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CRITERIA OF FAULT GEOMECHANICAL STABILITY DURING 

PRESSURE BUILD-UP 

 

Key Messages 
 

 Faults typically consist of two sub-structures: a fault core; and a wider fault damage zone.  Faults 

in low porosity rocks tend to have a fine-grained fault core whereas faults in coarse-grained, high 

porosity rocks, usually have low porosity deformation bands that can develop into high permeable 

slip surfaces. 

 Fault zone permeability increases with increasing fluid pressure but permeability varies both across 

and along faults.  Hydraulic properties also vary between the damage zone and the core where 

gouge material is concentrated.  This concentration of fine grained minerals also reduces the 

mechanical strength of faults. 

 Mechanical failure or reactivation occurs either when shear stress exceeds normal strength or when 

hydraulic fracturing is induced. 

 Fault deformation can be either brittle or ductile.  The former leads to the formation of cataclastite 

(fine grained granular) and shear fractures which dilate under low effective normal stress that 

can cause permeability enhancement. With increasing shear deformation, fracture asperities 

are sheared off leading to gouge production and a reduction in permeability. Thus, in brittle 

deformation permeability will generally increase under low effective stresses and small 

displacements but decreases with increasing effective stress and magnitude of 

displacement.  Shear fractures created in ductile deformation contract during shearing and 

tend not to lead to an increase in permeability.  

 Reactivation of faults can be assessed using both analytical and numerical approaches, but 

assessment is usually based on the Mohr-Coulomb failure criterion.  This method can be used to 

determine the critical injection pressure. 

 Numerical modelling can provide predictions of fault stability at different scales and incorporate 

different parameters such as the geometry of different faults.  Numerical methods can be effective 

for identifying leakage potential and seal failure especially where dilatancy and stress dependent 

permeability changes occur. 

 Experimental tests on minerals and rock samples exposed to CO2 tentatively indicate that the 

coefficient of friction is not radically changed, however, this conclusion is based on limited 

exposure to CO2. 

 There is limited observational data on stress regimes and direct pore pressure measurements from 

core samples from cap rocks and fault zones.  Acquisition of key data would enhance stress regime 

modelling and fault behavior. 

 

Background to the study 
 

The storage of CO2 in geological reservoirs requires relatively permeable conditions bounded by very 

low permeable layers.  Reservoirs can be bounded by faults that can act as seals if, for example, an 

impermeable formation is juxtaposed against it.  The presence of faults in virtually all geological 

formations is a key consideration as their stability is crucial for the integrity of storage sites.  Fault 

stability is affected by multiple factors including fault structure, material properties, geochemical 

reactions between CO2 and fault gouges and pore pressure changes.  Injection operation and 

pressurization of reservoirs usually changes the state of the in-situ stresses which may cause 

destabilization of previously stable faults.  Instability occurs in the form of slip along pre-existing fault 
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or fracture systems, which may be associated with seismicity.  In addition, movement along fault planes, 

and the generation of factures, may create open conduits that breach the integrity of the storage site.  

Understanding how faults might respond to stress conditions caused by CO2 injection is therefore 

fundamental.   

Recent geomechanical studies for CO2 geological storage have focused on initialising stresses in the 

overburden based on all available geological and well engineering data, modelling the impact of 

fluid/gas pressure build up on stresses in the storage formations, the caprock and the overburden in 

general.  The challenge is to predict the acceptable overpressure before shear failure, or reactivation of 

a fault/natural fracture occurs.  The prediction process begins by using a verified geomechanical model 

to calculate the effective normal stresses and shear stresses occurring along all the faults/fractures.  

These stresses are evaluated in the context of fault cohesion and sliding friction to predict the pre-

injection state of stress on these features and to determine the critical fluid/gas pressure required to 

initiate shear failure on what may have previously been a stable fault/fracture.  Stress and fault 

properties can vary in space and time.  

Scope of work 

This report highlights the key factors affecting fault stability and reviews the methodologies generally 

used to evaluate geomechanical stability of faults during CO2 storage.  It focuses on fault structure, 

hydro-mechanical properties of fault planes and the methodologies generally employed to assess fault 

stability.  The objective of the report is to provide an overview of conditions that affect faults and 

highlight the essential components affecting mechanical stability of faults due to CO2 injection and 

pressure build-up in reservoirs. 

Findings of the Study 

Faulting is the response of brittle material to a stress field that exceeds its strength threshold. Faults 

nucleate from micro-fractures or deformation bands in a critically stressed region and accumulate strain 

over time to grow.  As faults extend, they can interact with neighbouring faults of various sizes and can 

form special features important in the context of CO2 storage.  A fault zone typically consists of two 

sub-structures: the fault core; and the fault damage zone.  The fault core generally comprises gouge 

material, crushed particles/cataclasite or ultracataclasite (or combination of the two).  The damage zone 

typically contains fractures at different scales.  Faults in low porosity rocks have a fine-grained fault 

core surrounded by a fracture dominated damage zone.  Faults in coarse-grained, high porosity rocks, 

usually have low porosity deformation bands that develop into high permeable slip surfaces (Figure 1). 

 
Figure 1 Schematic representation of a fault zone comprised of a  

fault core and damage zones in a strike-slip fault. 
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Leakage through faults is a function of the permeability of the fault zone.  The fault zone permeability 

increases with increasing fluid pressure towards a critical threshold.  However, fault permeability varies 

both across and along faults.  The hydraulic properties of fault cores and damage zones can be quite 

different as exemplified in Figure 2.  These differences are attributed mainly to the properties of fault 

gouge material.  The gouges are either granular or clay-rich.  The permeability of granular material 

depends on the grain size distribution and sorting of grains.  The permeability of clay-rich gouges is a 

function of the type of clay, clay percentage, and its distribution.  The deformation along the fault zone 

also reduces the strength of the fault core material due to the concentration of clay minerals and micro 

fractures in the fault core. 

 
Figure 2 Permeability and mechanical properties of fault zone material. 

Faults are usually the weak links in the rock mass and control hydraulic and mechanical behaviour of 

surrounding rock bodies.  Mechanical failure or reactivation of faults may occur either: when shear 

stress exceeds shear strength of fault zone material; or when hydraulic fracturing (in case of cohesive 

faults) takes place.  Under these conditions pore pressure exceeds the sum of the minimum in-situ stress 

and tensile strength of the fault.  In the case of shearing, post failure deformation may be brittle or 

ductile, depending on the shear strength properties of the fault core and the level of the effective 

confining stress.  In the brittle regime, deformation is associated with dilation which can contribute to 

the enhancement of permeability under low shear conditions, but as shear deformation increases, 

fracture asperities are sheared off leading to gouge production and a reduction in permeability.  
Ductile deformation may not significantly change permeability. 
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Reactivation of faults and fracture systems can be assessed using analytical and numerical approaches.  

The analytical approach considers static normal and shear stresses on a fault plane and relies on the 

Mohr-Coulomb failure criterion to evaluate stability of the fault.  By applying this method the critical 

injection pressure can be calculated from the difference between the current stress state and the 

predicted failure envelope.  The critical injection pressure, also called the maximum sustainable 

pressure, can be calculated for all possible fault orientations at given in-situ conditions.  

 
Figure 3 Schematic representation of stress fields on a fault plane and a representation of a change in 

effective stress due to injection (Mohr diagram) where τ = sheer stress, σ= normal stress, θ = dip angle 

of fault and Pf is the pore pressure 

The critical pressure along faults within a reservoir can be calculated and then plotted on a polar 

stereographic projection to determine the predominant orientation of faults with susceptibility to shear 

(least stable). 

An analytical approach is a simple and valuable tool for preliminary assessment of fault reactivation 

potential during injection or depletion.  The analytical approach requires the following essential 

components: 

 Magnitude and direction of in-situ stress 

 Fault orientation (dip and strike) 

 Shear strength, especially friction coefficient 

 Initial pore pressure and pressure change 

The limitation of this approach is that it is based on many assumptions and simplifications and may not 

necessarily capture complex physical processes that occur in the reservoir during injection.  The 

stability of faults in the cap rock and overburden as well as reservoirs is crucial for storage reservoir 

integrity.  Consequently fault stability analysis needs to apply to faults within the storage unit and the 

surrounding formations.  The analysis should include the ability to predict the extent of reactivation into 

the caprock.  This may require local modelling of faults in the interface region which could be difficult 

to capture with variable pore pressures and lithologies.  Analytical approaches may be further limited 

by changes in the magnitude and direction of principal stress directions during repressurisation.  These 

limitations may be overcome by using numerical tools. 

Numerical analyses of fault stability can provide fault simulations at different scales and within different 

geological constraints.  Faults can be presented in a global model as single discontinuities, e.g. as a 

zero-thickness element, in order to explore their general behaviour.  If a fault is prone to instability, and 

the detailed behaviour of the fault zone is of interest, it may be modelled as a rock mass of continuum 

material.  This may require a local model where detailed properties and geometry of the fault zone are 

assigned to the components of the model.  Furthermore, post-failure behaviour of faults is important for 
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determining the potential for fault leakage and seal failure which can be studied using numerical 

methods where dilatancy and stress dependent permeability are taken into account.   

Following preliminary analysis a refined geomechanical model may be necessary.  To progress to this 

more advanced stage a series of parameters will be required including: 

 A geometrical description of the reservoir and surrounding rock formations 

 Mechanical properties of reservoir and surrounding formations 

 Spatial distribution of pore pressure stresses and temperature usually acquired from core and 

log data 

 Loading conditions (time history of a pore pressure field during injection) 

To build a more comprehensive model of fault behaviour and the potential for reactivation three main 

geomechanical components need to be determined: 

 In-situ stresses (vertical (σv), maximum horizontal (σHmax) and minimum horizontal (σHmin)), 

 Fault zone strength 

 Pore pressure profile 

To determine in-situ stresses real data on formation geomechanical properties are required.  Different 

techniques can be used to measure or infer the direction and magnitude of in-situ stresses.  Horizontal 

in-situ stresses can be determined from borehole caliper logs, borehole image logs and televiewers.  

Vertical stress can be inferred from the depth of the overburden.  Density measurements can be made 

from core samples and calculated from density and sonic logs.  Determining horizontal stresses is more 

challenging by comparison.  Leak-Off tests, formation integrity tests and minifrac tests can be used to 

assess the minimum in-situ stress.  The maximum horizontal stress can be deduced from hydraulic 

fracture tests, however values recorded from deep cased wellbores can be very uncertain.  If exact stress 

values are not available they can be estimated using the Stress polygon method which is based on the 

frictional strength of faults.  The upper bound of horizontal stresses can be determined by plotting the 

limits of fault stability in the form of a stress polygon (Figure 4). 

 

 
Figure 4 Stress polygon method used to define ranges of stress magnitudes at a specific depth. 

A key component that needs to be included in any fault slip or reactivation scenario is the strength and 

friction coefficient of faults.  The strength of faults (τ) can be calculated as a function of depth provided 

the correct value of friction coefficient (μ) and pore pressure (P) for the fault plane are known: 

 τ = μ(σn – P) 
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Data from laboratory tests and field observations show that friction coefficient of faults generally varies 

between 0.6 and 0.85, although values as low as 0.2 have also been reported in the literature for clay 

material.  The strength of faults in a CO2 storage reservoir may be affected by the presence of CO2 but 

not substantially.  A few studies tentatively indicate that the coefficient of friction of the fault-filling 

minerals does not change pre- and post-CO2 treatment.  This observation is, however, based on a few 

laboratory studies where the effects of CO2 on rocks and minerals was only performed over short time 

spans. 

Experimental work has shown that the presence of water decreases friction in cap rocks but not 

necessarily reservoir sandstones.  An investigation into the effects of carbonic acid on carbonate 

reservoir rock indicated that there was a reduction in the frictional and tensile strength of the lithology 

which can be inferred from the Mohr circles and failure envelop for pre- and post-CO2 treated carbonate 

illustrated in Figure 5.  Another test using supercritical CO2 on the frictional behaviour of simulated 

anhydrite fault gouge revealed that the friction coefficient of the material at 0.65 and 80°C can be 

reduced to 0.55 with an increase in temperature to 150°C. 

 
Figure 5 Failure envelop for pre- and post-CO2 treated carbonate. 

Expert Review Comments 

There was a general consensus that the information compiled in the report provides a useful perspective 

on the subject.  It is also complemented effectively by figures and tables.  The report offers a 

comprehensive review of the subject and provides valuable information to companies or organisations 

who lack familiarity in fault development and associated analytical techniques.  However, the study 

does not increase the level of knowledge for companies that have a strong geotechnical background.   

 

One of the main criticisms of the report was the poor grammar and inaccurate use of references.  The 

initial draft required substantial editing.  Occasional clarification of technical terminology was also 

needed.  The reviewers thought that the report contained useful references but these could have been 

more extensive and, for example, included more work published in SPE journals.  Some figure captions 

also required modification and in some cases more detailed explanations.   
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One reviewer commented that the report was very detailed in some parts particularly the sections 

dealing with faulting and fault properties.  However, it lacked detail on standard oil industry practice. 

 

One concluding remark proposed that a more detailed follow-on study is now required to provide 

confidence for site operators and stakeholders.  A future study needs to explain when faults remain 

stable and when reactivation might occur, and under what conditions. 

Conclusions 

 Fault zone permeability depends on the type of deformation (brittle or ductile) and lithology 

(mineral composition). 

 Fault zone permeability increases with increasing fluid pressure.  Hydraulic properties vary 

between the core and the damage zone. 

 Mechanical failure or reactivation occurs either when shear stress exceeds normal shear 

strength or when hydraulic fracturing is induced. 

 The Mohr-Coulomb failure criterion can be used to determine shear strength and critical 

injection pressure but its application is limited by the pattern of stress regimes near faults and 

changes during depletion / injection.  As an analytical method it can only be applied to reservoir 

formations because of the contrast in cap rock lithology and pore pressure regime. 

 Numerical methods can be effective for identifying leakage potential and seal failure especially 

where dilatancy and stress dependent permeability changes occur. 

 Experimental tests on minerals and rock samples exposed to CO2 tentatively indicate that the 

coefficient of friction is not radically changed, however, this conclusion is based on limited 

exposure to CO2. 

 There is limited observational data on stress regimes and direct pore pressure measurements 

from core samples from cap rocks and fault zones.  

 

In summary, the Mohr-Coulomb failure criterion is the major technique employed to determine 

stress-strength relationships and stability analysis of faults.  It can be applied to assess fault stability 

during and after injection of fluids such as CO2, or depletion of hydrocarbons.  Analytical methods 

combined with the numerical solutions provide the best approach for assessing geomechanical 

stability of faults.  Modelling can be used to determine the relative stability of different faults in 

reservoirs subject to repressurisation and the pressure thresholds required to maintain fault stability. 

 

Knowledge Gaps 

The study has highlighted a number of knowledge gaps in the understanding of fault stability analysis: 

 Faults within reservoirs are generally well characterised in terms of stress regime and 

orientation but there is less detail on fault properties that transect cap rocks and extend into the 

overburden.  Changes to mechanical and hydraulic properties of faults that extent into cap rocks 

and the overburden, that become reactivated during and post CO2 injection, are not fully 

understood. 

 In-situ stresses on a fault in a sealing formation may be different from those within a reservoir 

because of pore pressure differences.  Insitu tests, such as leak-off tests or laboratory 

measurements from core samples, would be ideal but are rarely obtained because historically 

sealing formations have been of limited interest. 

 Geomechanical modelling of faults requires detailed data on fault properties however detailed 

core samples of fault material are usually limited and the geometry is not necessarily known.  

This can lead to uncertainties in modelling results.  Better calibration is necessary to develop 

constitutive models to predict various failure modes caused during fault reactivation. 

 Fault stability and movement is strongly dependent on pore pressure.  The pattern of pore 

pressure change within fault zones is not usually known.  The CO2 entry pressure into a fault 

zone might differ compared with the overburden.  More detailed knowledge of pore pressure 
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distribution between permeable and less-permeable formations, including fault zones, would 

improve modelling and reduce uncertainty. 

 Relatively few studies have been completed on the influence of CO2 on the frictional properties 

of different rock types.  Longer exposure times, under experimental conditions, might provide 

more representative results. 

 Observations from oil and gas reservoirs have revealed that the same stress path during 

depletion is not followed during repressurisation.  This phenomenon is important for estimating 

reservoir compaction/expansion, surface movement and identification of minimum pore 

pressure required to cause fault reactivation. 
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Executive Summary 

This report provides a thorough overview of faults and their geomechanical stability 

due to CO2 injection and pore pressure changes in reservoirs. It focuses on fault 

structure, hydro-mechanical properties of fault planes and the methodologies 

generally employed to assess fault stability. The approach of the report is to offer a 

solid background on faults from a geomechanical point of view and highlight the 

essential components affecting the mechanical stability of faults due to CO2 injection 

and pressure build-up in storage units. 

 

Injection operation and pressurization of reservoirs usually changes the state of the 

in-situ stresses which may cause destabilization of previously stable faults. The 

instability occurs in the form of slip along pre-existing faults or fracture systems, 

which may be associated with seismicity. In addition, the movement of faults and the 

generation of fractures may create open conduits that breach the integrity of storage 

reservoirs and lead to the leakage of fluids to the surrounding overburden or even to 

the surface. Induced seismicity and the risk of leakage are two major concerns over 

the geological sequestration of CO2. 

 

Faulting is the response of brittle material to a stress field that exceeds its shear 

strength threshold. Faults nucleate from micro-fractures or deformation bands in a 

critically stressed region and accumulate strain over time to grow. As faults develop, 

they may interact with neighbouring faults of various sizes and form special features 

important in the context of CO2 storage. A fault zone typically consists of two sub-

structures; a fault core and a fault damage zone. Slip often occurs along a single plane 

but damage can accumulate in large faults.  The fault core generally comprises gouge 

material, crushed particles/cataclasite or ultracataclasite (or a combination of the 

two). The damage zone typically contains fractures at different scales. Faults in low 

porosity rocks have a fine-grained fault core surrounded by a fracture dominated 

damage zone. On the other hand, faults in coarse-grained, high porosity rocks usually 

have low porosity deformation bands that develop into high permeability slip 

surfaces. 

 

Leakage through faults is a function of the permeability of a fault zone. Fault zone 

(bulk) permeability increases with increasing fluid pressure towards a critical 

threshold. Permeability of the fault core depends mainly on the properties of fault 

gouge material. The gouges are either granular or clay-rich. Permeability of granular 

material depends on the grain size distribution and sorting of grains, and permeability 

of clay-rich gouges is a function of the type of clay, clay percentage, and its 

distribution.  The extent of hydration and the adsorption and swelling properties of 

clay can also affect permeability. 

 

Faults are usually the weakest components in the rock mass and control hydraulic 

and mechanical behavior of rock bodies. Mechanical failure/reactivation of faults 

may occur through: 
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i) shear failure when shear stress exceeds shear strength of fault zone material, 

ii) hydraulic fracturing (in case of cohesive faults) when the pore pressure 

exceeds the sum of the minimum in-situ stress and the tensile strength of a 

fault, 

iii) Ductile aseismic slips.  

 

In the case of shearing, post failure deformation may be brittle or ductile, depending 

on the shear strength properties and the level of the effective confining stress. 

Temperature, hydration state and chemistry also influence deformation. In a brittle 

regime, deformation occurrences associated with dilation strongly contributes to the 

enhancement of permeability and increases the risk of leakage. In contrast, ductile 

deformation may have only a limited effect on the permeability and may in the long 

term decrease it.    

 

Reactivation of faults and fracture systems can be assessed using analytical and 

numerical approaches. Typically the analytical approach considers static normal and 

shear stresses on the fault plane and relies on the Mohr-Coulomb failure criterion to 

evaluate fault stability. The critical injection pressure is assessed from the difference 

between the current stress state and the predicted failure envelope. The critical 

injection pressure, also called the maximum sustainable pressure, can be calculated 

for all possible fault orientations at given in-situ conditions. The critical pressure is 

then plotted in a variety of ways but often using a polar stereographic projection to 

present stable versus unstable faults with certain dip and strikes. The analytical 

approach is a simple and valuable tool for preliminary assessment of fault 

reactivation potential during injection or depletion in the above form. It, however, is 

based on many assumptions and simplifications that ignore the complex structural 

setting and cannot capture complex physical processes and fault interactions that 

could occur during injection operations. These limitations require the use of 

numerical tools that model the entire system. 

 

Numerical analyses of fault stability can provide fault simulations at different scales 

and within different geological constraints. A fault can be presented in a global model 

as a single discontinuity, e.g. as a zero-thickness element, in order to explore its 

general behaviour. If the fault is prone to instability, and the detailed behaviour of 

the fault zone is of interest, it may be modelled as a rock mass of continuum material. 

This may require a local model where the detailed properties and the geometry of the 

fault zone are assigned to the components of the model. Furthermore, post-failure 

behaviour of faults is important for fault leakage and seal failure which can be studied 

using numerical methods where dilatancy and stress dependent permeability are 

taken into account.   

 

The widely used criterion for stability analysis of faults is the Mohr-Coulomb failure 

criterion which requires knowledge of the in-situ and induced stresses as well as the 

strength of faults. The strength of a fault is usually expressed in terms of cohesion 

and friction angle/coefficient. Data from laboratory tests and field observations show 

that friction coefficients of faults generally vary between 0.6 and 0.85, although 

values as low as 0.2 have also been reported in the literature for clay material. The 
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strength of faults in a CO2 storage reservoir may be affected by the presence of CO2 

to a limited extent.  Evidence from a few studies available in the literature show that 

the coefficient of friction of the fault-filling minerals does not change pre- and post 

–CO2 treatment. This observation is, however, based on a few laboratory studies and 

only valid for short-term effects of CO2 on rocks/minerals. 

 

In brief, the Mohr-Coulomb failure criterion is the major stress-strength relationship 

employed for stability analysis of faults during injection of fluids such as CO2, or 

depletion of hydrocarbons. Analytical methods combined with the numerical 

solutions provide the best approach for assessing geomechanical stability of faults. 
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1 Introduction 

1.1 Background 

Geologic sequestration of CO2 is one of the promising solutions to mitigate 

greenhouse gases and combat drastic climate change. In order for underground CO2 

storage to have a noticeable impact on the reduction of atmospheric greenhouse 

gases, it should be implemented at large scale, i.e. in the order of Giga tonnes per 

year. To accommodate such enormous quantities of CO2, geological formations of 

sufficient capacity and injectivity are required. Experience from several CO2 storage 

projects like Sleipner, Snøhvit, In Salah and Weyburn shows that geological 

sequestration of CO2 is technically feasible despite some challenges, e.g. the 

geomechanical response of formations to injection-induced stress. In all these 

projects, the volume of injected CO2 is in the range of hundreds of thousands of 

tonnes to a maximum of about one million tonnes per year. Already at this scale, 

some geomechanical instabilities of reservoir structures or surroundings have been 

observed due to the overpressure in some of these CO2 storage reservoirs. Thus, for 

injecting larger amounts of CO2, detailed investigation of storage sites, and design of 

appropriate injection strategies, will be crucial.   

 

Storage capacity, maximum sustainable pressure and the risk of CO2 leakage are all 

dependent upon the structural integrity of the storage complex. As shown 

diagrammatically in Figure 1.1, injection operations alter stress conditions not only 

in CO2 storage reservoirs but also in the surrounding formations. Additional risks 

may be associated with engineering deficiencies. If these operations are not well 

controlled, they may lead to failure of rock masses along pre-existing faults or 

fractures (fault/fracture re-activation), which may increase the risk of fluid leakage 

to the surrounding overburden or to the surface (Rutqvist, 2012). In addition, fault 

reactivation may generate felt events and raise negative public perspectives 

(Ellsworth, 2013).  

 

 

Figure 1.1 Geomechanical processes and key technical issues associated with 

CO2 storage in deep sedimentary formations (after Rutqvist, 2012). 
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A fault is defined as a planar discontinuity in a geological formation, across which 

relative displacement has occurred. The risk of fault reactivation is one of the crucial 

elements in the assessment of a site for CO2 storage. There is considerable evidence 

for fault reactivation during geological time. O'Brian et al. (1999), for instance, 

studied fault reactivation and consequent fluid migration in Timor Sea, Australia. 

They reported significant fluid migration through reactivation of faults and 

concluded that, the moderately reactivated faults leaked for a relatively extended time 

period of about 100,000 to 1,000,000 years while the strongly reactivated faults 

leaked for time periods of about 10,000 to 100,000 years. Therefore, fault stability 

should be considered carefully during pressurization of a geological system which 

likely contains faults that are visible on seismic sections, or below the resolution of 

seismic surveys. Fault reactivation and consequent trap breach is commonly accepted 

as the mechanism to explain dry traps that preserve evidence of widespread oil 

leakage (Dyt et al., 2012; Zoback and Zinke, 2002; O'Brian et al., 1996). 

 

Depleted hydrocarbon reservoirs are attractive options for CO2 sequestration sites as 

their seals have kept hydrocarbons in place over geological timescales providing 

efficient hydrocarbon traps. Their initial reservoir pressure is often assumed to 

provide a rough indication of the sustainable pressure in the reservoir. However, the 

stress state in such formations might have been altered by pore pressure reduction in 

the reservoir during production and the stress path may not necessarily be reversible. 

Therefore, the reservoir stress path during depletion and CO2 injection should be 

considered carefully for such storage sites. Usually a threshold pressure is designed 

for each reservoir, and injection pressure is kept below that level to avoid breaching 

the seal. However, the threshold pressure for shear or hydraulic fracturing of intact 

formations is different from that for pre-existing faults (Sibson, 2003a). Thus, fault 

stability analysis is an important factor for the safety assessment of any CO2 storage 

project (Hung and Wu, 2012) as is also the case for water or cutting slurry injection. 

 

Assigning properties to fault zones is a difficult task and involves several 

uncertainties. To overcome this issue, a sensitivity study is usually carried out to 

investigate the impact of various material properties on fault reactivation. For 

example, Rutqvist et al. (2013) reported that the dilation angle did not have any 

significant impact on the estimated rupture length if it is between 0 and 20 degrees. 

However, the residual friction angle had a significant effect on the rupture length and 

the associated magnitude of induced or triggered events. A friction angle reduction 

from 20 to 11, (i.e. friction coefficient from 0.36 to 0.2) increased the seismic 

magnitude from 0.15 to 0.72, a five-fold increase.  

 

1.2 Objective of the study 

This study aims to provide a comprehensive literature review of assessments of fault 

geomechanical stability due to pressure build-up in CO2 storage sites. It presents 

various approaches for fault reactivation analysis and comments on the 

methodologies and concepts. 
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1.3 Fault reactivation and its consequences 

Faults are generally speaking weak zones within the rock volume. They may be the 

primary planes of slip or movement if any such displacement has to occur. Depending 

on the geological stress regime, rock bodies and thus faults, are under compression, 

shearing or extension. When the compressional or tensile stress on the fault plane 

increases, it may trigger fault failure and cause slip. This is called fault reactivation. 

Fault reactivation has a wide range of consequences. It may release the stored energy 

dynamically and induce seismicity, shear boreholes, and change formation 

permeability. 

 

In the context of CO2 storage, the key issues for reactivation of faults are leakage of 

the gas and induced seismicity. Fault reactivation may increase permeability of fault 

zones and thus provide conduits and leakage paths to surrounding formations. 

Leakage from the reservoir may be small or large depending on the response of the 

fault to pressure release. However, in some circumstances this may provide a benefit 

in terms of storage capacity or pressure reduction. If leakage occurs, reservoir 

pressure drops. When local pressure falls below the critical pressure, the reactivated 

fault may be closed off. This may lead to a limited leakage of gas from the storage 

reservoir. On the other hand, if fault displacement has resulted in conduits that are 

open, and do not heal after pressure decrease, the leaked volume of CO2 may be large. 

 

Displacements resulting from fault reactivation may happen quickly or slowly. In the 

first case, earthquakes will happen at the time of slip (called seismic fault slip). In 

the latter case, no earthquake may be observed due to the slow movement of rock 

bodies against each other (called aseismic fault slip). The magnitude of induced 

earthquakes is a function of fault rock properties, the size of the slip patch which is 

affected by the volume of fluid injected or extracted and the rate of 

injection/extraction. Induced earthquakes are generally small (less than M4.5) but on 

very rare cases may exceed M6 (IEAGHG, 2013). The largest magnitudes (mainly 

between M5 to M7) have been reported from the extraction of fluids  and the medium 

to lowest ones (M1.1 to M4.8) from fluid injection and enhanced geothermal systems 

(for further details see Table 1 p 55 in IEAGHG, 2013). 

 

1.4 Structure of the report 

This report includes five chapters. Chapter 1 gives a background for fault stability 

analysis. It provides a technical background to the problem along with some very 

general aspects of fault reactivation; e.g. what fault reactivation is and what are the 

consequences of a fault failure and breach of seal integrity. Chapter 2 presents faults 

and properties of fault zone material. The focus is on the permeability of faults since 

it is a paramount factor contributing to potential leakage in the case of fault 

reactivation. Chapter 3 gives an overview of the various methods used to assess 

reactivation of faults. It also provides an evaluation of the methods employed and 

their limitations for capturing all aspects of a geological system during a pressure 

build-up and possible shear failure of faults. Chapter 4 reviews input parameters 

required for analysis of fault stability and the methodologies to determine such 
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factors. Chapter 5 summarizes the results of the study and lists some of the 

knowledge gaps for geomechanical stability analysis of faults.  
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2 Faulting and fault zone properties  

Faults are planes of discontinuity in geological formations across which relative 

displacement of adjacent layers has occurred. Faulting is the response of brittle 

material to a stress field that exceeds its strength threshold. They nucleate from 

micro-fractures or deformation bands in a critically stressed region and accumulate 

strain over time to grow (Fossen, 2010). Different types of faults may form depending 

on the stress field (Figure 2.1). Details of fault terminology, geometry and 

characteristics can be found in e.g. Price and Cosgrove (2005), Fossen (2010) and 

Burg (2013). Initiation of fractures, formation of faults and their properties are 

important components when considering fault stability analyses, fault reactivation 

potential and possible propagation of faults through the sealing units. These 

components are elaborated further in the following sections. 

 

 

  

 
 

Figure 2.1 Orientation of principal stresses and associated fault types (After 

Burg, 2013). Stereoplots present the state of principal stresses along 

with the slip plane on the lower hemisphere. 
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2.1 Formation of fractures and faults  

2.1.1 Fracture initiation mechanisms 

There are several theories on fracture initiation in solid material among them the 

Griffith criterion of fracturing which is widely accepted as an explanation for the 

behaviour of rock material under critical loading conditions. Griffith (1921) based 

his analysis on the assumption that material contains numerous defects in form of 

microcracks, voids, grain boundaries and flaws of various sizes (Figure 2.2). He 

considered, for mathematical simplicity, that flaws have elliptical shapes. When 

material is loaded, stress concentration and magnification occurs at the extremities 

of the flaw leading to initiation of tensile cracks (Figure 2.2). The stress 

magnification is a factor of (2L+1)/Ɩ where L and l are the larger and smaller diameter 

of ellipse respectively (see Figure 2.2a). This means that elongated and flattened 

flaws will experience larger stresses and start cracking first. 

  

   
                     (a)                                                        (b) 

Figure 2.2 Stress concentration around elliptical spaces based on Griffith's 

theory of failure. Stresses around the extremity of flaws; (a) under 

uniaxial tension (after Burg, 2013) and (b) under biaxial compression 

(after Price and Cosgrove, 2005). 

 

Under axial compression, larger cracks become activated first. Without lateral 

confinement, they continue to grow leading to axial splitting (Horii and Nemat-

Nasser, 1986; Alves and de Lacerda, 2012). In the presence of lateral confinement, 

their growth is arrested and optimally oriented cracks will be activated. This builds a 

narrow zone containing many microcracks that develop to a macroscopic failure 

plane (Horii and Nemat Nasser, 1986; Moore and Lockner, 1995; Jung 2013) (see 

Figure 2.3).  
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Figure 2.3 Griffith's theory of fracture in brittle material. Optimally oriented 

flaws in a specimen subjected to compressional loading will start 

cracking in tension. Coalescence of these cracks creates a 

macroscopic shear failure plane (after Burg, 2013). 

 
Horii and Nemat-Nasser (1986) carried out an extensive experimental study on a 6 

m thick Columbia resin, CR39, containing a straight slit. They observed nucleation 

and growth of tensile cracks from the tip of the pre-existing flaw leading to axial 

splitting, if there is no lateral stress, but observed a tilted failure plane in the presence 

of lateral confinement. Griffith's theory seems to provide a good explanation for the 

initiation of fractures in rocks (Hori and Nemat Naser, 1986; Ashby and Hallam, 

1986; Ashby and Sammis, 1990; Moore and Lockner, 1995).  

 

2.1.2 Fracture propagation at an interface 

Development of fractures in a material is a function of the local stress field. Stress 

field in a rock mass may vary because of its inhomogenieties such as layering, 

faulting and discontinuities and thus control propagation of fractures within the rock 

mass or a fault zone. When a propagating fracture reaches a discontinuity, it may a) 

become arrested, b) penetrate through the interface or c) become deflected (Figure 

2.4). Fracture deflection or arrest at a contact depends on several factors 

(Gudmundsson et al., 2010): 

i. the induced tensile stress ahead of the propagating fracture tip,  

ii. rotation of principal stresses at the interface, and  

iii. material toughness of the discontinuity relative to that of the adjacent layers. 
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Figure 2.4 Fracture propagation in a solid material. Left) Different scenarios for 

a propagating fracture that reaches an interface, and right) a picture 

showing a fracture arrested at the interface between two rock layers, 

(after Gudmundsson et al., 2010). 

 

An extension fracture will penetrate across a discontinuity, if layers on either side of 

the discontinuity have the same mechanical properties and if there is stress coupling. 

Under this condition the strain energy release rate (Gp) for penetration reaches the 

critical value for fracture extension, namely the material toughness of the layer into 

which the fracture is approaching: 

 

𝐺𝑝 =
(1−𝜈2)𝐾𝐼

2

E
= Γ𝐿              (2.1) 

 

where ν is the Poisson's ratio, KI is the stress intensity factor, E is Young's modulus 

and Γ𝐿 is the material toughness of layer.  

 

By contrast, the fracture will deflect into the discontinuity if the strain energy release 

rate reaches the material toughness of the discontinuity itself (Gd). Fracture 

propagates in a mixed-mode (mode I (K2
I) and II (K2

II)) along the discontinuity (Xu 

et al., 2003; Wang and Xu, 2006). Deflection into the discontinuity occurs if: 

 

𝐺𝑑 =
(1−𝜈2)

E
(𝐾𝐼

2 + 𝐾𝐼𝐼
2) = Γ𝐷             (2.2) 

 

where the stress-intensity factors KI and KII refer to the discontinuity. From 

Equations (2.1) and (2.2), the extension fracture penetrates the discontinuity if: 

 
𝐺𝑑

𝐺𝑝
<

Γ𝐷

Γ𝐿
                  (2.3) 

 

but becomes deflected if: 
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𝐺𝑑

𝐺𝑝
≥

Γ𝐷

Γ𝐿
               (2.4) 

 

Equations (2.1-2.4) control, at least partly, whether a fracture penetrates or becomes 

deflected along a discontinuity in a fault zone. Fracture penetration, deflection and 

arrest has a big impact on how fault damage zones and cores grow and change hydro-

mechanical properties with time (Gudmundsson et al., 2010). 

 

Numerical modelling of fracture propagation at interfaces has been tried more 

recently by Garcia et al. (2013) (Figure 2.5) which shows a similar pattern to those 

presented in Figure 2.4. 

 

 

 

 

 

 

 

   

 

 

 

                    (a)           (b)       

 

 

 

 

 

 

 

 

 

 

 

 

  (c)          (d)       

Figure 2.5 Fracture propagation at an interface (modified after Garcia et al., 

2013). Fracture is either arrested at the contact (a), penetrated 

through the interface (b) or is deflected (c) and (d).  

 

Propagation and development of fractures at a larger scale in homogeneous brittle 

material is illustrated in Figure 2.6 in which a material is subjected to shear 

deformation, concentrated over the zone A-B (Figure 2.6a). Extension cracks form 

in the direction of maximum principal stress. Rotational movement in later stages of 

the shearing process may cause propagation of the extension cracks such that they 

form characteristic S-shape fracture surfaces. The formation of shear fractures in “en 

Interface 

Propagating  
fracture 
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échelon” arrangement with respect to the direction of shear deformation (Figure 2.6b) 

follows the extensional cracking. These fractures, commonly termed Riedel shears, 

can be distinguished into two different sets, named R1 and R2. R1 fractures are 

generated first, then alteration of the local stress field initiates R2 fractures. A third 

category, called P-shears or thrust shears can develop in the direction indicated in 

Figure 2.6d (Leijon, 1993). Progression of shearing often forms curved fractures that 

interconnect the already existing “en échelon” oriented shear cracks. The result is a 

zone with a pattern of interconnected, undulating structures containing elongated 

lenses of relatively undisturbed material. When total shear deformation increases, 

displacement accumulates over certain shear planes. Such planes accommodate 

further deformation and grow in length and width. They eventually develop into a 

distinct fault zone. 

 

             
 

           

Figure 2.6 Schematic illustration of basic fracture types generated in 

homogenous, brittle material subjected to localized shear 

deformation. Extension cracks form parallel to the maximum 

principal stress within the section subjected to shear (a), development 

of Riedel shears, R1 and conjugate Riedel shear, R2 (b), and 

development of P shears (c). Interconnection of R- and P -shears by 

curved crack, through going shear planes and shear lenses (d) 

(modified after Leijon, 1993; Cuisiat and Høeg, 2002). 

  

2.2 Growth and interaction of faults 

As faults grow in length, they may interact with the neighbouring faults of various 

sizes and form special features important in the context of hydrocarbon production 

or fluid injection (Figure 2.7). The interaction zone between two faults may result in 

folding between them building structures called relay ramps (Fossen, 2010; see 

Figure 2.8). Relay ramps can play an important role in terms of hydraulic 

( d ) 
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communication between faults that might otherwise have acted as seals (Di Bucci et 

al., 2005; Burg, 2013). Such structures may be below the resolution of seismic data. 

 

 

   
 

 

Figure 2.7 Schematic block diagram illustrating a model for growth of faults 

using sequential fault maps from the base of a syn-faulting sequence 

(after Walsh et al., 2002). 

 

 

    
 

Figure 2.8 Linkage between two faults; (a) schematic illustration of two normal 

faults, building a relay ramp structure (after Burg, 2013) and (b) 

actual example of a relay ramp from Arches National Park, Utah 

(after Fossen, 2010). 

 

When faults run sub-parallel and link together, the region between the faults will 

experience some deformation and thus may differ in hydromechanical properties than 

the surrounding rocks. This zone called a "linking damage zone" is illustrated in 

Figure 2.9. Such zones often have low strength properties, and dense fracture systems 

and thus might be prone to slip or leakage during pressurization of the formation 

(Cerveny et al., 2005).   
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Figure 2.9 A 3D conceptual model for illustration of different damage zones 

around faults (after Cerveny et al., 2005). 

 

Fault growth is a self-similar process over many orders of magnitude in which fault 

displacement (D) scales linearly with fault length (L) (Cowie and Scholz, 1992; 

Gillespie et al., 1992; Scholz et al., 1993; Schlische et al., 1996; Faulkner et al., 2010 

and Fossen, 2010) (Figure 2.10): 

 

Dmax= γLn               (2.5) 

 

where Dmax is maximum fault displacement, L is the length of fault and γ and n are 

constants. Field measured fault data seems to fit well into a linear diagonal line of 

Dmax-L plot in a logarithmic scale with slope γ (n=1). The maximum displacement 

(Dmax) along a fault is a function of fault geometry and strength of rock. Particular 

trajectories on D–L diagrams can reveal physical controls on fracture growth, such 

as stratigraphic confinement or segment interaction and linkage (Schultz and Fossen, 

2002).  

 

The D-L relationship can be of interest in many applications. For instance, when 

displacement is known from underground exploration data sets such as seismic or 
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well logs, the length of a fault can be estimated. Although this gives a rough 

estimation only, it may be useful for applications such as CO2 storage and 

hydrocarbon exploration and production. Energy release is also related to the area 

multiplied by the displacement, i.e. estimate of moment (Aki & Richards, 1980). 

   

    
(a)            (b) 

Figure 2.10 Relationship between the maximum displacement and the length of 

faults (after Walsh et al., 2002). 

 

2.3 Fault zone structure 

Geometry, structures and characteristics of fault zones properties have been the focus 

of many studies over the past decades (e.g. Sylvester, 1988; Chester et al., 1993; 

Childs et al., 1996; Kim et al., 2001; Lyakhovsky et al., 2001; Chen et al., 2013; 

Luther et al., 2013). A fault zone typically consists of two sub-structures; the fault 

core and the fault damage zone (Figure 2.11). A fault core generally comprises 

gouge, cataclasite or ultracataclasite (or combinations of these materials). Damage 

zones typically contain fractures at different scales from micro- to macro-fractures 

that may accommodate small shear offsets and a small quantity of cataclasite 

(Faulkner et al., 2010). The concentration of deformation adjacent to larger faults 

forms the damage zone, which is important for the hydro-mechanical behaviour and 

the accumulation of strain (Chester and Logan, 1986; Koestler et al., 1992; Koestler 

and Milnes, 1992; Andresen et al., 1995). The fault damage zone evolves differently 

in three different stages of fault evolution: 

a) the initial development of tip or process zone deformation, 

b) the main slip accumulation stage, and 
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c) the late stage propagation (death zone features) which represents the 

last phases of fault activity.  

 

 
(a)          (b) 

Figure 2.11 (a) Illustration of fault core and damage zones in a strike-slip fault 

and (b) a photograph showing mineral-filled tensile fractures in a 

fault damage zone (after Gudmundsson et al., 2010). 

 

In a study on small displacement faults, Vermilye and Scholz (1998) showed that the 

width of a fault damage zone scales with fault displacement. A similar observation 

was made by Mitchell and Faulkner (2009) (Figure 2.12). Thus, the width of the 

damage zone may be estimated from the length of faults, since the displacement of 

faults scales with their length. 

 

Fracture density around faults is an important subject and has been investigated for 

many cases around the globe (Vermilye and Scholz, 1998; Hesthammer and Fossen, 

2001; Wilson et al., 2003; Fossen et al., 2007; Mitchell and Faulkner, 2009; Faulkner 

et al., 2010). A maximum microfracture density is often observed immediately 

adjacent to the fault core and decreases with increasing distance from the core (Figure 

2.13). Such plots of fracture frequency may also reveal the existence of unrecognized 

subsidiary faults. A damage zone is important for hydraulic conductivity because 

fracture intensity within such zones often lies above the percolation threshold (inter-

connected fracture network), and thus allows fluids to migrate entirely through 

fractures (Koestler et al., 1992). This is also true for macrofractures detected on 

image logs (Paul and Zoback, 2008). 
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Figure 2.12 Width of damage zone versus fault displacement (after Faulkner et al., 

2010). The black circles show microfracture data and the solid line 

shows the fitted line to the data from Mitchell and Faulkner (2009). 

 

Studies from the North Sea (e.g. Koestler et al., 1992; Fossen et al., 2007) show that 

fracture frequency in sandstone reservoirs typically increases from a background 

frequency level of less than 50 fractures per 100 m, for the wells away (>200 m) from 

seismically mapped faults, to higher concentrations of 200-500 fractures per 100 m 

for wells closer to mapped faults. Even faults with throws of approximately 20 m can 

have structural frequencies above 100 fractures per 100 m.  

 

In outcrops, damage zones can easily be recognized by significantly higher fracture 

frequency than in the adjacent blocks. The width and the total amount of fractures 

within a damage zone are highly dependent on burial depth during deformation, 

lithology of the faulted rocks and the faulting mechanism. Characteristics of fault 

zone sub-structures, e.g. widths of damage zones, types of fractures (i.e. shear or 

tensile), types of gouge materials, etc. have a significant impact on the fluid flow 

properties of fault zones.  
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Figure 2.13 Density of microfractures and macrofractures around faults as a 

function of the distance from the fault core (Faulkner et al., 2010). 

Fracture density generally decreases with increasing distance from the 

fault. Data in the lower figure show the increase of macrofractures at the 

distance of about 70-100 m from fault core which is a signature of the 

subsidiary faults. 

  

A fault may consist of a single core or multiple, sub-parallel cores (Figure 2.14). The 

structure of a fault zone depends on the properties of host rock, tectonic regime, depth 

of formation, magnitude of displacement, fluid flow, etc. For instance, faults in low 

porosity rocks have a fine-grained fault core surrounded by a fracture dominated 

damage zone (Faulkner et al., 2010; Balsamo et al., 2010). In contrast, faults in 

coarse-grained, high porosity rocks usually form low porosity deformation bands that 

often develop into high permeable slip surfaces (Fossen et al., 2007).  
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Figure 2.14 Diagram of the structures of single core and multiple core faults and 

their associated hydro-mechanical properties  (after Faulkner et al., 

2010). 

 

Studies of the structure and properties of the San Andreas Fault (SAF) (Figure 2.15), 

explored during the SAFOD drilling program, revealed the presence of features 

around the fault similar to those discussed above (see e.g. Zoback and Hickman, 

2005; Zoback et al., 2007; Zoback et al., 2010; Holdsworth et al., 2011; Hadizadeh 

et al., 2012). In addition, it showed a clear difference between active and inactive 

gouge zone materials (Figure 2.16). An active gouge zone contains numerous 

fractures at different scales while an inactive gouge zone material looks dense 

without clear fractures. These features affect hydraulic and strength properties of the 

damage zone material. The mechanically weakest material of the fault zone is found 

at the borders of and within the currently active shear zones, suggesting that the zones 

represent large-scale shear localization within the SAF core zone (Hadizadeh et al., 

2012). 
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Figure 2.15 Structure of the San Andreas fault and the cored intervals (after 

Hadizadeh et al., 2012). The right figure shows the zoom-in of the red 

marked rectangle in the left panel within which the Phase II well 

penetrated a series of active slip zones. 

a)                                             b) 

         

Figure 2.16 Structure of fault rocks from the damage zone of the San Andreas 

Fault. (a) An image of a rock sample from gouge of an active damage 

zone (South Damage Zone, SDZ) which shows significant fracture 

development, and (b) image from inactive fault gouge with almost no 

visible fractures (after Holdsworth et al., 2011). 

 

2.4  Permeability of fault zones 

Determining the permeability of faults is not an easy task. The conventional method 

for permeability measurement is to test a core specimen in the laboratory under 

specified stress conditions. This may not be applicable to faults as fault properties 

vary on multiple scales both across and along the fault (Mathias, 2012). In addition, 
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the hydraulic properties of the fault core and of damage zone  are quite different 

which makes the problem more complicated.  

 

Permeability of fracture zones and faults has been studied by many researchers in the 

context of the structural integrity of hydrocarbon traps (Watts, 1987; Heggland, 

1998; Talwani et al., 1999; Tadokoro et al., 2000; Faulkner and Rutter, 2000; Mildren 

et al., 2002; Bretan and Yielding, 2005; Dewhurst et al., 2005; Baghbanan and Jing, 

2008; Faulkner et al., 2010 and Medeiros et al., 2010), as well as the injection of 

fluids into the subsurface (Rutqvist and Tsang, 2002; Li et al., 2006; Iding and 

Ringrose, 2010; Cappa and Rutqvist, 2011; Bissell et al., 2011). A number of 

conclusions can be drawn from their studies.  For example: 

 

 Macro- and micro –structures of fault zone material vary greatly for different 

rocks and under different stress conditions.  

 Permeability of faults is a function of the stresses acting on the fault plane.   

 Permeability is greatly enhanced as the stresses approach critical state 

(Faulkner et al., 2010; Mathias, 2012). For instance, fault permeability in the 

Pathfinder well on Eugene Island Gulf of Mexico, has increased from original 

value of 1 mD to about 1000 mD as fluid pressure increased towards the 

minimum in-situ stress (Losh and Haney, 2006; Mathias, 2012).  

 

Bulk permeability of fault zones may be measured in-situ in a variety of ways (e.g. 

pressure interference tests, seismic method, etc.). In the pressure interference test, a 

section of the fault, intersected by the well, is isolated and a fluid is injected into the 

interval. The relationship between injection pressure and rate is employed for 

assessing permeability of the fault zone. Lecain (1998) reported such measurements 

from the Yucca mountain repository site, US, where a range of fault zone 

permeabilities from 1,100 to 41,000 mD were observed (Mathias, 2012). 

 

Seismic method can be employed to estimate the permeability of fault plane. 

Assuming microseismic events are caused by pore-pressure induced shear-failure of 

faults, seismic event migration data can be translated to pore-pressure wave 

migration along the fault zone of concern (Mathias, 2012). This method was applied 

by Talwani et al. (2007) to estimate permeability along a fault plane at different sites 

across the world. They concluded that fault plane permeability generally ranges 

between 0.5 and 500 mD. However, Miller et al. (2004) reported along fault 

permeability of about 40,000 mD for a Northern-Apennine-carbonate sequence. Noir 

et al. (1997) also obtained a permeability value of 107 mD for a fault in the Gulf of 

Aden. These latter values of fault plane permeability, obtained from seismic events, 

are very large and may give conservative estimates if applied to CO2 site evaluation. 

Another measure of fluid flow in a fault plane is to estimate its conductivity based 

on the permeability and width of the plane. 

 

2.4.1 Permeability of fault core 

Permeability of fault core depends mainly on the properties of fault gouge material. 

Permeability of granular material is a function of grain size and sorting, and 
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permeability of clay-rich gouges depends on the type of clay, clay percentage, and 

its distribution.  

 

Few studies are available on the permeability of granular gouge material (Sammis et 

al., 1987; Marone et al., 1990; Zhang and Tullis, 1998) and all suggest that 

permeability is a function of grain size. Crawford et al. (2008) and Main et al. (2000) 

found that the permeability of granular fault gouge decreases by a factor of two to 

three when deformation bands formed. This is in agreement with field observations 

that suggest there is a significant permeability drop across faults which are dominated 

by deformation bands with grain size reduction and compaction (Shipton et al., 

2002). 
 

2.4.2 Permeability of the damage zone 

Permeability of fault damage zones is a combination of the permeabilities of the host 

rock, the fracture network, the compaction/deformation bands and of the geometry 

of the system i.e. along or across stacked elements. Microfractures improve 

permeability while deformation bands reduce permeability. In low porosity rocks, 

permeability of the damage zone is dominated by fractures. In high permeability 

rocks, permeability is a function of both low permeable shear/compaction bands and 

of high permeability slip planes (Faulkner, 2010; Jewell et al., 2012). Generally, 

damage zones have the highest permeability and fault cores have the lowest (Figure 

2.17). Laboratory tests performed on core specimens from fault gouge and from the 

two damage zones (SDZ and CDZ) of the San Andreas Fault shows that permeability 

of the gouge material is 2-3 orders of magnitude lower than that of the damage zone 

samples (Morrow et al., 2013). They concluded from these results, and its known 

structure, that the San Andreas Fault is an effective barrier to cross-fault fluid flow.  
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Figure 2.17 Permeability and Young's modulus of fault zone material (after Cappa 

and Rutqvist, 2011). Permeability (expressed in square meter (m2) in 

the middle diagram, 1mD = 10-15 m2) is very low for the fault core. 

Similarly, stiffness (Young’s modulus) of core material (shown at the 

bottom panel) is also very low, which may result from the presence of 

low strength material such as clay minerals as well as the 

development of microfractures. 

 

 

2.4.3 Permeability of the fault zone 

Permeability values of bulk fault zone materials and the structure may be obtained 

from in-situ testing of wells which penetrate faults including well tests, wireline tests 

and packer tests. Such data are seldom available in the literature. An option, in the 

absence of direct fault permeability measurement, is to do a Slug test in a well close 

to the fault. This test is based on an induced pressure pulse inside a well adjacent to 

the fault followed by accurate monitoring of the pressure dissipation. Modelling of 

test results provides estimates of the permeability of the bulk fault zone. Such a study 

by Talwani et al. (1999) showed fault plane permeability of about 1 mD. Tadokoro 

et al. (2000) estimated the along-strike permeability of 1 mD for a shallow fault, 

based on induced seismicity, caused by injection experiments. In another case study, 

Noir et al. (1997) reported extremely high fault zone permeability of about 10,000 D 

in the Central Afar Rift.  
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Permeability of faults is pressure dependent and faults that are stable and sealing may 

leak upon pressurization or depletion. A direct industry measurement in a Pathfinder 

well in the Eugene Island, Gulf of Mexico in an overpressured silisiclastic setting has 

shown high up-fault permeability of about 1 mD which sharply increases to 1D as 

the fluid pressure is reached the minimum effective principal stress (Losh and Haney, 

2006; Faulkner et al., 2010). 

 

Generally, the types of fault rock developed and their petrophysical properties 

depend on the phyllosilicate content of their host rocks and the burial depth at the 

time of faulting (Fisher and Knipe, 1998; 2001). Different mechanisms such as 

cataclasis, drag or smear of some lithologies along the fault plane, mineralization and 

disaggregation can form fault rocks that fill the fault plane and control the 

permeability of fault. Cataclasis usually occurs at depths greater than 1000 meters 

where normal stresses are higher and shearing happen due to mechanical breaking or 

milling of the surrounding rocks. This leads to grain crushing and grain size reduction 

of material filling the fault plane and thus reducing fault permeability (Cuisiat and 

Høeg, 2002). Mineralization can occur during or after movement along a fault plane. 

Most common mineral fills are silicate or calcite. Both are transported in solution 

and deposed in the low pressure zone of the fault or fracture. Silicate or calcite 

precipitation results, in most cases, from pressure solution of the neighbouring rock 

volume, however, long distance transport is also documented (Gabrielsen and 

Koestler, 1987; Koestler et al., 1992).  Smear (of clay or shale) can occur as a product 

of drag (friction) of plastic material along a fault if such a material is present within 

the faulted blocks. Thus, faults in different lithologies can show quite different 

behaviours.  

 

Faults in clean sandstones (<15% clay) at shallow depth produce a disaggregation 

zone with only local grain rearrangement, no grain-fracturing and similar or even 

higher permeability than the host rock (Fisher and Knipe, 2001; Bense and van Balen, 

2004). Faulting of the same sediments at greater depth results in grain-fracturing 

(cataclasis) with clogging of the pore space by smaller grain fragments. Experimental 

data show that the onset of grain-fracturing may start at depths as low as 500 m, or 5 

MPa effective vertical stress (Chuhan et al., 2002). Post-faulting burial may lead to 

quartz cementation for temperatures greater than circa 90ºC or about 3 km in 

normally subsided basins. Quartz cementation occurs most intensively at burial 

depths between 3.5 and 5 km (120-170 ºC) (Bjørlykke and Høeg, 1997). In impure 

sands with a clay content of between 15 and 40% faulting leads to a fault gouge or 

phyllosilicate framework fault rock (Fisher and Knipe, 2001) with mixing of sand 

and clay often structured parallel to the shear plane (Rutter et al., 1986; Wibberley 

and Shimamoto, 2003; van der Zee and Urai, 2005). 

 

The permeability of phyllosilicate framework fault rocks can be over six orders of 

magnitude lower than their hosts (Fisher and Knipe, 2001). Sediments containing 

more than 40% phyllosilicates deform to produce clay smear. Furthermore, faulting 

of very clay-rich sediments results in the injection of clay gouge into less clay-rich 

layers.     
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One of the best ways to investigate permeability and leakage rates of faults, is the 

analysis of faults that are currently leaking, e.g. in Tyrrhenian Central Italy (Zhang 

et al., 2010; Evans et al., 2002; Chiodini et al., 1999). These faults give incredible 

information on the conductivity of faults under actual in-situ stress conditions. Data 

on some natural CO2 leakages have been summarized in Mathias (2012, see Table 

2.1) showing CO2 leakage rates through faults varying from less than 1 to about 40 

tonnes/year per square meter of fault. Further information on natural leakage rates 

can be found in Lewicki et al. (2007), Streit and Watson (2004), Pearce et al. (2004) 

and Cardellini et al. (2000).  

 

Table 2.1 Some natural CO2 leakage sites, their leakage rate and leak pathways 

(after Mathias, 2012). 

Site Leakage pathway CO2 leakage rate 

(tonne/yr/m2) 

Reference 

A1. Mammoth Mountain, 

CA USA 

Faults and 

fractures 0.19 

Lewicki et al. 

(2007) 

A2. Solfatara, Italy 
Faults and 

fractures 1.10 

Lewicki et al. 

(2007) 

A3. Albani Hills, Italy 
Faults and 

fractures 0.44 

Lewicki et al. 

(2007) 

A12. Paradox Basin, UT, 

USA 

Faults and 

fractures 0.04 

Lewicki et al. 

(2007) 

Otway (Penola) Fault conduit 5.7 × 10-3 

Streit and 

Watson (2004) 

Otway (Pine Lodge) Fault conduit 1,5 × 10-2 

Streit and 

Watson (2004) 

Otway (Pine Lodge) Permeable zone 

3.7 × 10-3 to  

7.5 × 10-3 

Streit and 

Watson (2004) 

Mátraderecske, Hungary 
Fault conduit < 6.4 

Pearce et al.  

(2004) 

Latera, Tuscany Permeable zone 39.4 

Pearce et al.  

(2004) 

Mesozoic carbonate Permeable zone 

1.76 × 10-5 to 3.96 

× 10-4 

Chiodini et al. 

(1999) 

 

 

2.5 Fault seal vs fault leak 

Faults may form preferential pathways to fluid flow or may make impermeable 

barriers to the migration of fluids (Bretan et al., 2011; Mathias, 2012). There is ample 

evidence that faults act as conduits; e.g. leakage of contaminated ground water, 

preferential oil migration, geothermal anomalies and elimination of overpressure 

fluids (Bense and Person, 2006). On the other hand, hydrocarbon reservoirs beneath 

or beside faults have proven that they can act as efficient seals over geological time 

scales. There are primarily two ways in which faults are thought to seal and 

compartmentalize reservoirs. The first where a juxtaposition seal is formed where a 

reservoir formation is placed against a low permeable layer such as shale, mudstone 

or salt. The second, is the smearing where low permeable rocks are smeared across 
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the fault boundary to form a sealing layer (Mathias, 2012; van der Zee and Urai, 

2005; Gluyas and Swarbrick, 2004).  

 

Fault seal assessment includes two aspects; i) membrane seal evaluation and ii) 

dynamic seal analysis. Membrane seal or static fault seal evaluation involves the 

geometrical aspect and composition of fault rocks. The geometrical aspect of fault 

sealing can be assessed using the juxtaposition technique or buoyancy pressure 

profile. The composition of fault rocks can be assessed through the evaluation of the 

shale-gouge ratio. Allan’s juxtaposition technique (Allan, 1989) is a standard method 

for evaluating static fault sealing in mixed low and high permeable layers (shale-

sand).  The reservoir and non-reservoir layers are mapped on a three dimensional 

fault surface and thus, predict the likely fault rock composition where the reservoir 

is in contact with other formations (Figure 2.18). If the throw of a fault is greater than 

the thickness of the reservoir layer, it might be placed against another layer of 

different lithology, mechanical characteristics and hydraulic properties. If the 

permeability of that layer is lower than the reservoir permeability, cross-fault flow 

may not be an issue and a juxtaposition seal may form. If the new layer has a high 

permeability, fluid flow and leakage may occur across the fault. The second method 

for estimating static seal potential is the buoyancy pressure profile (Figure 2.19 and 

Figure 2.20) which relies on empirical relationships between fault rock permeability, 

capillary entry pressure and clay content determined from laboratory tests on fault 

gouge material (e.g. Gibson, 1994; Fischer and Knipe, 2001; Sperrevik et al., 2002).  

 

 

Figure 2.18 Analysis of sealing potential of faults using the juxtaposition method. 

If, for instance, a permeable formation is juxtaposed against an 

impermeable shale, a seal will form (after Cerveny et al., 2005). 

 

The capacity of membrane fault seals is usually assessed using the shale-gouge ratio 

(SGR) that can predict failure of fault membrane seals as well as the maximum 

column height for a trapped fluid before a fault starts to leak (Langhi et al., 2010). 

The maximum capillary pressure that a fault can sustain systematically increases as 

the shale-gouge ratio (SGR) increases (Bretan and Yielding, 2005). Another method 
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is the clay smear potential (Dewhurst et al., 2005; Lindsay et al., 1993) which will be 

elaborated on in the next section. 

 

 
 

Figure 2.19 Typical relationship between fault zone capillary entry pressure for 

seal failure and fault rock classification based on clay content in the 

fault zone (after Bretan and Yielding, 2005). 

 

Figure 2.20 A schematic figure showing a) a fault zone section, b) fault zone 

material composition and c) the predicted capillary entry pressure 

and buoyancy pressure trend lines versus depth. Leakage occurs when 

the buoyancy pressure trend line intersects the minimum fault zone 

capillary entry pressure (after Bretan and Yielding, 2005). 

 

2.5.1 Clay smear in faults and its impact on fluid flow  

In clay-rich sequences (clay content >40%), faulting is commonly associated with 

clay smear that can significantly reduce fault permeability (Antonellini et al., 1994; 
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Caine et al.. 1996; Sibson 2000; Clausen et al., 2003; Cuisiat et al., 2010a). Therefore, 

determination of the volume of clay or shale that may be smeared along a fault trace 

is important for estimating fluid connectivity in subsurface systems (Egholm et al., 

2008). Smearing of low permeability clay has been presented as one of the most 

efficient mechanisms for fault sealing. Several processes have been suggested to 

explain the occurrence of clay smear based on field observations (e.g. Lindsay et al., 

1993; Lehner and Pilaar, 1997; van der Zee and Urai, 2001; Clausen et al., 2003), 

laboratory experiments, or numerical modelling (Sperrevik et al., 2000; Egholm et 

al., 2008). Some of the mechanisms include clay abrasion, lateral clay injection from 

source-layers (Mandl, 2000; van der Zee and Urai, 2001; van der Zee, 2002) 

shearing/smearing within faults, and material instabilities. Clausen and Gabrielsen 

(2002) for instance, based on a study at Bornholm Island, Denmark, suggested three 

models for clay smear along faults: i)  development of clay smear by shearing; ii) 

intrusion of plastic or even liquefied clay into the fault core; and iii) a combination 

of shear and intrusion. Smearing of clay is analysed through clay smear potential. 

The abrasional mixing of different materials is analysed using the shale-gouge ratio 

(Figure 2.21).  

 

Generally, there is non-linear dependence of fault zone permeability on  clay content 

under hydrostatic conditions. At lower clay contents (25-40 volume %), permeability 

is strongly controlled by clay content (Takahashi et al., 2007; Crawford et al., 2008) 

while at higher clay content (>40%) permeability is less sensitive to clay content 

(Faulkner et al., 2010). The permeability of fault gouge is also dependent on stress 

history (Bolton et al., 1998; Zhang et al., 1999) and the temperature domain it has 

been subjected to (Olsen et al., 1998; Tenthorey et al., 2003; Yasuhara et al., 2005; 

Giger et al., 2007). Despite presentation of different conceptual models, no real 

mechanics-based predictive model for fault seals is yet available in the literature. 

 

 

Figure 2.21 Clay smear in faults and the related terminology (after Jolley et al., 

2007). 

 

The laboratory shear tests (Cuisiat et al., 2010a; Sperrevik, 2010; Giger et al., 2013) 

or sand box models (Schmatz et al., 2010) are usually used to simulate clay smear 

processes. A few experimental studies dedicated to clay smear and shear band 

formation were carried out at the Norwegian Geotechnical Institute (NGI) in a 



 

 

34 
 

Document No.: 20130613-02-R 
Date: 2014-09-26 
Revision: 0 
 

classical geotechnical ring shear apparatus which allowed for large deformations, but 

was limited to low stress conditions (Sperrevik et al., 2000; Clausen and Gabrielsen, 

2002; Kvaale, 2002). More recently, an advanced ring shear apparatus (Figure 2.22) 

was used to investigate shear band formation and clay smear in unconsolidated 

sediments at greater burial depths (Torabi et al., 2007; Cuisiat et al., 2007; Cuisiat et 

al., 2010a). The experiments consist of shearing a ring of sand with embedded clay 

segments, thereby simulating faulting through a layered sand–clay sequence. They 

observed deformation processes such as grain reorientation, clay smear and 

cataclasis. The complexity of the shear zone was observed to increase with greater 

burial depth at time of faulting. They concluded that at shallow burial depth, in clay-

rich sediments, clay smear is the most efficient mechanism for permeability 

reduction. At shallow depth, sand–sand juxtaposition shear is dominated by grain 

rolling causing only minor permeability reduction. At greater burial depths, 

permeability reduction is dominated by grain crushing. They also reported that the 

thickness of clay smear was more sensitive to the thickness of the sheared clay layers 

rather than other parameters tested.  

 

Shearing of multiple clay layers (3 layers) produced a composite clay smear 2–3 

times thicker than for a single clay layer, whereas when reducing the thickness of 

clay layer to one half of the reference layer, a thin and discontinuous clay smear was 

produced. The permeability across the clay smear was found to increase as the 

thickness of the clay source decreased for single clay layer, but the permeability for 

composite smear was more complex and a clear trend was not observed from the two 

tests they performed. They suggested further work on the mechanics of deformation 

bands in multiple clay layers and also the effect of composite smear on fault 

permeability, formation of phyllosilicate framework in unclean sand with varying 

clay content, clay mineralogy, burial depth, and fault throw. 

 

 

Figure 2.22 Clay smear analysis in laboratory using ring shear test (Cuisiat et al., 

2010a). 
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3 Assessment of CO2 injection-induced fault reactivation 

As previously stated faults are present in almost all geological formations. In general, 

faults may be sealing or non-sealing (Chanpura, 2001). Sealing boundary faults may 

become non-sealing during the process of CO2 storage and reservoir pressurization. 

Sealing integrity may be damaged through capillary leakage or mechanical 

fracturing. Capillary leakage is beyond the scope of this study but mechanical failure 

is the subject of this work and will be discussed further in the following sections. 

 

Mechanical failure of faults may occur through i) shear failure when the shear stress 

exceeds the shear strength of fault zone material, and ii) hydraulic fracturing (in case 

of cohesive faults) when the pore pressure exceeds the sum of the minimum in-situ 

stress and tensile strength of rock. There are two classifications for modes of failure 

in brittle regime fracture mechanics: 

 Tensile fracturing occurs under extensional regimes, i.e. fracture opening (see 

Figure 3.1a).  

 Shear failure occurs when differential stress is large enough to generate shear 

stresses in excess of the shear strength of the rock mass (Figure 3.1b). Tensile 

fracturing tends to increase the permeability dramatically whilst shear failure 

does not have a large impact on the permeability of the sheared zone. 

 

 

a) Tensile fracture (Mode I)  b) Shear fracture (Mode II and III) 

Figure 3.1 Different modes of failure. 

 

In the case of shearing, post failure deformation may be brittle or ductile, depending 

on the shear strength properties and the level of the effective confining stress. In a 

brittle regime, deformation associated with dilation occurs until sudden failure at 

peak shear strength, followed by strain softening down to residual shear strength. 

Ductile deformation, on the other hand, produces contraction of the sample and more 

diffuse deformation. In brittle deformation, shear fractures dilate under low effective 

normal stress and cause permeability enhancement with increased shearing. With 

increasing shear deformation, fracture asperities are sheared off leading to gouge 

production and reduction of permeability (Gutierrez et al., 2000). Thus, in brittle 

deformation permeability will generally increase under low effective stresses and 

small displacements but decreases with increasing effective stress and magnitude of 

a) Tensile fracture (Mode I) b) Shear fracture (Mode II & III)
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displacement. Shear fractures created in ductile deformation contract during shearing 

and do not lead to an increase in permeability.  

 

Experience from petroleum fields show that fault reactivation is more likely to occur 

following depletion of soft reservoirs compared with rigid ones (Chanpura, 2001). 

This is because of larger poro-elastic reservoir strains. Soft reservoir refers to an 

unconsolidated, low strength formation while rigid reservoir refers to a 

consolidated/cemented, high strength rock. Deformation of soft reservoirs is more 

likely to be ductile rather than brittle. Following the discussion in the previous 

paragraph, ductile deformation in soft reservoirs may not necessarily increase the 

permeability of sheared zones. This is positive for the integrity of reservoirs.  

 

As mentioned in the introduction, reactivation of faults (and fracture systems) during 

injection or depletion can be assessed using different methods and approaches. Two 

commonly used methods for evaluating potential reactivation of faults include the 

analytical and numerical solutions (Mildren et al., 2002; GeoScience, 2004; Lucier 

et al., 2006; Moeck et al., 2009; Cuisiat et al., 2010b; Verdon 2010; Vidal-Gilbert et 

al., 2010; Cappa and Rutqvist, 2011; Morris et al., 2011; Preisig and Prévost, 2011; 

Fang et al., 2012; Hung and Wu, 2012; Jeanne et al., 2013; Kano et al., 2013; Rutqvist 

et al., 2013; Tenthorey et al., 2013). This chapter describes these two methodologies 

as follows: 

 Firstly, the methodology (the analytical Mohr-Coulomb failure criterion) is 

elaborated on as a preliminary tool for fault reactivation analysis. Its 

assumptions and its associated limitations are addressed; 

 Secondly, numerical approaches are outlined which address some of the 

limitations of the analytical method and; 

 Thirdly, the impact of fault reactivation on fault leakage is discussed using 

brittle and ductile failure classifications. 

 

3.1 Analytical approach to evaluate fault reactivation 

Injection of a fluid into a reservoir increases the pore pressure and changes the 

effective stresses in the reservoir and surrounding formations. When differential 

stresses increase, and shear stress acting on a fault plane exceeds its shear strength, 

the fault may be reactivated and slip occurs (Figure 3.2). The shear slip condition can 

be expressed using the linear Mohr-Coulomb criterion:  

 

  crit n f
C P           (3.1) 

 

where τcrit is the critical shear stress, C is the cohesion, μ is the friction coefficient, σn 

is the normal stress and Pf is the pore pressure. The shear and effective normal 

stresses acting on a fault plane can be expressed in terms of the angle of the fault to 

the principal stresses (Figure 3.2 a) and their magnitudes as (Figure 3.2b): 

 

1 3 sin 2
2

 
 


            (3.2) 
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           (3.3) 

 

where σ'1 and σ'3 are the maximum and minimum principal effective stresses acting 

on the fault plane; and θ is the angle between the normal vector to the fault plane and 

the direction of maximum principal stress, σ1 , acting on the fault. σ denotes the total 

stress. Byerlee (1978) showed that for most rocks, the friction coefficient, μ, in 

Equation 3.1 ranges between 0.6 and 0.85. However, this parameter is affected by 

many factors and conditions. More details on the estimation of friction coefficient of 

faults and discussion on factors affecting rock friction are addressed in Section 4.2. 

 

 

Figure 3.2 Schematic presentation of stresses on a fault plane (a) and illustration 

of the change in effective stresses due to injection on Mohr diagram 

(b). 

 

In most cases, the strike of a fault plane is not parallel with the intermediate in-situ 

stress. The shear and effective normal stresses acting on a fault in a 3D space can 

also be plotted on Mohr-Coulomb diagram using all three components of principal 

stress and relevant angles to the directions of each principal stresses as shown in 

Figure 3.3. The critical injection pressure can be calculated from the horizontal 

distance between the current stress state and the failure envelope (Wiprut and 

Zoback, 2002). 
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Figure 3.3 a) orientation of a fault plane in a 3D stress field. b) Mohr circle 

representation of stress state and critical injection pressure. 

 

For rocks in which cohesion is zero the potential fault slip can be expressed as the 

ratio of shear stress to effective normal stress acting at the location of the fault plane. 

This ratio is known as the fault slip tendency (Morris et al., 1996). For cohesionless 

rocks (i.e. C = 0), there will be a fault slip when the calculated slip tendency (i.e. 

/'n) exceeds the friction coefficient, μ. The potential for fault reactivation can also 

be expressed in terms of the maximum sustainable fluid pressure or the critical 

injection pressure (Pc) as (Rutqvist et al., 2007; Streit and Hillis, 2004): 

 

c n
P





                   (3.4) 

 

The critical injection pressure, also referred to as the maximum sustainable pressure, 

can be calculated for all possible fault orientations at a given depth using the 3D 

equivalents of Equation 3.1 as illustrated in Figure 3.3. The critical injection pressure 

is then plotted in a lower hemisphere stereographic projection of poles to planes to 

evaluate the critically oriented faults. Figure 3.4 shows an example of the fault 

reactivation modelling of CO2 injection risk for the Naylor Field, Otway Basin, 

Australia where the fault regime is strike-slip (Vidal-Gilbert et al., 2010). The 

stereographic projection of poles to planes in Figure 3.4a shows that sub-vertical 

faults striking 120° to 165° (i.e. 90° from the pole locations plotted in Figure 3.4) are 

the most critical ones for reactivation (i.e. hot colours in Figure 3.4a). Then, if the 

fault strength is known the fault reactivation potential, represented by the critical 

injection pressure for the known faults, can be quantified as shown in Figure 3.4b. 
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Figure 3.4 Calculated critical injection pressure using the analytical approach 

for the Naylor Field, Otway Basin, Australia. The scale shows how 

much the reservoir can be pressurized before shearing. a) lower 

hemisphere stereographic projection of poles to planes showing the 

critical pore fluid pressure on faults and potential for reactivation, 

and b) critical pore pressure for all faults in the reservoir (Vidal-

Gilbert et al., 2010). 

 

3.2 Limitations of the analytical approach 

The aforementioned analytical approach is a useful tool for a preliminary or first-

order assessment of fault reactivation potential. It has been widely used not only for 

CO2 storage projects but also for geothermal reservoirs and waste disposal sites 

(Holloway, 1997; Moeck et al., 2009; Langhi et al., 2010). The analytical approach 

relies on many assumptions and simplifications and thus has limitations for 

applicability to complex in-situ conditions. This section presents some of these 

limitations. 

 

3.2.1 Alteration of in-situ stress field during injection 

In the analytical approach, it is assumed that the total stress is constant (i.e. equal to 

the initial in-situ stress) during injection. However, the knowledge from depleted 

hydrocarbon reservoirs states that change in the reservoir pressure alters the stresses 

(Hettema et al., 2000; Teufel et al., 1991). Examples from geomechanical modelling 

of CO2 sequestration sites also indicate the alteration of in-situ stress fields during 

injection (Rutqvist et al., 2007). This alteration may be governed by several factors; 

e.g. geometry of reservoirs, contrast between the stiffness of reservoirs and their 

surroundings.  

 

Injection and depletion operations not only change the magnitude of in-situ stresses 

but also their orientation. The change may be local but may affect fracture 

propagation direction and conditions (Day-Lewis, 2008).   
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Poro-elastic stressing (injection induced in-situ horizontal stress change) 

For laterally infinitely extended thin reservoirs, injection-induced change of vertical 

stress can be assumed negligible due to the free movement of ground surface. But in 

the horizontal direction, change of in-situ stresses might be significant due to 

confinement by surrounding rock bodies. This stress alteration is known as poro-

elastic stressing (Rutqvist et al., 2007; Streit and Hillis, 2004). Assuming uniaxial 

condition (i.e. no change in total vertical stress), the change of in-situ horizontal 

stress can be calculated by (Fjær et al., 2008): 
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               (3.5) 

 

where  is the Biot's coefficient, and  is the drained Poisson's ratio. When  is 

assumed as 1.0 and the range of Poisson's ratio is assumed from 0.2 to 0.3, the change 

of horizontal stress can be approximated by a value between 0.5 and 0.6 of the pore 

pressure change. From Equation 3.5, the change of effective vertical and horizontal 

stresses for a laterally extended thin reservoir can be expressed as: 
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            (3.7) 

 

The effect of poro-elastic stress on the critical injection pressure depends on the fault 

stress regime. As shown in Figure 3.5a, the change of in-situ horizontal stress is less 

critical for fault stability in the normal faulting regime (i.e. Sv > Sh). It means that 

there is more margin to the critical injection pressure than assuming constant in-situ 

stress condition. However, for a thrust fault regime (i.e. Sv < Sh) (Figure 3.5b), change 

in the in-situ horizontal stress moves the Mohr circle towards the critical injection 

pressure indicating failure which would have otherwise been assumed to be a stable 

stress condition. 
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Figure 3.5 Mohr-circle representation of stress changes resulting in fault 

reactivation for (a) a normal fault within a reservoir during depletion, 

and (b) a thrust fault within a reservoir during injection. Index a 

denotes “after change in pore pressure” and index b denotes “before 

change in pore pressure” (Soltanzadeh and Hawkes, 2008). 

 

Stress arching effect (injection induced vertical stress change) 

In reality, reservoir formations do not behave like the uniaxial conditions discussed 

previously. According to Segall and Fitzgerald (1998), an assumption of a uniaxial 

condition of a reservoir can be only valid for laterally extended thin reservoirs that 

have a ratio of a lateral width to the thickness of more than 10:1. In many cases, there 

are changes in the magnitude of the vertical total stress due to injection/depletion, 

which is known as stress arching. Change of vertical and horizontal stresses during 

injection or depletion can be defined by the stress path coefficient as follows 

(Hettema et al., 2000): 
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                    (3.9) 

 

The coefficient γv is also called the arching coefficient where γv = 0 means the 

constant vertical in-situ stress during the injection or depletion. 

 

If the shape of a reservoir becomes more like a sphere, there is more change in 

vertical stress (arching effect). When the shape of a reservoir is ellipsoidal, the effect 

of the reservoir shape on the production-induced stress change can be estimated by 

Rudnicki's model (1999). When the depth of a reservoir is greater than the lateral 

extension of the reservoir, and the elastic contrast between the reservoir and its 

surroundings is assumed to be the same, the stress path coefficient can be calculated 

as (Fjær et al., 2008): 
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where e is the aspect ratio that can be defined as ratio of the thickness to the diameter 

of the ellipsoidal reservoir.  

 

The normalized stress path as a function of the aspect ratio e is plotted in Figure 3.6. 

When e is zero (i.e. flat reservoir), the reservoir behaviour is like a uniaxial condition. 

However, when e is unity (i.e. spherical reservoir), the change of vertical in-situ stress 

becomes the same as that in the horizontal direction. 

 

 

Figure 3.6 Normalized stress path coefficients versus the aspect ratio of the 

depleting reservoir zone, calculated from Rudnicki’s model for the 

case of no elastic contrast. The stress path coefficients have been 

normalized by dividing with γh for uniaxial strain conditions (Fjær et 

al., 2008). 

The elastic contrast between the reservoir and the surroundings also affect the stress 

path (stress arching) of the reservoir. Usually, it is known that there is more vertical 

stress change (i.e. more stress arching) when the stiffness of the reservoir is much 

lower than the surroundings (Fjær et al., 2008). Vidal-Gilbert et al. (2010) also 

investigated the effect of stiffness contrast on the horizontal stress path using 

Rudnicki's model (1999) for the geomechanical study of Otway basin, Australia. As 

shown in Figure 3.7, the coefficient of the horizontal stress path decreases with 

increasing the ratio of bulk modulus of host rock to reservoir, and this reduction of 

the horizontal stress path tends to increase with Poisson's ratio. A decrease in the 

horizontal stress path can enhance the stress arching as a counteracting behavior. In 

a normal stress regime, stress arching during injection can result in a reduced 

maximum sustainable injection pressure (i.e. more slip potential). 
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Figure 3.7 Horizontal stress path inside a reservoir against the Poisson's ratio 

for different ratios of bulk moduli (Vidal-Gilbert et al., 2010). 

 

However, the aforementioned examples in this section are only for reservoirs that 

have a well-defined simple geometry. In reality, reservoir geometry is quite complex, 

and a change of pore pressure in a reservoir is not homogeneous. Therefore, valuation 

of reservoir stress paths should be calculated using geomechanical simulation for 

arbitrary reservoir geometry, and in associated with properly estimated in-

homogeneous pore pressure distribution in the reservoir. 

 

3.2.2 Undrained behaviour of the boundary faults 

The aforementioned analytical method assumes the same amount of pore pressure 

change in a fault plane as that for a reservoir during injection/depletion. If faults are 

highly permeable and the drainage path is short (i.e. low thickness of the fault zone), 

pressure inside the fault may reach the reservoir pressure quickly. However, faults 

usually have very low permeability of 10-2 to 10-6 mD (1x10-17 to 1x10-21 m2) 

(Faulkner and Rutter, 1998; Wibberley and Shimamoto, 2003). Therefore, pressure 

equilibrium between the reservoir and fault may take a couple of months to years 

(depending on permeability), which is significant compared to the operational time 

frame. This problem is known as the effect of undrained behaviour and slow 

propagation of pore pressure in the boundary faults (Rice and Rudnicki, 1979; 

Rudnicki, 2001).  

 

The change of pore pressure in a fault plane can be slower than that in a reservoir due 

to low permeability within the fault zone. At the edge of the reservoir, where the 

bounding faults exist, the change of effective stress inside the fault may be the same 

as the change in the total stress (i.e. undrained geomechancial behaviour). Then, the 

stress state changes from undrained to drained conditions as a function of time. The 

time for a fault zone to reach a drained condition can be roughly calculated using a 
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consolidation coefficient and the thickness of the fault as follows (Cuisiat et al., 

2010b): 

 

  2
/t L c             (3.12) 

 

where L is the thickness of the fault core, and c is the consolidation coefficient given 

by: 
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          (3.13) 

 

where k is the intrinsic fault core permeability, Ku is the undrained bulk modulus, K 

is the drained bulk modulus, G is the shear modulus, μf is the dynamic viscosity and 

 is the Biot's coefficient.  

 

3.2.3 Effect of irreversible stress path on geomechanics of depleted reservoirs: 

impact of stress history 

Storage of CO2 in depleted hydrocarbon reservoirs may be more feasible than in 

saline aquifers because they have proven seal integrity over a geological time scale. 

Depleted reservoirs will have experienced changes in the state of stress during the 

production phase (Orlic, 2009; Rutqvist, 2012). If a fault has been activated, or 

subjected to plastic behaviour during depletion, the stress path during injection may 

be partly irreversible.  

 

Figure 3.8 shows a numerical example applied to determine the feasibility of 

injection into a depleted gas field in the Netherlands (Orlic, 2009). The right figure 

shows the stress path of a fault for each scenario. The dotted line indicates the 

reversible stress path (elastic response); and the solid red line indicates the 

irreversible stress path due to plastic behaviour during depletion. We can observe 

that an irreversible reservoir stress path during reservoir re-pressurization can cause 

a condition that leads to fault reactivation  earlier than if  a reversible stress path had 

occurred. In the case of an irreversible reservoir stress path, the stress path will only 

partly recover during reservoir re-pressurization and therefore converge faster 

towards the Mohr-Coulomb failure envelope. This type of stress development is less 

favourable as the conditions for fault reactivation will be reached earlier than the case 

for a reversible stress path. Orlic et al. (2013) recommended that the reservoir stress 

path during re-pressurization is monitored by conducting repeated minifrac and 

extended leak-off tests in order to decrease the uncertainty in the estimation of fault 

reactivation during CO2 injection. 
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Figure 3.8 Stress path on the boundary fault during injection into a depleted gas 

reservoir: dotted line represents the reversible path under elastic 

behaviour and the red solid line indicates the irreversible path due to 

fault reactivation during depletion (Orlic, 2009). 

 

3.2.4 Potential of fault reactivation in the cap rock 

The stability of faults not only within a reservoir but also in cap rocks is crucial for 

storage reservoir integrity. A comprehensive criterion for fault stability analysis 

should be the ability to capture behaviour of faults both within the storage and in the 

surrounding formations. It should answer whether reactivation of a fault in a reservoir 

will propagate into the cap rock or not. Fracture propagation in a rock mass in 

microscopic scale has been explained by several researchers using the Inclusion 

theory, which is based on Griffith criterion (1921) (Horii and Nemat-Nasser, 1985). 

However, fracture propagation in faults in the interface region is difficult to capture 

using the pure analytical approach. The analytical method, which is briefly 

introduced in Section 3.1, is applicable to faults within the reservoir only (or to - 

reservoir-bounding faults).  

 

The key question is how pressure change in the reservoir affects pore pressure inside 

the cap rock. Pore pressure distribution in the cap rock can be obtained using 

numerical methods. The pressure data can then be used in an analytical or numerical 

solution for assessing fault reactivation inside the cap rock. As illustrated 

schematically in Figure 3.9, the effective stress change in the top seal is relatively 

small compared to the effective stress change in the reservoir during injection or 

depletion. The difference between top seal and reservoir is typically one to two orders 

of magnitude (Fjær et al., 2008; Orlic, 2009). The minor stress change in the cap rock 

may be too small to cause mechanical failure or reactivation of faults in the cap rock. 

The small effective stress change on the boundary faults in the cap rock may not 

mechanically alter fault stability during production or injection even though failure 

may occur in the reservoir-bounding fault.  

 

To examine the applicability of the conventional/analytical method on evaluation of 

fault reactivation in the cap rock, further investigation on i) variation of pore pressure 

in the fault zone due to pressure change in the reservoir, and ii) pattern of progressive 
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failure from reservoir to the cap rock is required. This can be approached using 

numerical methods. 

 

 

Figure 3.9 Stress changes of reservoir surroundings during depletion. The 

change of vertical and horizontal stresses are only a couple of 

percentage values of pore pressure change in the reservoir (Orlic, 

2009). 

 

3.2.5 Concluding remarks on the analytical method 

Analytical approaches based on Mohr-Coulomb type failure criteria are simple and 

good tools for the first-order assessment of fault reactivation potential during 

injection or depletion. Recently, many approaches have been introduced to overcome 

the limitations of the analytical method. However, as discussed, analytical 

approaches still have some limitations for explaining real behaviour of faults during 

injection. Some approaches can consider changes in the in-situ stress magnitude. But 

injection or depletion changes not only the magnitude of principal stresses but also 

their direction. This is another factor that may introduce uncertainties to the estimated 

fault reactivation potential. 

 

As discussed in Section 3.2.4, the analytical approach can only be applied to the 

reservoir-bounding or reservoir-crossing faults. Thus, the calculated fault 

reactivation from an analytical approach may have a limitation in its application to 

faults in the cap rock, and thus, may provide limited information on the slip tendency 

of faults in the sealing formations. The latter could be more important for integrity 

of the storage reservoir. In order to carry out a thorough assessment of fault stability, 

the first-order estimation by the analytical method should be combined with models 

that are able to explain geomechanical behaviour of cap rock (e.g. analytical 

approach based on fracture propagation using the inclusion theory; Griffith (1921) or 

a coupled numerical modelling). 

 

3.3 Numerical approach 

Reactivation of faults due to injection or production is a complex problem that 

requires comprehensive analyses of initial and induced stresses versus the strength 

properties of fault zone material. Some of these aspects can be captured by numerical 
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modelling. Geomechanical simulation can provide a critical insight on the response 

of subsurface geological systems during injection or depletion. For hydrocarbon 

applications, geomechanical modelling has been widely used to estimate reservoir 

compaction, surface subsidence, wellbore stability, etc. Recently, this methodology 

has been extended to CO2 geologic storage to evaluate cap rock integrity or fault 

reactivation during CO2 injection and storage (Orlic et al., 2011; Rutqvist, 2012; 

Vidal-Gilbert et al., 2009). 

  
Generally, geomechancial simulation includes several steps as listed in Figure 3.10. 

It requires the following input data: 

 geometrical and geological description of the reservoir and surrounding 

formations,  

 material model and properties of rocks, e.g. deformation properties, strength 

and permeability parameters for the reservoir and surrounding formations, 

 hydraulic and strength properties of faults, 

 initial conditions; spatial distribution of pore pressure, stresses and 

temperature, initial saturation data on the formations outside reservoir, 

 boundary condition, 

 loading conditions according to the project design, i.e. time histories of the 

spatial distribution of pore pressure and temperature field within the reservoir 

during depletion/injection.  

 

 

Figure 3.10 A general procedure for geomechanical analysis of fault reactivation. 

 

For geomechanical simulation of fault reactivation analyses, we need to implement 

fault geometry and hydro-mechanical properties into the model. The thickness of 

faults, compared to the host formations, is very small. Properties of fault zone 

material may also be quite different from the surroundings. This discrepancy between 
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faults and surrounding materials requires special considerations for implementing 

real fault characteristics to a geomechancial model. 

 

In this section, the following elements are addressed to model fault reactivation using 

geomechanical simulation: 

 including a fault in a geomechanical model, 

 modelling a fault as a discontinuity in a global model, 

 modelling a fault as an equivalent rock mass in a local model. 

 

3.3.1 Fault modelling: problem of scale 

Faults or fracture zones may be considered in conceptually different ways depending 

on the relations between the scale of the feature and the problem of concern. Figure 

3.11 illustrates a fracture zone or fault as observed at different scales. It is important 

to realise that even if the feature at some scale appears as a single discontinuity, closer 

examination may reveal that it comprises smaller structural elements. 

 

 

Figure 3.11 The problem of scale: fault viewed at different scales emphasises 

different components (after Cuisiat and Høeg, 2002). 

 

Faults may be conceptualised in different ways in geomechanics, the choice being 

governed by two factors (Leijon, 1993): 

 the scale of the problem to be considered in relation to the scale of the fracture 

zone, 

 the possibilities to determine the required properties of the associated model. 

 

In a global analysis, the major faults can be represented as single features, and their 

global strength properties are of concern. At a smaller scale, for instance considering 

the stability of a wellbore, the features of concern are the local fractures and their 

properties, degree of rock alteration, and pore pressure development.  

 

The concept of fault properties at different scales can be modelled as shown in Figure 

3.12. To do so, mechanical properties should be known for the following 

components: 

 intact rock 

10 mm10 m
1 km
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 fault/fracture 

 filling material, such as clay or fault gouge. 

 

 
 

Figure 3.12  Representation of faults or fracture zones in geomechanical models, 

and associated key properties (after Leijon, 1993). A) Discrete 

discontinuity, B) Equivalent rock mass, discontinuities at boundaries, 

C) Equivalent rock mass, all continuum, D) Discrete representation 

of internal fracturing within fault zone. 

 

Methodology for numerical modelling of faults is presented in the following sections. 

 

3.3.2 Modelling fault as a single discontinuity 

Modelling faulting discontinuity in continuum models 

 

Numerical methods based on continuum mechanics, such as the finite element 

method (FEM) and the finite differences method (FDM), have widely been used for 

reservoir geomechancis because of their advantages in calculating the continuous 

strain and stress field in a global scale. However, in the continuum model, the 

displacement field is always continuous. Thus, the failure surface can only be defined 

by a concentration of plastic strain and can be mesh-dependent. For a global 

geomechanical model at km scale, it may be difficult to model discontinuous slip 

displacement in the fault by continuum mechanics unless the fault zone is modelled 

by a fine mesh size to represent discontinuous slip as a smooth continuous 

displacement. However, modelling a fault with a thickness in the order of a 

centimetre to a meter, with a fine mesh global model that has a scale of more than an 

order of a kilometre, may be practically challenging. 

 

To model the thin discontinuities using the continuum geomechanical model, the 

"zero thickness interface element" is one of the widely used approaches in 
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geotechnical and geoscience engineering (Carol and Alonso, 1983; Day and Potts, 

1994). The interface element assigns a special connection of a node pair between 

shared nodes to allow differential movement of the rock across the fault as shown in 

Figure 3.13. 

 

 

Figure 3.13 Schematic of modelling fault as an interface element. 

 

Stresses acting on a fault plane can be analyzed into normal and shear components. 

The normal stress, n, and the shear stress, , can be expressed as a normal and a 

tangential relative displacement between the top and the bottom of a block (see 

Figure 3.13), uv and uu , using the following constitutive equations: 

 

   
top bottom

u u u
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n v v v

u u u
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         (3.14)

  

When a fault is assumed as an isotropic linear elastic material, the matrix [D] can be 

expressed as: 
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            (3.15) 

 

where, Kn and Ks are the elastic normal stiffness and shear stiffness respectively. 

 

In the context of CO2 geologic storage, numerical modeling of faults using the zero-

interface elements have recently been introduced (Vidal-Gilbert et al., 2009; Cappa 

and Rutqvist, 2011; Orlic et al., 2011). Cappa and Rutqvist (2011) examined various 

hydromechanical models of faults to investigate fault behavior. They used different 

mechanical modeling approaches, including slip interface and finite-thickness 

elements with isotropic or anisotropic elasto-plastic constitutive models. The results 

of the investigation showed that hydromechanical behavior of faults can be 

appropriately represented with zero thickness interface element as well as a solid 

element as shown in Figure 3.14. In the field of hydrocarbon production, interface 

element concept has been employed by many researchers (Bostrøm and Skomedal 

2004; Cuisiat et al., 2010b). 
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Figure 3.14 Comparison of modelling faults as interface element (dotted line) and 

solid elements (solid line) for geomechanical analysis of CO2 

geologic storage: a) model geometry, b) change in shear stress, and 

c) shear slip (Cappa and Rutqvist, 2011). 

 

However, when implementing the zero-thickness interface element in the continuum 

model, it creates numerical instability, especially when the interface stiffnesses (i.e. 

Kn and Ks in Equation 3.15) are very different from the stiffness of surrounding 

continuum elements (Day and Potts, 1994). Thus, careful selection of the interface 

stiffnesses would be necessary for realistic analysis. Alternatively, contact 

formulations can be useful to model the discontinuity in global model (ABAQUS, 

2001; Bostrøm and Skomedal, 2004). 

 

Modelling fault discontinuity in discontinuum models 

Discontinuum methods were originally developed for modelling relative 

displacement in large blocky bodies, which could be proper for modelling fault 

reactivation. Distinct element method (DEM) is a widely used dicontinuum method 

in rock mechanics to model behaviour of fractured rock (Bobet et al., 2009; Cundall 

and Hart, 1992). The DEM assumed that the fractured medium is divided into discrete 

bodies that are connected by a constitutive relationship as illustrated in Figure 3.15. 

Thus, the modelling of relative displacement at predefined fractures (e.g. faults) 

could be more straightforward in the DEM than the continuum methods. 

 

 

a) b) c)
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Figure 3.15 Schematic of modelling fault using distinct element method. 

 

The DEM has been used to model fault reactivation or fracture opening for 

hydrocarbon reservoirs. Gutierrez and Makurat (1997) modelled the effect of cold 

water injection in fractured hydrocarbon reservoirs using DEM coupling with hydro-

thermal behaviour. To model the non-linear plastic behaviour of rock fractures, they 

used the Barton-Bandis model (Barton et al., 1985). From their study, they showed 

the feasibility of the DEM on the injection related reservoir geomechanics. Recently, 

the applicability of the DEM to CO2 related fault reactivation has also been reported. 

Morris et al. (2011) applied the DEM method (LDEC) to model an injection-induced 

mechanical deformation at In Salah CO2 storage project as shown in Figure 3.16. 

They have simulated the mm-scale uplift of the overburden associated with the CO2 

injection and compared the results with the observed ground surface deformation 

measured by InSAR. The study estimated a surface deformation that has fairly good 

agreement with InSAR monitoring. They could get a more realistic morphology of 

the surface deformation when the pressurization of the reservoir and faults were 

combined rather than considering either in isolation. 

 

Figure 3.16 Comparison of the surface uplift monitored by InSAR data (a) with 

the predicted uplift using DEM method (b) the injector KB-502, In 

Salah CO2 storage site (Morris et al., 2011). 

 

Distinct element method

Fault

a) b)
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There is no standard guideline for when to use a continuum (e.g. FEM or FDM) or a 

discontinuum model (e.g. DEM), either for petroleum/CO2 related geomechanics or 

for the conventional rock mechanics problems. However, the choice of method may 

mainly depend on the scale of the discontinuity and its geometry.  Figure 3.17 

illustrates the effect of the scale of discontinuities based on the selection of a 

numerical method. If the medium is mainly composed of intact rock (Figure 3.17a) 

or heavily fractured rock (Figure 3.17d), continuum models can be used. When the 

rock is moderately fractured with definable spacing, a discontinuum method would 

be appropriate. When only a small number of discontinuities are present in the 

domain, as depicted in Figure 3.17b, both continuum and discontinuum approaches 

could be applicable (Bobet et al., 2009; Jing, 2003). It should be noted that the 

prediction of any of these methods must be validated using direct observations (e.g. 

deformation or seismic monitoring). 

  

 

Figure 3.17 Effect of scale of discontinuities on the selection of numerical method: 

a) continuum method, b) either continuum with interface element or 

discrete (discontinuum) method, c) discrete (discontinuum) method, d) 

continuum method with equivalent properties (pseudo-continuum 

method)  (after Jing, 2003). 

  

Estimation of the normal and shear stiffness of fault zones 

When we model a fault zone as a single discontinuity, we need the stiffness of the 

fault to estimate elastic deformation induced by pressure change. Generally, a fault 

zone is composed of both continuum material (e.g. intact rock/ damaged zone) and 

discontinuities (e.g. joints). The fault zone can be assumed to be layered material 

made of fractures and intact material defined by: 

- mean fracture spacing s in the fault zone, 

- normal and shear stiffness of the fractures kn and ks, 

- Young’s modulus E and shear modulus G of the intact material. 
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The shear and normal stiffness of faults can be estimated using equivalent value 

considering stiffness of both intact rock and fracture. The equivalent stiffness can be 

expressed as follows (Priest, 1993): 
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3.3.3 Modeling fault as rock mass of continuum material  

As previously explained, although a model assumes a fault is a single discontinuity 

it can explain the fault behaviour at global scale (i.e. reservoir of km-scale). The 

model’s  limitation may be its ability to explain detailed behaviour of fault zones, 

which consist of a fault core and a damage zone. Modelling faults as a rock mass of 

continuum material, or fracture material, could be a suitable approach to investigate 

fault behaviour at a local scale. 

 

Generally, Young’s modulus and shear strength of the fault core are weaker than 

those for the damage zone (Gudmundsson, 2004). The fault zone in a rock body is 

more prone to shear slip with strain softening than the surrounding rock mass, as 

shown in Figure 3.18. To model the shear band using a continuum approach, the 

Mohr-Coulomb model with strain softening strength is usually used for the fault 

reactivation analysis (Cuisiat et al., 2010b; Rinaldi et al., 2014). 

 

 

Figure 3.18 Material softening behaviour presented in a) shear stress versus 

strain and b) shear stress versus stress field. 

 

It should be noted that fault modelling with strain softening using a continuum 

approach is sensitive to the mesh size (Tejchman and Bauer, 1996; Thakur, 2011). 

Some field observations indicate that the scale of fault slip could be in the order of 1 

to 5 mm, which is much thinner than the thickness of even a fault core (Sibson, 
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2003b). To overcome the tendency in the continuum modelling that shear bands 

follow the pattern of mesh discretisation rather than  real shear bands, new techniques 

such as non-local continuum or Cosserat continuum theory have been introduced and 

include the internal length (Brinkgreve, 1994; Sulem and Vardoulakis, 2004). These 

advanced continuum methods can model shear band thickness using a scaled internal 

length, which represents an area within which the average non-local strain is 

obtained. Consequently, the problem of the discrepancy between real shear bands 

and mesh-dependent modelled shear bands can be solved. However, these methods 

are not well implemented into commercial FE software yet. They also require the 

element size to be smaller than the internal length. 

 

3.4 Effect of fault reactivation on sealing integrity 

In previous sections, we reviewed the methodologies to evaluate fault reactivation 

analytically and numerically. Although the aforementioned methods can estimate the 

location and time for shear failures, shearing does not always imply leakage along 

reactivated faults. Sometimes, failure in reactivated faults can induce pore collapse 

and cause porosity reduction. Consequently, low porosity may lead to fracture 

healing and tightening of the seal. The permeability change during fault reactivation 

seems to be related to the ductile or brittle behavior of the material (Barton et al., 

1985; Bjørlykke et al., 2005; Ingram and Urai, 1999). 

 

The post failure deformation may be brittle or ductile, depending on the shear 

strength properties and the level of the effective confining stress, as shown in Figure 

3.19. In the brittle regime, deformation occurs with associated dilation until sudden 

failure at peak shear strength, followed by strain softening down to residual shear 

strength. Ductile deformation, on the other hand, produces contraction of the sample 

and more diffuse deformation. Shear fractures in brittle deformation dilate under low 

effective normal stress and cause an increase in permeability with increased shearing. 

As shear deformation increases, fracture asperities are broken off leading to lower 

porosity and a reduction in permeability. Shear fractures created in ductile 

deformation contract during shearing  which also leads to a decrease in permeability 

(Ingram and Urai, 1999). 

 

 

Figure 3.19 Effect of strength properties and confining stress on the brittle/ductile 

deformation (Ingram and Urai, 1999). 
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As previously discussed, brittle behaviour in the post failure regime is responsible 

for the enhancement of fault permeability. Thus, many empirical relations on the 

stress dependent permeability can be expressed as a function of the change of 

porosity, which is a consequence of brittle/ductile behaviour (Millington and Quirk, 

1961; Chin et al., 2000; Cappa and Rutqvist, 2011). In soil and rock mechanics, the 

change of porosity can be simply regarded as change of volumetric strain. 

 

When elasto-plastic behaviour of faults is considered in a numerical approach, an 

incremental vector of plastic strain can be plotted as shown in Figure 3.20. The 

negative direction of plastic strain on the x-axis indicates a dilation with shearing (i.e. 

increase of volumetric strain during shearing). The ratio between plastic volumetric 

strain and plastic shear strain can be defined by the angle between the normal to 

plastic potential and the vertical line, known as dilatancy angle, .   

 

 

Figure 3.20  Incremental vector of plastic strain plotted along with the Mohr-

Coulomb failure envelope for non-associative plasticity. 

 

If we assume the same value of friction angle as the dilatancy angle (i.e.  = ϕ), the 

plastic potential becomes the same as the yield envelope – which is known as the 

associated flow rule. The associated flow rule for the Mohr-Coulomb model has an 

advantage because the direction of plastic strain is relatively easy to determine. 

However, the assumptions applied in this model have the following pitfalls and can 

result in unrealistic volumetric strain determination (Potts and Zdravković, 1999): 

 The magnitude of the dilation using the associated flow rules (i.e. the 

extensional plastic volumetric strain) can be larger than rock/soil behaviour. 

Usually,   < ϕ is common for real rock/soil behaviour. 

 Once the dilation starts, it occurs permanently. In soil/rocks, the magnitude 

of dilation reduces with increasing strain. Finally, the increase of volumetric 

strain due to the dilation becomes zero at large strain, which is called a critical 

state in soil mechanics. 
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When fault behaviour is modelled using a Mohr-Coulomb type plastic model, over-

estimation of dilatancy and consequent unrealistic permeability change in the fault 

needs to be avoided. This can be achieved if a realistic range for the dilatancy angle, 

which is less than the friction angle, is considered. When plastic strain increases, 

even though the dilatancy angle is less than a friction angle, it could still over-

estimate the volumetric strain during large strains. Thus, implementation of dilatancy 

that varies with plastic strain, could result in a more realistic estimation of the change 

of permeability in a fault during reactivation especially if deviatory plastic strain 

occurs. 

 

3.5 Summary and recommendation 

In this chapter, the methodologies to evaluate fault reactivation potential and its 

relationship to fault leakage was addressed. Analytical approaches based on the 

Mohr-Coulomb type failure criteria are simple and provide useful tools for the first-

order assessment of fault reactivation potential during injection/depletion. Essential 

components of the analytical method of fault reactivation potential are: 

 Magnitude and direction of in-situ stresses, 

 Fault dip and strike, 

 Shear strength, especially friction coefficient, 

 Initial pore pressure and pressure change. 

 

The analytical approach has some limitations to explain real fault behaviour during 

injection/depletion. Some of the limitation are: 

 Analytical approaches cannot consider a change of stress around faults. Some 

approaches can consider the change in total stress magnitude. But 

injection/depletion changes not only the magnitude but also the direction of 

principal stresses. This is another factor that may introduce uncertainties to 

the estimated fault reactivation potential. 

 The slip tendency estimated by analytical approach and the change in 

reservoir pressure can only be applied to the reservoir-bounding or reservoir-

crossing faults. Thus, the calculated fault reactivation derived from an 

analytical approach may provide limited information on the slip tendency of 

faults in the sealing formations. If we can estimate the change of effective 

stresses in a cap rock, then we can apply the analytical approach and predict 

the slip tendency. However, such an approach may need more validation. 

Sometimes, propagation of fault reactivation may act positively on the sealing 

integrity of a fault by activating a self-healing mechanism. Fault reactivation 

that affects the sealing integrity is a consequence of complex coupled stress 

changes.  

 

Numerical modelling can provide information to overcome the limitation of the 

analytical approaches. Generally, the modelling approach on fault reactivation 

analysis is dependent upon the scale of interest. A fault can be implemented into 

numerical models as follows: 
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 In a global analysis, major faults can be represented as single discontinuities. 

In continuum models (e.g. FEM or FDM), a single discontinuity can be 

modelled as a zero thickness element or as contact formulations. In 

discontinuum models (e.g. DEM), faults can be modelled as a fractured 

medium that is divided by discrete bodies that are connected by a constitutive 

relationship. Both approaches have limitations because numerical instability 

can occur when the interface stiffness is quite different from the surrounding 

continuum material. Thus, careful selection of the interface stiffness is 

necessary to achieve a realistic analysis. 

 If detailed behaviour of a fault zone is of interest, or localized substantial 

strain occurs around the fault, modelling the fault as a rock mass of continuum 

material can be a suitable approach. It should be noted that, if the model 

considers strain softening, or the resistance at the shear zone becomes too 

large, modelling faults using a continuum approach is quite sensitive to the 

mesh size to capture the thin shear localization. 

 

Brittle behaviour of rocks in a post failure regime contributes to the enhancement of 

permeability. Proper implementation of strain/stress-dependent permeability changes 

within a model requires the following considerations: 

 A realistic range for the dilatancy angle, which is less than the friction angle, 

should be used in the model to avoid an over-estimation of dilatancy and an 

unrealistic permeability change in a fault.  

 Implementation of dilatancy that varies with plastic strain, especially 

deviatory plastic strain, could result in a more realistic estimation of the 

change of permeability in a fault. 

 

Although various methodologies to evaluate fault reactivation potential have been 

reviewed in this report, understanding fault behaviour is complicated by the fact that: 

 core samples with fault material are usually limited, 

 various faulting episodes may have occurred throughout the geological 

formation of a field, resulting in different fault patterns and characteristics 

(geometry, extent, filling, etc.), 

 most geomechanical fault models oversimplify fault architecture, e.g. 

simplifying the complex fault structure into a single plane of weakness.  

 

For reasonable simulation of the composite behaviour of a complex fault zone in a 

global model using a single discontinuity, the equivalent discontinuity modelling 

needs to be validated. As a tool for the validation, calibration by a local numerical 

model of the fault zone, which also needs to include various components of the fault 

structure, could be a useful tool.  

 

If all the factors affecting fault reactivation during an injection operation are taken 

into consideration in a modelling study it may practically be impossible to model. 

However, a numerical approach combined with analytical methods may provide 

efficient and useful information on the fault reactivation potential under certain 
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circumstances. For a stream-lined fault reactivation analysis, following a stepwise 

procedure (illustrated in Figure 3.21), is recommended: 

 The risk of fault reactivation can firstly be assessed using a Mohr-Coulomb 

type analytical solution, 

 

 If preliminary analysis shows the risk of fault slip, refined geomechancial 

modelling can be considered. The following input parameters are required for 

a geomechanical model: 

- A geometrical  and geological description of the reservoir and 

surrounding rock formations, usually from a geological/geophysical 

model,  

- The mechanical properties of the reservoir and surrounding rocks, 

usually from geomechanical laboratory testing, 

- The initial conditions in terms of the spatial distribution of pore 

pressure, stresses and temperature, usually from core and log data, 

- The loading conditions (i.e. time histories of pore pressure field 

during injection), usually from a reservoir model. 

 

 Determination of a fault model: i.e. the approach required to integrate a fault 

into a numerical model will depend on the scale of interest.  

 

 Evaluation of leakage potential using calculated fault dilatancy: If the 

simulation result shows a significant increase in plastic volumetric strain in 

the fault material, leakage through the fault during a pressure-build up can be 

suspected. In this case, more detailed flow simulation for faults using updated 

stress/strain dependent permeability (e.g. coupled flow-geomechnical 

analysis focusing on fault behaviour) can be helpful for understanding fault 

leakage during pressure build-up. 

 

 

Figure 3.21  Recommended stream line procedure for analysis of fault-reactivation 

upon fluid injection into a reservoir and subsequent pressure build-

up. 
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4 Input parameters for fault reactivation analysis 

Evaluation of stress-induced fault reactivation requires knowledge of three main 

geomechanical components; namely the in-situ stresses, fault zone strength and pore 

pressure profile. Pore pressure measurement techniques, prediction or modeling is 

not covered in this report. A comprehensive review of pore pressure in sedimentary 

basins is given in Zoback (2007). The principal in-situ stresses include the 

overburden or vertical stress, σv, the maximum horizontal stress, σH, and the 

minimum horizontal stress, σh. Both the magnitude and orientation of in-situ stresses 

relative to the fault orientation are important for fault reactivation analysis and 

geomechanical modelling (Zoback, 2007). 

 

4.1 Determination of in-situ stresses 

A general relationship between the in-situ stresses can be assessed using the 

Anderson's theory of faulting. For a normal faulting regime, the maximum principal 

stress is the overburden stress, while for strike-slip and reverse regimes it is the 

horizontal stress; for normal fault regimes: σv >σH >σh, for strike-slip: σH > σv > σh 

and for reverse regimes: σH >σh >σv. Thus, the relative magnitude of in-situ stresses 

can be constrained if the faulting mechanism of present day active faults is known 

for a region. However, for engineering operations such as injection and production, 

accurate orientation and the stress values are required. In this chapter, we will review 

various methods to estimate the three principal in-situ stresses; i.e. vertical stress, 

maximum horizontal stress, and minimum horizontal stress. 

 

4.1.1  Stress orientation 

The overburden stress is assumed to be vertical, along the axis of vertical wellbores. 

It is worth noting that in highly orientated wells vertical stress will not coincide with 

the wellbore axis. Different techniques and methods are used to measure, interpret or 

calculate the direction and magnitude of in-situ stresses. The widely used method for 

determining the direction of horizontal in-situ stresses inside wellbores, based on 

wellbore breakouts, uses data from the borehole caliper log, borehole image logs and 

borehole televiewer. 

 

An example of determining the direction of horizontal stresses from caliper logs is 

presented in Figure 4.1 where the direction of two principal stresses normal to the 

borehole axis is easily recognized. Figure 4.2 shows a borehole image log where 

borehole breakouts and tensile fractures are visible on the walls of a vertical well. 

The breakouts imply that the direction of maximum horizontal stress is NE-SW and 

that of the minimum horizontal stress is NW-SE. In the case of directional wells 

however, determining stress orientation may be challenging. Further information can 

be found in Peska and Zoback (1998). 

 

Borehole breakouts interpreted from the four-arms caliper tool are quite reliable and 

so is the direction of principal stresses (Zoback, 2007). This approach has provided 

stress orientation data consistent with those from focal mechanisms in many parts of 

the world (Zoback and Pollard, 1978; Hickman and Zoback, 1983). There are other 
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methods which can be used for the determination of the in-situ stress directions, e.g. 

earthquake focal mechanism, fault slip data and geological indicators such as igneous 

dikes. These are generally used for the determination of stress orientations in a basin 

and at a regional scale and are not the subject of this study. More information on 

these methods can be found in Nakamura, (1977), Fowler (1990) and Zoback (2007). 

 

 

Figure 4.1 Development of borehole breakouts when local stresses exceed rock 

strength at the wall of a vertical borehole (modified after Zoback, 

2007). a) borehole breakouts with an almost stable width and b) 

washouts where the shape of bore hole and the width of the failed wall 

changes progressively. σH is the maximum in-situ stress and σh is the 

minimum horizontal stress. 
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Figure 4.2 Borehole breakouts and tensile fractures in image logs and the 

interpreted direction of maximum and minimum horizontal stress 

(modified after Zoback, 2007). Borehole breakouts appear in an 

ultrasonic televiewer image as dark bands on either side of a well 

because of the low-amplitude ultrasonic reflections off the wellbore 

wall (BO in the left image). They also appear as out-of-focus areas in 

electrical image data because of the poor contact between the tool 

and the wellbore wall (purple-marked rectangle in the middle image). 

Tensile fractures are also observed on either side of the wellbore wall 

as dark lines (T in the left image). The maximum horizontal stress (σH) 

has NE-SW direction and the minimum horizontal stress (σh) (the 

elongated well axis) has NW-SE direction (see the right image). 

 

4.1.2 Vertical stress 

Magnitude of the vertical or overburden stress (σv) at a certain point can be calculated, 

to first orders, using Equation (4.1): 

 

 
0

z

v
z gdz                          (4.1) 

 

where 𝜌(𝑧) is density of the overburden layers at depth z and g is the gravitational 

acceleration. 

 

The density of rock formations can be either measured from core samples or 

estimated from density logs. Where cores are available, density is one of the simple 

and cheap parameters to measure. However, cores are seldom available for the 

overburden layers in petroleum fields, as the focus is on the reservoir section. Density 

and sonic logs are available but not for the entire well path. The density of rocks can 

be calculated from such logs using empirical equations if they are available. 

Integrating laboratory data with log data and using empirical relationships (e.g. 

Ludwig et al., 1970) may provide us with a profile of the density but not necessarily 

throughout the overburden. Density is the main input parameter for plotting vertical 
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stress profiles versus depth as shown for instance in Figure 4.3 for the Bight basin, 

Australia.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 Effective 

vertical stress for the 

Bight Basin, southern 

Australia (after Mildren 

et al., 2002). The black 

line shows vertical stress 

determined from the 

density log.  The 

yellowish lines show 

vertical stress profile for 

17 wells from various 

assessment methods. 

 

 

4.1.3 Magnitude of the minimum horizontal stress, h 

Determining the magnitude of horizontal stresses is more challenging than that of the 

overburden stress. There are both analytical models and well test methods for 

estimating the magnitude of minimum horizontal stress. A simple equation was 

presented by Eaton (1969) based on the theory of elasticity and bilateral constraint to 

determine the magnitude of minimum horizontal stress, σh: 

 

𝜎ℎ =
𝜈

1−𝜈
 (𝜎𝑣 − 𝑃𝑝) + 𝑃                  (4.2) 

 

where ν is Poisson's ratio, σv is overburden stress, and P is pore fluid pressure. Note 

that Equation (4.2) is valid for tectonically passive sedimentary basins under a normal 

faulting regime. It provides a primary estimation of the minimum horizontal stress 

but the actual stress should be measured on-site using techniques such as well 

pressure tests. 
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Different pressure integrity tests such as the Leak-Off Test (LOT), the Extended 

Leak-Off Test (XLOT), the Formation Integrity Test (FIT) and minifrac tests are 

used for the assessment of minimum in-situ stress. One of the most reliable methods 

for the determination of the minimum horizontal stress in boreholes is the extended 

leak-off test (Figure 4.4). If a leak-off test is performed with water or another less 

viscous fluid, the values of the Leak-Off Pressure (LOP), Fracture Propagation 

Pressure (FPP), Instantaneous Shut-In Pressure (ISIP) and Fracture Closure Pressure 

(FCP) present the range of the minimum horizontal stress value. If this test is run 

with a viscous fluid, the FCP will represent the value of the least in-situ stress (White 

et al., 2002; Lucier et al., 2006; Raaen et al., 2006; Zoback, 2007; Lin et al., 2008; 

Lorwongngam, 2008). 

 

 

Figure 4.4 Schematic plot for a mini-frac or extended leak-off test showing 

pressure as a function of volume or equivalently time (after Zoback, 

2007). The Fracture Closure Pressure (FCP) is usually considered to 

indicate the magnitude of the least in-situ stress. 

 

There are also empirical equations derived from leak-off tests to determine the 

magnitude of minimum horizontal stress. For instance, Hillis et al. (1997) based on 

61 leak-off tests proposed the following equation for the Bonaparte Basin, the Timor 

Sea: 

 

 𝜎ℎ = 0.36 (𝜎𝑣 − 𝑃) + 1.0 + 𝑃                (4.3) 

 

where σh is the minimum horizontal stress, σv is the vertical stress and P is pore 

pressure, all expressed in MPa. Such equations are only valid for the location they 

were developed for and can be applied to the same area but may mislead if applied 

beyond the region. 
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Breckels and van Eekelen (1982) based on fracturing data from the North Sea 

proposed relations between horizontal stress and depth: 

 

𝜎ℎ = 0.0053 𝐷1.145 + 0.46 (𝑃 − 𝑃𝑝𝑛)         (𝐷 < 3500 𝑚)              (4.4) 

 

𝜎ℎ = 0.0246 𝐷 − 31.7 + 0.46 (𝑃 − 𝑃𝑝𝑛)    (𝐷 > 3500 𝑚)              (4.5) 

 

where D is the depth, P is the pore pressure, Ppn is the normal pore pressure 

(corresponding to a gradient of 10.5 MPa/km) (See Fjær et al., 2008). 

 

Among different types of well tests mentioned above, the minifrac and extended leak-

off tests are the most reliable methods that provide maximum information for 

determination of minimum horizontal stress. In contrary, the leak-off tests are often 

the least effective measurements that might not provide useful information on in-situ 

stresses.  

 

4.1.4 Magnitude of the maximum horizontal stress 

The magnitude of maximum horizontal stress is the most difficult stress component 

to determine. However, several methods have been suggested for calculating this 

parameter from borehole data which are summarized below.  

 

Hydraulic fracture tests 

Haimson and Fairhurst (1970) suggested that hydraulic fracture test in open holes 

can be used for determining the magnitude of the maximum horizontal stress (σH): 

 

 𝜎𝐻 = 3𝜎ℎ − 𝑃𝑏 − 𝑃 + 𝑇0                  (4.6) 

 

where Pb is the breakdown pressure, P is pore pressure and T0 is the tensile strength 

of rock. If a hydraulic fracture test is repeated, the tensile strength for the second 

cycle will be zero (T0 =0), thus we have:  

 

𝜎𝐻 = 3𝜎ℎ − 𝑃𝑏 − 𝑃                   (4.7) 

 

This equation has been used successfully in many projects to estimate the magnitude 

of maximum horizontal stress. However, care should be taken when using this 

concept for deep, cased wellbores, oval-shaped wells and wellbores with irregular 

cement distribution around casing. The problem in such wellbores is that the value 

of Pb is very uncertain and so is the magnitude of the maximum horizontal stress from 

Equation (4.7). However, if a hydraulic fracture test is very well defined and the 

value of Pb is certain this method can also be used for deep wells. 
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Drilling induced fractures  

Another method proposed for determining the magnitude of maximum horizontal 

stress is based on the drilling induced fractures for a strike-slip faulting regime 

(Zoback, 2007):  

 

𝜎𝐻 = 3𝜎ℎ − 2𝑃𝑏                   (4.8) 

 
This equation is based on the assumption of frictional strength of faults and considers 

the friction coefficient of 0.6 (µ=0.6). This equation assumes considerable 

simplifications.  

 

Width of borehole breakouts 

Borehole breakouts occur when local stresses around the wellbore exceed the 

strength of formation. Breakouts occur in a plane perpendicular to the maximum 

horizontal stress and develop but only in vertical wells. After a while they get stable 

and deepen. Then, the width of breakouts (WBO) remains almost constant (as seen 

earlier in Figure 4.2b. 

 

Using the WBO, one can estimate the magnitude of maximum horizontal stress using: 

 

𝜎𝐻 =
(C0+2𝑃+∆P+𝜎∆𝑇)−𝜎ℎ(1+2cos2𝜃𝑏)

1−2𝑐𝑜𝑠2𝜃𝑏
                (4.9) 

 

where 2𝜃𝑏 ≡ 𝜋 − 𝑊𝑜𝑏 (for further details see Zoback, 2007). 

 

Note that temperature change, σ∆T, (and thermally-induced stress changes) can be 

quite large in some cases. Thus, thermal stresses may play an important role in 

determining the magnitude of the maximum horizontal stress obtained from Equation 

(4.9). Many concepts have been proposed to account for thermal stresses for various 

applications such as borehole stability, reservoir stimulations, etc. Discussion on 

thermal stresses is beyond the scope of this chapter. Further details can be found in   

Perkins and Gonzales (1985), Fjær et al. (2008), Charlez (1997), Tang and Luo 

(1998) and Ghassemi (2007). 

 

Stress polygon 

When exact values of stresses are not available, estimating the likely range of stresses 

for a certain depth can be helpful. For this purpose, the stress polygon method, which 

is based on the frictional strength of faults, is utilized. There is an assumption that 

the stress state in the crust is limited by the frictional strength of faults. The upper 

bound of the frictional limit of a fault has been given by Jaeger et al. (2007) and 

Zoback (2007):  

 
𝜎′1

𝜎′3
=

𝜎1−𝑃

𝜎3−𝑃
= ((𝜇2 + 1)0.5 + 𝜇)2            (4.10) 
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Using Anderson's faulting theory, Eq. (4.10) for different types of faulting regimes 

can be rewritten as: 

Normal faulting:   
𝜎′1

𝜎′3
=

𝜎𝑣−𝑃

𝜎ℎ−𝑃
≤ ((𝜇2 + 1)0.5 + 𝜇)2         (4.11) 

 

Strike-slip faulting:   
𝜎′1

𝜎′3
=

𝜎𝐻−𝑃

𝜎ℎ−𝑃
≤ ((𝜇2 + 1)0.5 + 𝜇)2         (4.12) 

 

Reverse faulting:   
𝜎′1

𝜎′3
=

𝜎𝐻−𝑃

𝜎𝑣−𝑃
≤ ((𝜇2 + 1)0.5 + 𝜇)2          (4.13) 

 

where σv is vertical stress, σH is the maximum horizontal stress, σh is the minimum 

horizontal stress, P is pore pressure and μ is friction coefficient. Equations (4.11) to 

(4.13) can be plotted in the form of a stress polygon from which places limits on the 

range of stress magintudes that can be determined (Figure 4.5, for details see e.g. 

Zoback, 2007).   

 

 
 

 

Figure 4.5 Stress polygon method to define possible range of stress magnitudes 

at a certain depth (after Zoback, 2007). Range of stresses for a depth 

of 3 km when a) pore pressure is hydrostatic and b) pore pressure is 

80% of the vertical stress. 
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4.2 Strength and friction coefficient of faults 

Faults may cross both the storage unit and the underburden/overburden and thus 

provide a pathway to the surrounding formations. Therefore, determining the strength 

of a fault is crucial prior to planning an injection operation. The strength of faults, 𝜏, 

may be calculated as a function of depth provided that the correct friction coefficient 

(μ) value and pore pressure (P) value for the fault plane are known: 

 

 𝜏 =  𝜇(𝜎𝑛 − 𝑃)                      (4.14) 

 

Byerlee (1978) studied frictional behavior of various rock types and presented the 

initial friction and maximum friction for typical rocks (Figure 4.6). Based on a review 

of laboratory studies of different rock types, he concluded that at normal stresses up 

to 2000 bar (200 MPa), the shear stress required to cause sliding is given 

approximately by:  

 

𝜏 = 0.85 𝜎𝑛                 (4.15) 

 

And at normal stresses above 2000 bar (200 MPa), the shear stress is approximately 

given by: 

 

𝜏 = 50 + 0.6 𝜎𝑛                (4.16) 

 

Where both shear and normal stresses are expressed in MPa (Figure 4.7 and Figure 

4.8). 

 

 

 

Figure 4.6 Frictional force as a function of displacement (after Byerlee, 1978). 

Initial friction is indicated by the point where the deformation curve 

deviates from linearity, point C. Point D marks the maximum friction. 

For details see Byerlee (1978). 
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The friction coefficient for all types of rocks is often said to lie in the range of 0.6-

0.85 (Figure 4.7) but smaller and larger values are common.  Fault gouge may have 

very low values if hydrated clay is present. Therefore, a coefficient of friction of 0.6 

can be considered as the lower bound for fault slip and the onset of leakage (Bretan 

et al., 2011). If however, the sliding surfaces are separated by large thicknesses of 

gouge composed of minerals such as montmorillonite or vermiculite, the friction may 

be very low. Since natural faults often contain gouge composed of various minerals, 

the friction of natural faults is strongly dependent on the composition of the gouge 

(Beyerlee, 1978). 

 

Townend and Zoback (2000) and Morrow et al. (2000) presented a similar range of 

coefficients of friction (see Figure 4.8). This is consistent with what was shown in 

Figure 4.7 (lower panel). The coefficient of friction is higher at shallow depths (low 

effective stress) but decreases with increasing the depth.  
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Figure 4.7 Initial friction and maximum friction for various types of rocks (after 

Beyerlee, 1978). The data shows the range of the maximum friction 

coefficient, μ= 0.6 to 0.85. The coefficient is higher at low normal 

stress (0.85) but decreases to 0.6 with increasing normal stress. 
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Figure 4.8 Friction coefficient for different rock types as a function of depth or 

effective mean stress (after Townend and Zoback, 2000). 

 

The friction coefficient at stresses lower than 200 MPa is a function of surface 

roughness. At higher stresses above 200 MPa it is independent of surface properties 

and thus is independent of rock type. The friction strength of faults is significantly 

influenced by the mineralogy of fault gouge (Samuelson and Spiers, 2012; Moore et 

al., 2004; Tembe et al., 2010) and decreases with increasing the bulk clay content.  

 

The coefficient of friction is affected by the type of fluid in the sliding surface as 

shown by Morrow et al. (2000) and Sone et al. (2012). Morrow et al. (2000) examined 

the influence of water on the friction coefficient of different gouges (Figure 4.9). The 

coefficient of friction decreased for all gouges when they were exposed to water, 

among them Serpentinite which showed the largest reduction. Calcite crystals in dry 

condition showed the highest friction coefficient (µ=0.85) and Talc and Graphite had 

the lowest coefficients (µ ≈ 0.2). As filling material in a fault plane is usually a 

mixture of the different minerals present in the host rocks, the friction coefficient of 

a fault will likely be within the range of the friction coefficient of the constituent 

minerals. This statement may also be true for cases where mineral alterations occur 

in the fault plane; the friction coefficient of fault will lie within the friction 

coefficients of minerals present in the fault plane.  This, however, is one of the areas 

in need of further investigation.  
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Figure 4.9 Friction coefficient for different types of minerals/gouges at dry 

versus saturated conditions (Morrow et al. 2000). The friction 

coefficient increases with increasing displacement but then flattens. 

Saturated specimens show a lower friction coefficient than the dry 

ones. The impact of saturation is largest for Serpentinite but very 

small for Zeolite gouges. 

 

Friction coefficient of faults exposed to CO2 

The strength of faults may be affected by various factors; among them is the 

geochemical reaction between CO2 and the reservoir/cap rock that may weaken the 

fault zone rocks. A methodology to explore the impact of the geochemical reaction 

of CO2 with rocks on the strength of faults is through mechanical testing of samples 

exposed to acidic solutions. Such studies have been presented by Liu et al. (2003), 

Parry et al. (2007) Andreani et al. (2008), Ojala (2011), Samuelson and Spiers (2012), 

Nouailletas et al. (2013) and Jalilavi et al. (2014). However, the majority of these 

studies did not use carbonic acid.  

 

In an experimental work, Samuelson and Spiers (2012) studied the effect of CO2 on 

the friction coefficient of different rock types. They simulated fault gouge material 

from three different claystone cap rock samples (Soll-1, Röt-1, Röt-2), one reservoir 

sandstone sample (Hard-1), and a 50/50 mixture of reservoir rock and cap rock 

(Hard-1 and Soll-1) from offshore Netherlands. They crushed the rock cores and 
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sieved to provide particles smaller than 50 m to simulate the very fine grained 

material common in the slip surface of faults. The fault gouges were then tested in 

the direct shear box. They found that the friction coefficient for the sandstone gouge 

was about 0.72 and for the gouges derived from cap rock samples was about 0.58 

(Figure 4.10). They concluded that the addition of supercritical CO2 to either 

saturated brine or dry gouge layers of the materials examined had no significant effect 

on the coefficient of friction, indicating that there are no short-term effects of 

supercritical CO2 that could enhance fault zone reactivation due to reduced frictional 

strength. Note that these experiments were carried out relatively fast where the gouge 

materials were in contact with brine or CO2 for a few hours only. Therefore, possible 

long term effects such as chemical reactions may have not been captured by these 

tests. 

 

Figure 4.10 Friction coefficient versus displacement for different types of rocks 

under various pore fluid conditions (after Samuelson and Spiers, 

2012). CO2 does not have a significant impact on the friction 

coefficient. The presence of water decreases the friction coefficient of 

the cap rock samples (A, B and C) whilst it does not affect friction of 

the reservoir sandstone (D). 
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In another study, Nouailletas et al. (2013) examine the impact of CO2 on the shear 

strength of a very low permeable Companian flysch sandstone from the cap rock of 

Lacq CO2 storage site, in southern France. Samples were broken to obtain fresh 

surfaces to expose to fluids. The reference samples were immersed in water. The 

target specimens, called the damaged samples, were immersed in acidic solution 

([HCl]= 0.6 mol.L-1) for 6 hours. Both series of samples were then tested in the direct 

shear box. Test results showed that the peak shear strength of the damaged samples 

was lower than that for the reference samples (Figure 4.11). The shape of the shear 

versus displacement curve was different for the two samples series. The reference 

samples, with a rough surface, showed a clear peak shear stress followed by a stress 

drop to the residual stress level. The damaged samples, on the other hand, do not 

show any clear peak and exhibit a pattern similar to samples with a smooth surface. 

This observation showed that acid treatment reduced the shear strength of rough 

surfaces.  

 

Results of the study by Nouailletas et al. (2013) are slightly different from those 

presented by Samuelson and Spiers (2012). An explanation is that Samuelson and 

Spiers (2012) used CO2 for treatment of the samples while Nouailletas et al. (2013) 

used HCl acid which is much more reactive to rocks than carbonic acid. Further 

research on samples exposed to CO2 for a longer time may add knowledge to the 

state of the art on the impact of geochemical reactions on the mechanical 

characteristics of rocks and especially friction coefficients.  

 

 
 

Figure 4.11 Tangential stress versus tangential displacement for the reference 

and HCl solution exposed (damaged) sandstone samples (modified 

after Nouailletas et al., 2013). Peak stress for damaged samples is 

lower than that for the reference sample, although their residual 

stress is about the same. 
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Another case of an investigation of the frictional strength of fault material exposed 

to CO2 is a laboratory study done by Masoudi et al. (2011) for CO2 storage in the M4 

carbonate reservoir, Malaysia. The M4 Field is located north of Central Luconia 

Province in the Sarwak Basin, of East Malaysia. The reservoir is approximately 2,000 

m below sea level. M4 is a depleted gas reservoir composing of carbonate rocks. The 

cap rock consists of shale layers composed of horizontally laminated and tightly 

crystalline clays, predominantly illite, mixed layer illite-smectite, and to a lesser 

amount chlorite. The limestones comprise highly porous, slightly recrystallized 

boundstones consisting of coral, algal and other calcareous skeletal particles 

cemented by sparry calcite. Test samples included two shale cores from the depth of 

1762-1768 m and three limestone cores from the depth of 1777-1796 m. 

 

Masoudi et al. (2011) tested untreated specimens versus samples treated with CO2 

saturated brine solution. The treated samples had undergone CO2 injection treatment 

to simulate reservoir injection conditions. They adopted two separate approaches to 

simulate the CO2 injection for shale and limestone samples. The approach adopted 

for shale samples was to inject liquid CO2 using an upstream injection pressure 

simulating field injection with a downstream (reservoir) pressure until CO2 

breakthrough occurred. At this point, the sample was held with constant pressure for 

a predetermined treatment period. For the limestone samples, the procedure involved 

injection of a known quantity of CO2 saturated sodium chloride solution (carbonic 

acid brine solution) at a predetermined flow rate, under in-situ hydrostatic confining 

and reservoir injection pressure conditions. Following the flowing period, the CO2 

saturated brine solution was held in contact with the rock for a set period to allow 

any dissolution reaction to occur. All treatments and tests were performed at ambient 

temperature.        

 

For the shale samples, single-stage triaxial compression tests were carried out on 

untreated and unpreserved samples versus 'sister' samples subjected to CO2 injection 

treatment. They tested all the shale samples in "as received" saturation conditions 

with a standard axial loading strain rate of 1×10-5 in/s at room temperature with pore 

pressure drained to the atmosphere. For carbonate samples, multi-stage triaxial 

compression tests were performed on untreated samples at three different confining 

pressures. Similar tests were also performed on 'sister' samples following injection 

treatment with CO2 saturated brine. The effect of CO2 saturation on unconfined 

compressive strength (UCS), tensile strength, Young's modulus and Poisson's ratio 

was also investigated (Table 4.1).  

 

They carried out a petrographical evaluation of pre- and post-CO2 injection of shale 

and limestone samples to study possible change in mineralogy and texture. They 

observed no significant difference between pre- and post-CO2 injection for shale 

samples. For limestone samples, mineralogy and original rock texture were 

essentially the same in the pre- and post -injection samples. However, they reported 

that two post-injection limestone samples exhibited deep etched and corroded calcite 

grains in small areas of the samples which were not found in the corresponding pre-

injection samples. 
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Table 4.1 Petrophysical and rock mechanical properties of core samples tested 

before and after treatment with CO2 saturated brine (data from 

Masoudi et al., 2011). 

Property Shale Limestone 

Core depth (m) 1762-1768 1777-1796 

Test condition Untreated CO2 

injected 

Untreated CO2 injected 

Porosity (%) -- -- 33.64% 34.93% 

Reduction in brine 

permeability  

-- -- 72.4% 76.5% 

Compressive strength 

(MPa)  

40.9 41.2 17.8 17.3 

Static Young's Modulus 

(MPa) 

1,769 2,061 8,209 7,764 

Dynamic Young's 

Modulus (MPa) 

10,603 10,331 16,214 16,105 

Static Poisson's ratio 0.15 0.14 0.22 0.23 

Dynamic Poisson's ratio 0.17 0.10 0.33 0.29 

Indirect tensile strength 

(MPa) 

-- -- 0.60 0.67 

Internal Friction Angle 

(°) 

23.5 21.2 14.1 12.7 

Cohesion (MPa) 7.8 9.01 4.16 3.79 

Carbonate classification -- -- Boundstone Boundstone 

Carbonate grain type -- -- Red algae, 

coral, 

foraminifera 

Red algae, 

coral, 

foraminifera 

Authigenic cements  Calcite, 

chert, pyrite 

Calcite, 

chert, 

pyrite 

Sparry calcite, 

minor 

dolomite 

Sparry calcite, 

minor 

dolomite 

 

Masoudi et al. (2011) concluded that for treated shale samples, Static Young's 

modulus and unconfined compressive strength showed an increase while the angle 

of internal friction and Poisson's ratio showed a decrease. For the post-CO2 treated 

limestone samples there is a reduction in Young's modulus, unconfined compressive 

strength, angle of internal friction and cohesion whilst there is an increase in the 

Poisson's ratio and permeability (see Also Figure 4.12).  

 

Changes in mechanical properties of reservoir and cap rocks have also been reported 

by others (e.g. Hangx et al., 2013; Wollenweber et al., 2010; Gaus, 2010). 
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Figure 4.12  Mohr circle and failure envelope for pre- and post –CO2 treated 

limestone specimens (after Masoudi et al., 2011). 

 

In a similar study, Pluymakers et al. (2013) investigated the effect of supercritical 

CO2 on the frictional behavior of simulated anhydrite fault gouge. They selected 

intact core samples from the base of the Dutch Zechstein Group and ground the 

samples to provide a powder with a grain size of less than 50 micron to simulate fault 

gouge material. They made a sample containing a gouge layer of 1 mm thick. The 

sample was placed in a direct shear box which in turn was placed in a triaxial cell. 

Tests were run at different temperatures ranging from 80-150°C and under a constant 

confining stress of 25 MPa. In addition, the gouge was pressurized with dry 

supercritical CO2 and with CO2-saturated water. The pressure of CO2 in both cases 

was 15 MPa. The observation was performed under the following conditions: 

µ = 0.65     at 80 °C     dry CO2 

µ = 0.55     at 150 °C   dry CO2 

 

Results of the tests with wet CO2 showed slightly weaker samples but the same trend 

was observed with increasing the temperature: 

µ = 0.60     at 80 °C wet CO2 

µ = 0.55     at 150 °C wet CO2 

 

This study showed a small effect of wet CO2 on the friction coefficient of the samples 

at low temperature. On the other hand, they observed a big inverse impact of 

temperature on the friction coefficient; the higher the temperature, the lower the 

friction coefficient. 
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Pluymakers et al. (2013) also investigated wave velocity changes and observed that 

all wet samples pressurized with CO2 exhibited velocity neutral to velocity 

strengthening over the entire temperature range. This may be applicable to faults in 

reservoir and cap rock conditions since they are normally wet. They also stated that 

a slight decrease in the strength of anhydrite fault gouge was observed over a 

reservoir temperature range of (80-120°C) compared to the room temperature.   

 

Based on this experimental study, Pluymakers et al. (2013) concluded that "it is 

unlikely that the presence of CO2 significantly increases seismic potential of 

anhydrite-filled faults under typical storage site conditions". 
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5 Conclusions and Knowledge Gaps 

5.1 Conclusions 

Geological storage of CO2 requires a reservoir formation contained by very low-

permeable layers. Since faults are inherent components of almost all geological 

formations, their stability during CO2 storage will be crucial for integrity of the 

storage site. Fault stability is affected by multiple factors; fault structure, material 

properties, geochemical reactions between CO2 and fault gouges, induced stresses 

due to injection, etc. This report highlights the factors mentioned above and reviews 

the methodologies generally used to evaluate geomechanical stability of faults during 

CO2 sequestration. It also addresses some challenges, among them are the limited 

amount of data available for fault stability analysis in CO2 storage sites. The 

highlights of the study and concluding remarks are summarized as follows. 

 

Structures of old fault zones are rather complex. They are comprised of a central fault 

core and with a damage zone with composite microstructures. The fault core 

generally consists of a mixture of material from surrounding formations which have 

intruded into the fault plane through mechanisms such as smearing. It usually 

comprises clay and crushed, fine-grained material. Therefore, fault core has very low 

permeability. The width of the fault core can be from a millimeter up to meter scale. 

The damage zone, however, is a part of the host rock but with significant strain 

localization. It usually shows extensive fracture development at micro- and macro-

scale. This makes it potentially a very permeable zone. The damage zone can be up 

to tens of meters wide. Mechanically, the fault core material is very weak, unless it 

has been cemented after faulting. Thus, it is susceptible to instability upon injection 

of CO2 and alteration of the in-situ stresses. 

 

Injection of CO2 increases pore pressure and reduces the effective stresses. Reduction 

of effective stress on the fault can lead to reactivation.  As pore pressure approaches 

the critical stress level, the permeability of faults increases. Thus, the risk of fluid 

flow through faults increases with increasing pore pressure (decreasing effective 

stresses). However, permeability of faults may be drastically increased at the time of 

a fault slip. The magnitude of permeability enhancement is a function of the dilatancy 

of the material during shearing processes. Brittle materials are more dilatant and 

show large permeability increases during shearing whilst ductile materials show less 

dilation and may not necessarily result in significant permeability increases.   

 

Different methods have been employed to evaluate fault reactivation potential, as 

reported in the literature. The widely used failure criterion for fault stability analysis 

is the Mohr-Coulomb criterion. Both analytical and numerical approaches have been 

used to study faults. The analytical approach considers the normal and shear stresses 

on fault planes to evaluate fault stability. This method estimates the maximum 

sustainable pressure for a fault prior to shearing. The same can be calculated for all 

possible fault orientations and can be plotted in lower hemisphere stereographs. This 

will provide a slip potential map, which says how much extra pressure each fault may 

sustain before it fails. The analytical approach is a simple, yet valuable tool for 
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preliminary or first-order assessment of potential fault reactivation. It, however, 

relies on many assumptions and simplifications and may face limitations which do 

not adequately capture complex physical processes occurring in the reservoir 

following an injection operation. These limitations may be overcome using 

numerical tools. 

 

Numerical analyses of fault stability can help simulate faults at different scales and 

within different in-situ conditions. A fault can be presented in a global model as a 

single discontinuity using both continuum and discontinuum approaches in order to 

explore the general behavior of faults. If a fault is susceptible to instability and the 

detailed behaviour of a fault zone is of interest, it may be modelled as a rock mass of 

continuum material. This may require a local model where detailed properties of the 

fault zone are assigned to the components of the model. Furthermore, post-failure 

behaviour of faults are important for predicting fault seal/leakage. Brittle behaviour 

of rocks in post failure contributes to the enhancement of permeability. If a 

strain/stress-dependent permeability change is applied in a reservoir/flow model, a 

realistic range for the dilatancy angle, that varies with plastic strain, should be 

considered in geomechanical models, especially for a fault zone. 

 

Analytical and numerical analyses require data on the in-situ stresses and strength of 

faults and of the host rocks. The mechanical strength of a fault is expressed in terms 

of its cohesion and friction coefficient. For modelling purposes, faults are usually 

assumed to be cohesionless in a conservative approach. The friction coefficient of 

faults depends strongly on the fault filling material and the possible pore fluid. 

Laboratory test data show that the friction coefficient ranges from 0.6 to 0.8 for 

typical rock samples and fault gouges. The effect of CO2 on friction coefficients, and 

the strength and deformation behaviour based on laboratory tests, seems to be small. 

The effects related to CO2 seem to be minor compared to other uncertainties that arise 

due to a lack of data on fault geometry, fault plane properties and general limitations 

in the analysis method. Fault Stability/instability is related to the two major public 

concerns about CO2 storage (i.e. induced microseismicity and gas leakage) and 

therefore, a more conservative approach on fault strength may be necessary before 

detailed data and advanced models are available. 

 

 

5.2 Knowledge Gaps in Understanding Fault Stability Analysis  

Fault properties are of paramount importance for geomechaical stability analyses. 

Characteristics of fault planes, properties of fault core and damage zones along with 

the in-situ and induced stresses control the behaviour of faults during and post CO2 

injection. Although various methods are utilized to predict the behaviour of faults 

during such operations there are still several areas in need of development and 

improvement. Some of these are listed below:   

 

 Faults in reservoirs have been mapped and explored in the field of petroleum 

exploration and production. In cap rock/overburden sections, however, the 
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details of faults have been of less interest with limited data from literature. 

Some questions arise for sealing formations:  

- What does fault architecture look like? 

- What are the mechanical and hydraulic properties of fault zones in 

sealing formations and transition zones? These are important elements 

for CO2 storage sites, as they will control whether a reactivated fault in 

the reservoir will propagate into the sealing formations or remain stable. 

 

 In-situ stresses on a fault in the sealing formation may be different from those 

in the reservoir because of pore pressure differences. While there are plenty 

of well tests being carried out and reported within reservoirs, much less data 

for overburden sections have been reported in the literature. Mechanical and 

hydraulic properties of the overburden can be obtained either from in-situ 

tests such as Leak-Off tests, Minifrac tests, or Step Rate Tests or from 

laboratory measurements on core samples. These tests are seldom carried out 

for sealing formations, and rock cores from the overburden are rarely 

available. A good description of these elements is required for CO2 storage 

site assessment.  

 

 The geomechanical modelling of faults requires detailed data on the 

geomechanical properties of the fault zone and its geometry. However, access 

to core samples with fault material is usually limited and the geometry is not 

well known. This can result in oversimplification in the analysis of fault 

material and fault properties leading to uncertainties in modelling results. 

Models that consider only the shear failure envelope as the stability criterion 

(e.g. Mohr-Coulomb failure), have limitations when applied to possible 

ductile deformation and slow slip (aseismic events). Thus, proper calibration 

of fault material properties, using limited data sets, and further development 

of constitutive models to describe various failure modes of fault reactivation, 

are essential for reliable geomechanical modelling. 

  

 Fault slip is strongly dependent on the pore pressure in a fault zone. Some 

approaches assume the fault zone has the same pore pressure as the reservoir. 

The true initial and gradual development of pore pressure within a zone are 

usually not known, and pore pressure should be in equilibrium with 

surrounding formations. The CO2 gas or fluid capillary entry pressure into the 

fault zone might be different from the overburden. These details are usually 

not accounted for due to lack of detailed data, however, sensitivity analysis 

can indicate an uncertainty range. Thus, more detailed knowledge of the pore 

pressure distribution for a CO2 gas or liquid from permeable formations into 

less-permeable zones (e.g. fault core) can be helpful to improve the precise 

of modelling and narrow the uncertainty span. 

 

 The strength of faults is governed by the frictional resistance of the material 

present in the fault zone. Frictional properties of sediments and rocks have 

been studied extensively for civil engineering projects and hydrocarbon 

production fields in the past decades. Only a few studies have been done to 
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evaluate the effect of CO2 on the friction properties of sediments/rocks, 

although Morrow et al. (2000), Masoudi et al. (2011), Samuelson and Spiers 

(2012) reported very good experimental results. They all observed (to various 

degrees) changes in the geomechanical properties of the tested material, 

although the short time the specimens had been exposed to CO2 under 

experimental conditions was a notable limitation. More experiments on 

samples from reservoir and cap rocks exposed to CO2 solutions for longer 

time periods, would provide complementary results and more valuable data. 

 

 The integrity of reservoir and overburden can be affected by minor faults with 

limited length and small displacements, which may be present in the reservoir 

and overburden. Such faults may be below the detection threshold of seismic 

methods and thus require more accurate techniques such as well tests, 

drilling, etc. to be explored. Exploration and characterization of small faults 

is very important for the assessment of integrity of CO2 storage sites. 

 

 Many models, which were mentioned in this report, are able to explain the 

induced fault slip caused by pore pressure build-up. However, field 

observations from hydraulic fracturing stimulation of shale gas reservoirs 

indicate that unexpected fracturing occurs additionally where faults 

orientated between the directions of the minimum and maximum in-situ 

stresses exist. These additional fractures are believed to be triggered by 

propagation of fractures from critically oriented (less stable) to poorly 

oriented faults (Zoback et al., 2012). More investigations are required on 

parameters and conditions that trigger fault slip.  

 

 Although many studies have been carried out on correlating the permeability 

of intact rock to its geomechanical behaviour, they may not be applicable to 

faults. Faults are characterized by complex internal zonation with various 

permeabilities and quantifying equivalent/bulk fault permeability can be 

difficult. The effect of fault reactivation and slip on fault zone permeability, 

is poorly understood and demand much attention and further investigations.  
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