum project. Geomechanical modeling of the dissolution processes 

showed how the existing dissolution features near the reservoir did not compromise the 

integrity of the reservoir. In addition, dissolution will likely only affect the hydraulic 

integrity of the reservoir if it occurs very close to the reservoir (within a kilometer) or 

below the reservoir itself. Therefore, dissolution is unlikely to disrupt the safety and 

robustness of the Weybum field as storage site for C 02, as dissolution has not occurred 

beneath the reservoir and the risk assessment area in recent geological times.

• The approach to modeling must be given by the experience with the field prc-C02 

injection. Thus, if seismic activity, subsidence or wellbore shearing has been observed 

during the history of the field the modeling must be done by either iterative or fully 

coupled approaches. On the other hand, if  the field has not shown any geomechanical 

activity (as in Weybum), the modeling can be done using an explicit approach. However, 

there are still serious limitations as to the size o f the model that can be handled efficiently 

with the present state-of-the-art.

• Fault reactivation can be easily screened initially using a poroelastic approach like the 

one presented in Chapter 8 . However, this approach is a function of the stress regime, and 

the horizontal stresses change as pressure changes, so it requires in-situ stress 

measurements to be used with confidence. Moreover, stress reorientation due to faulting 

is common, so if C 0 2 injection is occurring near the fault, or the change in pressure 

expected near the fault is large, in-situ stress measurements and numerical modeling must 

be done to address the issue of fault stability.
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• Operational considerations at surface require a dense stream of C 02, which is easily 

achieved by cooling off the C 0 2. Upon injection it is unlikely that the C 0 2 will reach the 

reservoir temperature and consequently thermal stresses will develop in the caprock 

system as it cools. The cooling of the reservoir lowers the total stresses in the reservoir 

and its bounding seals while the injection increases the pressure. Therefore, hydraulic 

fracturing migth occur in the reservoir, and in thin reservoirs such fracturing may 

propagate into the caprock affecting the hydraulic integrity of the caprock system. Hence, 

close monitoring of downhole injection temperatures and pressures is required to avoid 

the loss of hydraulic integrity during the injection of C0 2 at cooler temperatures than the 

in-situ temperature.

12.3 R ecom m endations and Future Work

This research has produced a series of questions that need to be addressed to further enhance 

geomechanical performance assessments and aid in developing safe and economic carbon capture 

and storage projects. Among the most relevant are:

• Groundbreaking work in the behavior of hard rocks has made it possible to identify the 

damage threshold of these materials, and permeability measurements in hard rocks have 

found that permeability is enhanced after damage. However, the amount of experimental 

results is not enough to quantify a relation between damage and permeability and how 

much the permeability increases, especially for anhydrites where the geomechanical 

information available altogether is scarce. Therefore more research in this area must be 

conducted as the damage threshold can easily be crossed during the lifetime of an oilfield 

and the permeability of the caprock may need to be adjusted for the safety assessment. 

Moreover, the criteria developed in Chapter 3 may require adjustment depending on the 

type and properties of the caprock.

• Laboratory testing in caprocks should include acoustic measurements as an indicator of 

damage that can be correlated with permeability measurements. Such measurements can 

be very useful if instrumented wells with geophones are installed in geological storage 

projects as part of monitoring and verification programs. This helps to build confidence 

in our predictions of caprock response during C 0 2 injection. Moreover, the 

thermomechanical response and properties of anhydrites should be studied 

experimentally as there is no information available in the literature.
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• Fundamental research as to how horizontal stresses change with pressure is needed, 

especially in reservoirs that have not undergone significant subsidence, as most of the 

existing evidence comes from chalk reservoirs that are not representative of most 

geomaterials. Moreover, the effects of depletion on vertical stresses, especially in 

anticlinal or domed reservoirs, are poorly understood and need to be considered for 

further research. This would not only benefit the area of geological storage but also the 

area of borehole stability in exploited fields, which has been very costly to the oil and gas 

industry.

• Phase II of the Weybum project should have in-situ stress measurements as this is the 

only option to improve the geomechanical simulations, address with more confidence the 

issue of natural fractures in the reservoir, and build confidence in the risk assessment of 

the system.

• The fact that there were limitations with the maximum loads that could be applied with 

the equipment developed in this thesis leave room for a new set of experiments at higher 

pressures and stresses. Moreover, there is no experience with geomaterials and the effect 

of long-term C 0 2 exposure on hydromechanical materials. Therefore hydromechanical 

testing using C 0 2 at reservoirs conditions (pressure and temperature) as a fluid must be 

carried out.

• The performance criteria developed in this thesis needs to be refined through both 

modeling, and a more in depth review of the learning gathered in challenging 

hydrocarbon reservoirs from a geomechanical perspective. The modeling exercise can 

provide a valuable insight as to how reservoirs will responde to C 0 2 injection under 

different conditions (stress field, material properties, temperature and pressure). In this 

case the use of 2D modeling is advised because it is more robust and efficient.

• More research and development is needed to be able to carry out geomechanical 

modeling in oil fields with the geometry of Weybum, i.e. thin and long reservoirs. 

Presently the limitations in computational capabilities and more efficient solutions to 

geomechanical models is a limit as to how realistic a model can be built. Bearing that in 

mind, our present models provide a fair insight to the problems that are commonly faced 

in hydrocarbon geomechanics.
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• There is the need to develop an implement more realistic, complex models that can 

handle different phenomena such as non-isothermal multiphase flow, flow in a 

discontinuous medium, and fracture initiation and propagation in a coupled approach.

• The cycle of pressurization and depressuriation of reservoirs causes consolidation and

expansion of reservoirs over large periods of time. Therefore creep effects can play an

important role in the evolution of the hydromechanical properties of caprocks.

Consequently more fundamental research is needed to address this topic.
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A. Appendix A -  Instruments Calibration
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Figure A-1. Calibration of internal LVDTs, axial (L) and radial (R).
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Figure A-2. Calibration of external LVDT.
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Figure A-3. Calibration of pore pressure gauges.
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Figure A-4. Calibration of cell pressure gauge.
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B. Appendix B -  Stress and Displacement Contours for Base 
Case Scenario
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Figure B-1. West-East stresses in the Watrous Formation.
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Figure B-2. West-East stresses in the Midaie Evaporite Formation.
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Figure B-3. West-East stresses in the Marly Formation.

F L A C 3 D  2 .1 0
Step 39244 Model Perspective 
10:17:44 Fri Jan 21 2005

Center
X: 5.901e+005 
Y: 5,481 e+006 
Z: 8.3Q4e+QQ2 
Dist 5.581e+004

Rotation:
X: 90.000 
Y: 0.000 
Z: 0.000 
Mag.: 4
Ang.: 22.500

Contour o f SXX
Magf8c= O.OOOe+OOO 

_Gradient Calculation
-3.77246+007 to-3.7500e+007 
-3.7500e+007 to-3.7000e+007 
-3.7000e+007 to-3.6500e+007 
-3.6500e+Q07 to -3.6000e+Q07 
-3.6000e+Q07 to -3.5500e+Q07 
-3.5500e+007 to -3.5000e+007 
-3.50006+007 to -3.4500e+007 
-3.4500e+007 to -3.4000e+007 
-3.40006+007 to -3.35006+007 
-3.3500e+007 to -3.30006+007 
-3.3Q00e+0Q7 to -3.2500e+007 
-3.2500e+007 to -3.2192e+007 

Interval5 5 0e+005

Axes
Fixed
Unestyle -------------------- --------

Figure B-4. West-East stresses in the Upper Vuggy Formation.
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Figure B-5. West-East stresses in the Lower Vuggy Formation.
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Figure B-6. West-East stresses in the Frobisher Evaporite Formation.
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Figure B-7. North-South stresses in the Watrous Formation.
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Figure B-8. North-south stresses in the Midale Evaporite Formation.
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Figure B-9. North-South stresses in the Marly Formation.

F L A C 3D  2 .1 0
Step 39244 Model Perspective 
10:17:48 Fri Jan 21 2005

Center:
X: 5.901e+005 
Y: 5,481 e+006 
Z: 8.304e+Q02 
Dist 5.581 e+004

Rotation:
X: 90.000 
Y: 0.000 
Z: 0.000 
Mag.: 4
Ang.: 22.500

Contour of SYY 
Magfac = O.OOOe+OOO 
Gradient Calculation 

-3.7674e+QD7 to -3.75QGe+0D7 
-3.7500e+007 to -3.7Q00e+007 
-3.7000e+007 to -3.6500e+OO7 
-3.6500e+007 to -3.6O00e+OO7 
-3.600Qe+007 to -3.5500e+OO7 
-3.55006+007 to -3.5O00e+0O7 
•3.50006+007 to-3.45006+007 
•3.4500e+007 to-3.40006+007 
-3.4000e+007 to-3.35006+007 
-3.3500e+007 to -3.3000e+007 
-3.3000e+007 to -3.2500e+007 
-3,2500e+007 to -3.2305e+007 

interval3 5.0e+005

Axes
Fixed
Unestyle -------- :-------------------

Figure B-10. North-South stresses in the Upper Vuggy Formation.

279

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



FJLAC3& 2.10
Step 39244 M odel Perspective 
10:18:20 Fri Jan 21 2005

Center
X: 5.9Q1e+GQ5 
Y: 5.481 e+006 
Z: 8.3Q4e+002 
Dist 5.581e+004

Rotation:
X: 90.000 
Y: 0.000 
Z:. 0.000 
Mag.: 4
Ang.: 22.500

Contour o f SYY
Magfac = O.OOOe+OOO 
Gradient Calculation 

-3.8Q77e+0G7to-3.80QQe+QQ7 
*3.80QQe+007 to-3.7000e+007 
-3.7000e+007 to -3.80GOe+QO7 
-3.6O0Oe+007 to -3.5000e+007 
-3.5000e+007 to -3.4000e+007 
-3.4000e+007 to -3.3000e+007 
-3.30QQe+0Q7 to *3.2000e+007 
-3.20QQe+007 to -3.1000e+007 
•3.1 OQQe+007 to -3.00006+007 
-3.0000e+007 to -2.9580e+007 

Interval1 I.Oe+006

Axes
Fixed
Unestyle ----------------------1—

Jaime Jimenez

    ' - X

J

' . : i

.

 im m

Figure B-11. North-South stresses in the Lower Vuggy Formation.

F L A C 3D  2 .1 0
Step 39244 Model Perspective 
10:18:48 Fri Jan 21 2005.

Center:
X: 5.9Q1e+QQ5 
Y: 5,481e+QQ6 
Z: 8.304e+002 
Dist 5.581e+004

Rotation:
X: 90,000 
Y: 0.000 
Z: 0.000 
Mag.: 4
Ang.: 22.500

Contour o f SYY 
Magfac -  O.OOOe+OOO 
Gradient Calculation 

-3,7392e+Q07 to -3.7QQQe+0Q7 
-3,7000e+007 to -3,6QOOe+0G? 
-3.6000e+007 to -3.5000e+007

I
-  -3.5000e+007 to -3.4000e+007 

-3.4000e+Q07 to -3.3000e+007 
-3.3000e+007 to -3.2000e+007 
-3.2000e+007 to -3.1000e+007 
-3.1000e+007 to -3.0000e+007 
•3,QQ0Qe+Q07 to -2.9000e+007 
•2.9000e+007 to -2.8000e+007 
-2.8000e+007 tcr-2.7015e+007 

Intervals 1 .Qe+QQ£

Axes
Fixed
Unestyle -------------------------—

Figure B-12. North-South stresses in the Frobisher Evaporite Formation.
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FLAC3D 2.10
Step 39244 Model Perspective 
10:16:15 Fri Jan 21 2005

Center
X: 5;901e+005 
V: 5.481e+006 
Z: 8.304^+002 
Dist 5,581 e+004

Rotation:
X: 30,000 
Y: 0.000 .
Z: 0.000 
Mag.: 4
Ang.: 22.500

Contour o f SZZ
.Magfac = O.OOOe+OOO .
Gradient Calculation 

-3.5810e+GO7 to -3.58GQe+007 
-3.58QQe+QQ7 to -3.57006+007 
-3.5700e+007 to -3.5600e+007' 
-3.5600e+007 to -3.550Qe+007 
-3.55Q0e+007 to -3.54006+007 
-3.5400e+Q07 to -3.5300e+007 
-3.53006+007 to -3.5200e+007 
*3.5200e+007 to *3.5100e+007 
-3.5100e+007to-3.5000e+007 
-3.5000e+007 to -3.4900e+007 
-3.4900e+007 to -3.4800e+007 
*3.4800e+007 to-3.4700e+007 
-3.4700e+007 to -3.46Q0e+0Q7 
-3,4600e+QQ7 to -3.45006+007 
-3.4500e+007 to -3.4406e+007

Interval = 1.0e+0Q5

Axes

Figure B-13. Vertical stresses in the Watrous Formation.

F L A C 3 D  2 .1 0
Step 39244 Model Perspective 
10:16:48 Fri Jan 21 2005

Center:
X: 5.9G1e+0Q5 
Y: 5.431 e+006 
Z: 8.304e+002 
Dist 5.581e+0Q4

Rotation;
X: 90.000 
Y: 0.000 
Z: 0.000 
Mag.: 4
Ang.: 22.500

Contour of SZZ 
Magfac = O.OOOe+OOO 
Gradient Calculation 

-3.6198e+007 to -3.60QOe+OQ7 
-3.60006+007 to -3.58006+007 
-3.58OOe+0D7 to -3.5600e+007. 
-3.5600e+007 to-3.5400e+007 

 -3.54006+007 to -3.5200e+007

I
-3.520Qe+007 to -3.5000e+007 
-3.5000e+007 to -3.48006+007 
-3.4800e+007 to -3.4600e+00? 
-3.4600e+007 to -3.44006+007 
-3.4400e+007 to -3.4287e+007 
Interval = 2.0e+005

Axes
Fixed
Unestyle ---------------- —— ■— -

MBS

Figure B-14. Vertical stresses in the Midale Evaporite Formation.
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FLAC3JD 2 .10  
Step 39244 Model Perspective 
10:17:t3FriJan21 2005

Center
X: 5.9G1e+QQ5 
Y: 5.481e+QQ6 
Z: 8.304e+002 
Dist 5.581e+004

Rotation:
X; 30.000 
Y: 0.000 . 
Z: 0.000 
Mag.: 4
Ang.: 22.500

Contour o f SZZ
Magfac = O.OOOe+OOO .
Gradient Calculation 

-3.6617e+0Q7 to -3.6500e+Q07 
-3.6500e+007 to *3.6250e+007 
-3.6250e+007 to -3.6000e+007 
-3.6000e+007 to -3.5750e+007

I
-3.5750e+007 to -3.5500e+007 
-3.5500e+007to-3.5250e+007 
-3.525Qe+0Q7 to -3.5000e+007 
-3.5000e+007 to -3.4750e+007 
-3.4750e+007 to -3.4500e+007 
-3.4500e+007 to-3.4470e+007 
Interval = 2.5e+005

Axes
Fixed
Unestyle ---------------------------

Jaime Jimenez

Figure B-15. Vertical stresses in the Marly Formation.

F L A C 3 D  2 .1 0
Step.39244 Model Perspective 
10:17:51 Fri Jan 21 2005

Center:
X: 5.S01e+GD5 
Y: 5.481e+006 
Z: 8.304e+002 
Dist 5,581e+0Q4

Rotation:
X: 30.000 
Y: 0.000 
Z: 0.000 
Mag,: 4
Ang.: 22.500

Contour o f SZZ
Magfac = O.OOOe+OOO 
Gradient Calculation 

•3.6819e+007to-3.6750e+0Q7 
3.6750e+Q07 to -3.6500e+007 
■3.6500e+007 to -3.6250e+007 

SB -3 62508+007 to -3.6000e+QD7

I
-3.6000e+007 to-3.5750e+007 
-3.575Qe+Q07 to -3.5500e+007 
-3.5500e+007 to -3.5250e+00? 
-3.5250e+007 to -3.5000e+007 
•3.5QOGe+OD7 to *3.4750e+007 
■3.4750e+007 to -3.4500e+007 
-3.4500e+007 to -3.4263e+007 
fnterval = 2.5e+005

Axes
Fixed
Unestyle ----------------------------

Jaime Jimenez

Figure B-16. Vertical stresses in the Upper Vuggy Formation.
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FLAC3D 2.10
Step 39244 M ode! Perspective 
10:18:23 Fri Jan 21 2005

Center
X: 5.901e+0Q5 
Y: 5.481e+DQ6 
Z:8.304e+002 
Dist 5.5818+004

Rotation:
X: 90.000 
Y: 0.000 
Z: 0.000 
Mag.: . 4 
Ang.: 22.500

Contour of SZZ 
Magfac = O.OOOe+OOO 
Gradient Calculation 

-3.7552e+GQ7 to -3.75QOe+QQ7 
-3.7500e+007 to -3.7250e+QQ7 
•3.7250e+007 to -3.7000e+007 
-3.7000e+007 to-3.6?50e+007 
-3.6750e+007 to -3.6500e+007 
-3.6500e+007 to -3.6250e+007 
-3.62508+007 to -3.6000e+007 
-3,6000e+007 to -3.5750e+GQ7 
■3.5750e+007 to -3.5500e+007 
-3.55008+007 to-3.5250e+007 
-3.52508+007 to -3.5000e+007 
-3.5000e+007 to -3.4750e+O07 
-3.4750e+007 to -3.4708e+007 

Interval2 2.5e+QG5

Axes
Fixed
Linestyie -----------;----------------

Figure B-17. Vertical stresses in the Lower Vuggy Formation.

F L A C 3 D  2 .1 0
Step 39244 Model Perspective 
10:18:53 Fri Jan 21 2005

Center:
X: 5.9Q1e+QQ5 
Y: 5.481e+Q06 
Z: 8.304e+OQ2 
Dist: 5.5818+004

Rotation:
X: 90.000 
Y: 0.000 
Z: 0.000 
Mag.: 4
Ang.: 22.500

Contour o f SZZ 
Magfac = O.OOOe+OOO 
Gradient Calculation 

-3.8715e+QQ7 to -3.85QQe+007 
-3.8500e+007 to-3.8250e+007 
-3.8250e+007 to -3.8000e+007 
-3.8000e+007 to-3.77508+007 
-3.7750e+007 to -3.7500e+007 
•3.7500e+Q07 to-3.72508+007 
■3.72508+007 to-3.70008+007 
•3.7000e+007to-3.6750e+007 
•3.67508+007 to -3.6500e+007 
•3.6500e+007 to-3.62508+007 
•3.6250e+007 to-3.60008+007 
•3.6000e+007 to-3.57508+007 
-3.5750e+007 to-3.5500e+007 
•3.55008+007 to-3.52508+007 
-3.5250e+007 to -3.5247e+007 

Interval = 2.5e+005

Axes
Jaime Jimenez

Figure B-18. Vertical stresses in the Frobisher Evaporite Formation.
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F L A C 3D  2 .1 0
Step 39244 Model Perspective 
10:16:26 Fri Jan 21 2005

Center
X: 5.9018+005 
Y; 5.481e+QQ6 
Z: 8.304e+002 
Dist 5.581e+004

Rotatiorr 
X: 30.000 
Y: 0,000 
Z: 0.000 
Mag.: 4
Ang.: 22.500

Contour of Pore Pressure 
Magfac = O.OOOe+OOO

1,40008+007 to 1.400Qe+007 
1.40QQe+007 to. 1.40508+007 
1.4Q5Qe+0O7 to 1.41008+007 
1.4100e+007 to 1.41506+007 
1.41506+007 to 1.42008+007 
1.4200e+007 to 1.42508+007 
1.42508+007 to 1.43008+007 
1.43008+007 to 1.43508+007 
1.43508+007 to 1,44008+007

 .1.44008+007 to 1.44348+007
Interval -  5.0e+004

Axes
Fixed
Linestyie---------------------------

Figure B-19. Pore pressures in the Watrous Formation.

F L A C 3 D  2 .1 0
Step 39244 Model Perspective 
10:16:59 Fri Jan 21 2005

Center:
X: 5.901e+Q05 
Y: 5.481 e+006 
Z: 8.3046+002 
Dist 5.581e+004

Rotation:
X: 90.000 
Y: 0.000 
Z: 0.000 
Mag.: 4
Ang.: 22.500

Contour of Pore Pressure
Magfac = O.OOOe+OOO

1.41676+007 to 1.42006+007
1.42008+007 to 1.4250e+007
1.42508+007 to 1,4300e+007

J 1.43008+007 to 14350e+007
1.43508+007 to 1,4400e+007

~ 1.44008+007 to ,4450e+007
I 1.44508+007 to 1.4500e+007

1 1.45008+007 to 1•4550e+007

I 1.45508+007 to .46008+007
1 1.46008+007 to 1.46508+007
I 1.46508+007 to 1,4700e+007
1 1.47008+007 to 47198+007

Interval5 5.0e+004

Axes
Fixed
Linestyie

d&i

^ .: -It- V

Figure B-20. Pore pressures in the Midale Evaporite Formation.
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FLAC3D 2.10
Step 39244 Model Perspective 
10:17:31 Fri Jan 21 2005

Center
X: 5.901e+0D5 
Y: 5.481 e+006 
Z:8.3Q4e+002 
Dfst 5.581e+O04

Rotation:
X: 90.000 
Y: 0.000 
Z: 0.000 
Mag.: 4
Ang.: 22.500

Contour of Pore Pressure 
Magfac = O.OOOe+OOO

1.1601e+007to 1.20006+007 
1.20006+007 to 1.30006+007 
1.30006+007 to 1.40006+007 
1.40006+007 to 1.50006+007 
1,5000e+007to i.SOOOe+007 
I.SOQOe+007 to 1.70006+007 
1.70006+007 to 1.80006+007 
1.80006+007 to 1.90006+007 
150006+007 to 2.00006+007 
2.00006+007 to 2.10006+007 
2.10006+007 to 2.2000e+007 
2.2Q00e+007to 2.3000e+007 
2,300Qe+007 to 2.4000e+007 
2.4000e+007 to 2.5000e+Q07 
2,5000e+007 to 2.57716+007 

Interval5 1.06+006

Axes
Fixed

Figure B-21. Pore pressures in the Marly Formation.

F L A C 3D  2 .10
Step 39244 Model Perspective 
10:18:02 FriJan21 2005

Center:
X: 5.9016+005 
Y: 5,481e+0Q6 
Z: 8.3046+002 
Dist 5.581 e+004

Rotation:
X: 90.000 
Y: 0.000 
Z: 0.000 
Mag.: 4
Ang.: 22.500

Contour o f  Pore Pressure 
Magfac5 O.OOOe+OOQ

1,12256+007to 1.20006+007 
150006+007 to 1.30006+007 
1.30006+007 to 140006+007 
1.40006+007 to 1.50006+007 
1.50006+007 to 1 6000e+007 
1.60006+007 to 1.70006+007 
1.70006+007 to 1.8000e+0Q7 
1.80006+007 to 1.90006+007 
1.90006+007 to 2.0000e+007 
2.QO0Qe+0Q7to 2.1000e+007 
2.10006+007 to 2.2000e+007 
2.2000e+G07 to 2.3000e+007 
2.3000e+007 to 2.4000e+007 
2.4O0Oe+OQ7 to 2.5000e+00? 
2.50006+007 to 2.54976+007 

Interval5 1,06+006

Axes
Fixed

Figure B-22. Pore pressures in the Upper Vuggy Formation.
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FLAC3D 2 10
Step 39244 Model Perspective 
10:18:33 Fri Jan 21 2005

Center:
X:5.901e+005 
Y:5.481e+0Q6 
Z: 8.3G4e+0Q2 
Dist 5.581e+QQ4

Rotation:
X: 90.000 
Y: 0.000 
Z: 0.000 
Mag.: 4
Ang.: 22.500

Contour o f Pore Pressure 
Magfac = O.OOOe+OOO

6,6451e+006to 8.00005+006 
8.0QQ0e+008 to 1.0000e+007

I
-  1.0000e+007to t.2Q00e+QQ7 

1.2000e+007 to 1.4000e+007 
l.4000e+007 to 1.6000e+007 
1.6000e+007 to 1.30008+007 
1,8000e+007 to 2.000Qe+0G7 
2.0000e+007 to 2.2000e+007 
2.20QQe+QQ7 to 2.4000e+007 
2.4Q00e+007 to 2.5582e+007 

Interval <= 2.0e+006

Axes
Fixed
Linestyie ---------------------------

Jaime Jimenez

Figure B-23. Pore pressures in the Lower Vuggy Formation.

F L A C 3D  2 .10
Step 39244 Model Perspective 
10:19:04 Fri Jan 21 2005

Center:
X: 5.301e+Q05 
Y: 5.481 e+006 
Z: 8.304e+002 
Dist 5.581e+004

Rotation:
X: 90.000 
Y: 0.000 
Z: 0.000 
Mag.; 4 
Ang.: 22.500

Contour o f  Pore Pressure 
Magfac = O.OOOe+OOO 

1—1 3.7G24e+006 to 5.O0QOe+OQ6 
5.0000e+006 to 7.5QD0e+0QS 
7.5000e+006 to 1.00006+007- 
1.0Q00e+007to 1.2500e+007

I
I .25006+007 to t .50008+007 
150008+007 to 1.75008+007. 
1.750Qe+QQ7to 2.0000e+007 
2.0QQ0e+007to 2.25Q0e+007 
2.2500e+007 to 2.5000e+007 
2.5000e+007 to 2.5546e+007 
interval = 2.5e+006

Axes
Fixed
Linestyie ---------------------------

Figure B-24. Pore pressures in the Frobisher Evaporite Formation.
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FLAC3JD 2.10
Step 39244 Model Perspective 
10:16:02 Fri Jan 21 2005

Center.
X: 5.301e+Q05 
Y: 5.481e+0O6 
2 :8.304e+CG2 
Dist: 5.581e+004

Rotation:
X: 90.000 
Y: 0.000 
Z: 0.000 
Mag.: 4
Ang.:. 22.500

Contour ofX-Displacement 
^Magfac = O.OOOe+OOO

-1.9834e-QQ2 to *1.75006-002 
-1.7500e-0Q2 to -1.50006-002 
-1,5000e-002 to -t .2500e-002 
-1.25006-002 to-t.QQ00e-D02 
-1.0000e-002 to -7.50006-003 
-7.50008-003 to -5.00006-003 
-5.00008-003 to-2.5000e-003 
-2.50006-003 to Q.QOOOe+OQO 
O.OOOOe+OOOto 2.50006-003
2.50006-003 to 5.00006-003
5.00006-003 to 7.50008-003 
7.5000e-003to 1.00006-002 
1.0000e-002 to 1.17206-002 

Interval5 2.5e-003

Axes
Fixed
Unestyle --------------------------

Figure B-25. West-East displacement in the Watrous Formation.

F L A C 3D  2 .1 0
Step 39244 Model Perspective 
10:16:36 Fri Jan 21 2005

Center.
X: 5.30te+005 
Y: 5.481e+QQ6 
2 :8.304e+002 
Dist: 5.581e+O04

Rotation:
X: 30.000 
Y: 0.000 
Z : . 0.000 
Mag.: 4
Ang.: 22.500

Contour of X-Displacement 
Magfac = O.OOOe+OOO 

-1.8267e-QQ2 to -1.75Q0e-Q02 
-1,7500e-Q02 to -1.5Q00e-0Q2 
-1.50006-002 to -1.25006-002 
-1.2500e-002 to -1.0000e-002 
-1.00006-002 to -7,5Q00e-G03 
-7.5000e-003 to -5.00006-003 
-5.0000e-003 to-2.5000e-003 
-2.5000e-003 to 0.0000e+000 
O.OOOOe+OOOto 2.5000e-003 
2.5000e-003 to 5.0000e-003
5.00006-003to 7.50006-003 
7.5000e-Q03 to 1.0000e-002 
t.0000e-002tp 1.1683e-002 

Interval5 2.5e-003

Axes
Fixed
Unestyle - —---------------------

Jaime Jimenez

Figure B-26. West-East displacement in the Midale Evaporite Formation.
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F L A C 3 D  2 .1 0  
Step 39244 Model Perspective 
10:17:07 FriJan 21 2005

Center
X: 5.9Q1e+005 
Y:5,481e+Q06 
Z: 8.304e+002 
Dist 5.58!e+C04

Rotation:
X: 90.000 
Y: 0.000 
Z: 0.000 
Mag: 4
Ang.: 22,500

Contour of X -Oi spl a cein eiiI
^Magfac = O.OOOe+OOO

-1.84290-002 to *1.75008-002 
-1.75000-002 to -1.5000*002 
-1.50000-002 to-1.2500*002 
1.25006-002 to -1.0000*002 
t .0000e-002 to -7.5000e-003 

-7.5000e-003 to-5.0000e-003 
-5.QQGOe-OQ3 to -2.5000e-003 
•2.5000e-003to 0.0000e+000 
O.OOOOe+OOOto 2.5000e-003 
2,5000e-003to 5.0000e-003 
5.0000e-003to ?.5000e-003 
7.5000e-003to 1.0000e-002 
1.00008*002 to 1.1673e-002 

Intervals  2.5e-003

Axes
Fixed
Unestyle --------------------------

Figure B-27. West-East displacement in the Marly Formation.

F L A C 3 D  2 .10
Step 39244 Model Perspective 
10:17:39 FriJan 21 2005

Center:
X: 5.9018+005 
Y: 5.481 e+006 
Z: 8.3048+002 
Dist 5.581e+004

Rotation:
X: 90.000 
Y: 0.000 
Z: 0.000 
Mag.: 4
Ang.: 22.500

Contour o f X-Displacement 
Magfac = O.OOOe+OOO

.90189-002 to -1.7500^-002 
-1.7500e-0Q2 to-1.5000e-002 
•1.50000-002 to -1.2500e-002 
-1.25008-002 to -1.0000e-002 
-1.00008-002 to -7.5000e-003 
-7.50008-003 to -5.0000e-003 
-5.00008-003 to-2.50008-003 
-2.50008-003 to Q.OOQOe+OQO 
O.OOOOe+OOOto 2.50008-003 
2.50Q0e-Q03to 5.0000e-003 
5.0000e-003 to 7.50008-003 
7.5000e-0G3to 1 0000e-002
1.00008-002 to 1 166Se-002 

lnterva!= 2.5e-003

Axes
Fixed
Linestyie ---------------------------

Figure B-28. West-East displacement in the Upper Vuggy Formation.
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FLAC3D 2.10
Step 39244 Model Perspective 
10:18:11 FriJan 21 2005

Center:
X:5.9Qte+QQ5 
Y: 5.48ie+QQ6 
Z:8.304e+002 
Dist 5.58te+0Q4

Rotation:
X: 90,000 
Y: 0.000 
Z: 0.000 
Mag.: 4
Ang.: 22.500

Contour of X-Displacement 
0.0009+000 

-2.Q642e-002td-2.0000e-Q02 
-2.QQQQe-0Q2 to -1.75QQe-QQ2 
-1 .?500e-002 to -1,5000e-002 
-1.5000e-002 to -1.2500e-002 
-1,250Qe-002 to -1.0G0Qe-0Q2 
-1.0000e-002 to -7.5000e-003 
-7.5000e-003.to -5.0000e-003 
-5.0000e-003 to -2.5000e-003 
-2.5000e-003to 0.0000e+000 
O.OOOOe+OOOto 2.5000e-003 
2.5000e-003 to 5.0000e-003 
5.0000e-003 to 7.5000e-003 
7.5Q0Qe-GQ3to t.0000e-002 
1,0000e-C02to t.1657e-002

Interval5 2.5e-Q03

Axes
Fixed
Unestyle --------------------------

Jaime Jimenez

Figure B-29. West-East displacement in the Lower Vuggy Formation.

F L A C 3 D  2 .1 0
Step 39244 Model Perspective 
10:18:40 FriJan 21 2005

Center.
X: 5.901e+005 
Y: 5.481e+006 
Z: 8.3Q4e+0Q2 
Dist 5.581e+004

Rotation:
X: 90.000 
Y: 0.000 
Z: 0.000 
Mag.: 4
Ang.: 22.500

Contour of X-Displacement
Magfac5 O.OOOe+OOO 

-2.0642e-002 to -2.0000e-002 
-2.0000e-002 to -1.7500e*002 
-1,7500e-0Q2 to -1.5000e-002 
-t.5000e-002to-1.2500e-002 

! $  -1 2500e-002to-1.0000e-002 
1  -1 OOQQe-002 to -7.5000e-003 

B-7.5000e-003 to -5.0000e-003 
■-5.0000e-003 to -2.5000e-003 
B *2.5000e-003 to 0.0000e+000
■  Q.OOQOe+OOO to 2.5000e-Q03
■  2.5000e-003 to 5 0000e-033
■  S.OOOOe-OOS to 7.5000e-003
■  7.50006-003 to 1 00006-002
■  1.0000e-002 to 1.1724e-002 

Interval5 2.5e-Q03

Axes
Fixed
Unestyle --------------------------

Jaime Jimenez

Figure B-30. West-East displacement in the Frobisher Evaporite Formation.
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F L A C 3I) 2 .1 0
Step 39244 Model Perspective 
tO: 16:04 FriJan 21 2005

Center
X:5.9O1e+0Q5 
Y: 5,481.8+006 
2: 8.3Q4e+002. 
Dist: 5.581 e+004

Rotation:
X: 90.000 
Y: 0.000 Z: 0.000 
Mag.: 4
Ang.: 22.500

Contour ofY-Displacement 
Magfac = 0.000e+000 

-1.5090e-Q02to-1.5QQQe-002 
-1,50QOe-OQ2 to -1,25Q0e-QQ2 
*1,2500e*002 to -1.0000e-002 
1.0000e-002 to -7.5000e-003 

-7.5000e-003 to -5.0000e-QQ3 
-5.0000e-QQ3to -2.5000e-003 
•2.50Q0e-QQ3to Q.QOQOe+QQQ 
O.OOOOe+OOOto 2.5000e-D03 
2.5Q0Qe-C03to 5.0000e-003 
5.0Q00e-003to 7.5000e-003 
7.5000e-003to 1.0000e-002 

.OOOCte-0O2 to 1.2500e-002 

.25006-002 to 1.50008-002 

.50006-002 to 1.71846-002 
Interval = 2.5e-QQ3

Axes
Fixed
Unestyle ------------------ ;--------

Jaime Jimenez

..fpi -

Figure B-31. North-South displacement in the Watrous Formation.

F L A C 3D  2 .1 0
Step 39244 Model Perspective 
10:16:37 FriJan 21 2005

Center
X: 5.901e+005 
Y: 5.481 e+006 
Z: 8.304e+002 
Dist: 5.581e+004

Rotation:
X: 90.000 
Y: 0.000 
Z: 0.000 
Mag.: 4
Ang.: 22.500

Contour of Y-Displacement 
Magfac = Q.OQQe+OQQ 
_-1.49076-002 to -1.25006-002 
^-1.25008-002 to -1.00006-002 

-1 0000e-002 to -7.50006-003

1
-7.50006-003 to-5.0000e-003 
-5.0000e-003 to -2.50006-003 
-2,5000e-003 to O.OOOOe+QOO 
O.OOOOe+OOOto 2.5000e-003 
2.50006-003 to 5.00006-003 
5.0000e-003 to 7.50Q0e-0Q3

7.50006-003 to 1.00006-002 
1.0000e-002to 1.25006-002 
1.25008-002 to 1.50008-002
1.50006-002 to 1.7068e-002 

Interval = 2.5e-003

Axes
Fixed
Unestyle --------------------------

Figure B-32. North-South displacement in the Midale Evaporite Formation.
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F L A C 3 D 2 .1 0
Step 39244 Model Perspective 
10:17:09 FriJan 212005

Center 
X: 53Q1e+QQ5 
Y: 5.481e+QQ6 
Z: 8,3O4e+0Q2 
Dist5,581e+004

Rotation:
X: 90.000 
Y: 0.000 

■ L  0.000 
Mag.: 4
Ang.: 22.500

Contour of Y-Displacemcnt 
Magfac = G.QQQe+QQO 

-1,4689*002 to-1.2500*002 
-1,2500*002 to-1.0000*002 
-1.0000*002 to-7.5000*003 
-7.5000*003 to-5.0000*003 
-5.0000*003 to-2.5000*003 
•2.5000*003 to 0.0000e+000 
O.OOOOe+OOOto 2.5000*003 
2.5000*003 to 5.0000*003 
5.0000*003 to 7.5000*003 
7.5000*003 to 1.0000*002 
1.0000*002 to 1.2500*002 
1,2500*002 to 1.5000*002 
1.5000*002 to 1.7088*002 

fntervat -  2.5e-Q03

Axes
Fixed
Unestyle --------------------------

Figure B-33. North-South displacement in the Marly Formation.

FL.AC3D  2 .1 0
Step 39244 Model Perspective 
10:17:40 FriJan 21 2005

Center:
X: 5.301e+Q05 
Y: 5.481e+QQ6 
Z: 8.3Q4e+QQ2 
Dist 5.581e+004

Rotation:
X: 90.000 
Y: 0.000 
Z: 0.000 
Mag.; 4 
Ang.: 22.500

Contour ofY-Displacement 
Magfac = O.OOOe+OOO 

- 1.4704*002 to -1.2500*002 
-1.2500*002 to -1.0000*002 
-1.0000*002 to -7.5000*003 
-7.5000*003 to -5.0000*003 
5.0000*003 to -2.5000*003 

— -2 5000e-QQ3 to O.QOOOe+OOO 
O.OOQOe+OOOto 2.5000*003 
2.5000*003 to 5.0000*003 
5.0000*003 to 7.5000*003 
7.5QQ0e-0Q3to 1.0000*002 
1.0000e-002 to 1.2500*002 
1.2500*002 to 1.5OQ0e-OQ2 
1.5000e-002 to 1.7110e-002 

Interval = 2.5e-003

Axes
Fixed
Unestyle --------------------------

Figure B-34. North-South displacement in the Upper Vuggy Formation.
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FLAC3D 2.10
Step 39244 Model Perspective 
10:18:13 FriJan

Center
X: 5.90te+005 
Y: 5.481 e+006 
Z:8.3Q4e+QQ2 
Dist 5.5816+004

Rotation:
X: 30.000 
Y: 0.000 Z: 0.000 
Mag.: 4
Ang.: 22.500

Contour of Y-Displacement 
Magfac = Q.0QQe+000 .

-1.4707e*QQ2 to -1.25006-002 
*1,2500e-002to -1.O0QQe-QG2 
-1 ,OQOQe-0D2 to -?.5000e-003 
-7.5000e-003 to -5,0000e-003 
-5.0000e-003 to -2.5Q0Ge-0Q3 
-2.5000e-003to 0.0000e+000 
O.OOOOe+OOOto 2.5000e-Q03 
2.5Q00e-0G3to 5.00006-003 
5.0000e-003 to 7.5000e-003 
7.50Q0e-003 to 1.00006-002
1.00006-002 to 1.25008-002 
t.25O0e-OO2to 1.5000e-002 
t.5000e-002 to 1.7500e-002 
1.75006-002to t.7592e-O02 

Interval = 2.5e-003

Axes
Fixed
Unestyle --------------------------

Figure B-35. North-South displacement in the Lower Vuggy Formation.

F L A C 3D  2 .1 0
Step 39244 Model Perspective 
10:18:41 Fri. Jan 21 2005

Center:
X: 5.9016+005 
Y: 5.481e+0G6 
Z: 8.304e+QQ2 
Dist 5.581e+Q04

Rotation:
X: 90.000 
Y: 0.000 
Z: 0.000 
Mag.: 4
Ang.: 22.500

Contour of Y-Displacement 
Magfac -  O.OOOe+OOO 
"_>-1,4694e-002 to -1.25006-002 

-1.25QQe-Q02to-1.QQQOe-OQ2 
-1.0000e-002 to -7.50OQe-OQ3 
-7.5000e-003to-5.0000e-003 
-5.0000e^003 to -2.5Q00e- 003 
•2.5Q00e-003to 0.0000e+000 
O.OOOOe+OOOto 2.5000e-003
2.50006-003 to 5.0000e-003 
5.0000e-003 to 7.50006-003
7.50006-003 to 1 .OOQOe-002
1.00006-002 to 1 2500e-002 
1.250Oe-QO2 to 1.5000e-002 
1.5000e-002 to 1.7500e-002 
1.7500e-002 to 1.802Qe-Q02

Interval = 2.5e-003

Axes
Fixed
Unestyle --------------------------

Jaime Jimenez

a ' ■ • i - a f f

Z---------  X

Figure B-36. North-South displacement in the Frobisher Evaporite Formation.
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FLAC3D 2.10
Step 39244 Model Perspective 
10:16:06 FriJan21 2005

Center.
X: 5.9Q1e+QQ5 
Y: 5.481e+QQ6 
Z: 8.304e+002 
Dist: 5.581e+0Q4

Rotation:
X: 90.000 
Y: 0.000 
Z: 0.000 .
Mag.: 4
Ang.: 22.500

Contour o f Z-Displacement 
Magfac* Q.OQOe+QCO 
“ * -4,7664e*003 to -4.0000e-0Q3 

-4.QO0De*OQ3 to -3.Q0G0e-QQ3 
-3.0000e-003 to *2.000Qe-0Q3 
-2.0000&-003 to-1.0000e-003 
-t .0000*003 to 0.0000e+000 
O.OOOOe+OOOto t.0000o-003 
1.0000e-003 to 2.0000e-G03 
2.Q000e-C03to 3.0000*003- 
3.0000e-003 to 4.0000e-003 
4.0000e-003to 4.1675*003 

Interval* -1.0*003

Axes
Fixed
Linestyie ---------------------------

Jaime Jimenez

Figure B-37. Vertical displacement in the Watrous Formation.

F L A C 3D  2 .10
Step 39244 Model Perspective 
10:16:39 Fri Jan 21 2005

Center:
X: 5.901 e+005 
Y: 5.481 e+006 
Z: 8.304e+QQ2 
Dist 5.581 e+004

Rotation:
X: 30,000 
Y: 0.000 
L 0.000 
Mag.: 4
Ang.: 22.500

Contour o f  Z-Displaceraent
Magfac* O.OOOe+OOO 

•2.7411e-003 to -2.5000*003 
•2.0000e*003 to -1.5000e-003 
-1.0000e-003 to -5.0000e-004 
O.OOOOe+OOOto 5.0000*004 
1 .OOOQe-003 to 1.5000*003 
2.0000e-003 to 2.5000*003 
3.0000e-003to 3.5000e-003 

.4.0000*003 to 4 5000*003 
_  5,0000e-003 to 5.0962e-003 
Interval * 5.0e-Q04

Axes
Fixed
Linestyie --------------------------

Jaime Jimenez

was##*

■ ■ ■

Figure B-38. Vertical displacement in the Midale Evaporite Formation.
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FLAC3D 2.10
Step 39244 Model Perspective 
10:17:10 FriJan 21 2005

Center
X: 5.9Q1e+Q05 
Y: 5.481©+Q06 
Z: 8.304e+002 
Dist 5.581e+004

Rotation:
X: 90.000 
Y: 0.000 
Z: 0.000 
Mag.: 4
Ang.: 22.500

Contour of Z-Displacement 
Magfac = O.OOOe+OOO 

'-2.77339-003 to -2.5000e-003 
-2.5Q00e-Q03 to -2.0000e-GQ3 
*2.0000e-003 to *1.5000e-003 
-1 .50006-003 to -t .QOOOe-003

1
1 0000e-003 to -5.0000e-004 
5.0000e*004 to 0.Q000e+000 
O.OOOOe+OOOto 5.0000e-DQ4 
5.0000e-004to t.OQOQe-003 
1.0000e-0Q3to 1.5000e-003 
1.5Q0Qe-QQ3 to 2.OG0Qe-0O3 
2.0000e-003 to 2 50006-003 
2.5000e-003to 3 0000e-003 
3.0DG0e-CG3 to 3.5000e-003 
3.5000e-C03 to 3.5020e-003 

interval5 5.0e-004

Axes
Fixed
Linestyie --------------------------

Figure B-39. Vertical displacement in the Marly Formation.

F L A C 3 D  2 .1 0
Step 39244 Model Perspective 
10:17:42 FriJan21 2005

Center:
X: 5.9016+005 
Y: 5.481 e+QG6 
Z: 8.3046+002 
Dist: 5.5816+004

Rotation:
X: 90.000 
Y: 0.000 
Z: 0.000 
Mag.: 4
Ang.: 22.500

Contour o f Z-Displacement 
Magfac = O.OOOe+OOO 

-2.8194e-003 to -2.50006-003 
-2.5000e-003 to -2.0000e-003 
-2.00006-003 to -150006-003 
■1.50008-003 to-1.0000e-003 

-1.0000e-003 to -5.0000e-004 
-5.0QQ0e-Q04 to 0.0000e+000 
O-QOQOe+QQOto 5.0000e-0Q4
5.00006-004 to 1.00006-003
1.00008-003 to 1.50006-003 
1.50008-003 to 2.0000e-003 
2.0000e-GG3to 2.5000e-003 
2.5000e-003 to 3.0000e-003 
3,0000e-003to 3.500Qe-003 
3.5000e-003 to 3.5005e-003 

Interval= 5.0e-004

A x e s .
Fixed
Unestyle --------------------------

Figure B-40. Vertical displacement in the Upper Vuggy Formation.
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FLAC3I) 2.10
Step 39244 Model Perspective
10:18:14 FriJan 21 2005

Center Rotation:
X: 5.901e+005 X: 90.000 ^ J 9 H 9 | l

Y: 5.481e+Q06 Y: 0,000 J H H 9 k
Z: 8.3Q4e+C02 Z: 0.000
Dist'5.581e+004 Mag.: 4

Ang.: 22.500

Contour o f Z-Displacement
Magfac = O.OOOe+OOO

□*3-25456-003 to -3,0000e-003 J B B M  Matac
□*2.5000e-003 to -2.0000e-003

i n i  m  * * *0 - 1 ,5000e-003 to -1.00006-003
H-5.0000e-004 to 0.0000e+000
fig  5.00006-004 to 1.00008-003 
9  1.5000e-003to 2.0000e-Q03
9 2.60006-003 to 3.00006-003
9 3.50006-003 to 4.0000e-003
|  4.00006-003 to 4.2341 e-003

Intervaf = 5,0e-004 

Axes
Fixed

;  * ^ p rUnestyle -------------------------------------

Jaime Jimenez

Figure B-41. Vertical displacement in the Lower Vuggy Formation.

FLAC3D 2.10
Step 39244 Model Perspective 
10:18:42 Fri Jan 2t 2005

Center:
X: 5.9Q!e+G05 
Y; 5.431e+Q06 
Z: 8.304e+002 
Dist: 5.581e+004

Rotation:
X: 90.000 
Y: 0.000 
Z: 0.000 
Mag.: 4
Ang.: 22.500

Contour of Z-Displacement
Magfac = O.OOOe+OOO 

-3.2633e-003 to -3.0QQQe-QQ3 
-3.DOQOe-QQ3 to -2.5000e-003 
*2.5000e-003 to -2.0QOOe-Q03 
-2.00006-003 to-1.5000e-003 
-1 5000e-003 to -1.000Qe-Q03

1
-1 .QQOOe-003 to -5.0000e-004 
-5.Q000e-QQ4to 0.0000e+000 
O.OOOOe+OOOto 5.0000e-004 
5.0000e-004 to 1.0000e-003 
1.00006-003to i.5000e-003 
15000e-003to 2.0000e-003

2.00006-003 to 2.4477e-003 
Interval = 5.0e-004

Axes
Fixed
Linestyie ---------------------------

Jaime Jimenez

Figure B-42. Vertical displacement in the Frobisher Evaporite Formation.
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