Project Acronym and Title:

M4ShaleGas - Measuring, monitoring, mitigating and managing the
environmental impact of shale gas

EXPERIMENTAL STUDY OF FAULT REACTIVATION
CONTROLS IN SHALES

Authors and affiliation:

A.C. Wiseall, R.J. Cuss, E. Hough, S.J. Kemp
British Geological Survey, Keyworth, Nottingham, NG12 5GG, UK
E-mail of lead author:

andyw@bgs.ac.uk

D2.4
Status: definitive

Disclaimer
This report is part of a project that has received funding by the European Union’s Horizon 2020 research
and innovation programme under grant agreement number 640715.
The content of this report reflects only the authors’ view. The Innovation and Networks Executive Agency
(INEA) is not responsible for any use that may be made of the information it contains.
Published June 2017 by M4ShaleGas Consortium

Public introduction
M4ShaleGas stands for Measuring, monitoring, mitigating and managing the environmental impact of
shale gas and is funded by the European Union’s Horizon 2020 Research and Innovation Programme.
The main goal of the M4ShaleGas project is to study and evaluate potential risks and impacts of shale gas
exploration and exploitation. The focus lies on four main areas of potential impact: the subsurface, the
surface, the atmosphere, and social impacts.
The European Commission's Energy Roadmap 2050 identifies gas as a critical fuel for the transformation
of the energy system in the direction of lower CO2 emissions and more renewable energy. Shale gas may
contribute to this transformation.
Shale gas is – by definition – a natural gas found trapped in shale, a fine grained sedimentary rock
composed of mud. There are several concerns related to shale gas exploration and production, many of
them being associated with hydraulic fracturing operations that are performed to stimulate gas flow in the
shales. Potential risks and concerns include for example the fate of chemical compounds in the used
hydraulic fracturing and drilling fluids and their potential impact on shallow ground water. The fracturing
process may also induce small magnitude earthquakes. There is also an ongoing debate on greenhouse gas
emissions of shale gas (CO2 and methane) and its energy efficiency compared to other energy sources
There is a strong need for a better European knowledge base on shale gas operations and their
environmental impacts particularly, if shale gas shall play a role in Europe’s energy mix in the coming
decennia. M4ShaleGas’ main goal is to build such a knowledge base, including an inventory of best
practices that minimise risks and impacts of shale gas exploration and production in Europe, as well as
best practices for public engagement.
The M4ShaleGas project is carried out by 18 European research institutions and is coordinated by TNONetherlands Organization for Applied Scientific Research.

Executive Report Summary
This report presents the results of a series of laboratory based experiments which aimed to investigate the
controls on fault reactivation in shale, in particular the effects of stress, mineralogy and saturation state.
The reactivation of faults and fractures is a key area of research within the shale gas industry. Their
reactivation has the potential to cause felt seismic events, which could potentially be damaging to well
integrity. It is also unclear as to how the reactivation of small scale faults and fractures will affect the flow
of hydrocarbons back to the well. Some studies believe it will enhance local permeability. However, other
studies state that reactivation could lead to a reduction in stimulation pressure as hydraulic fracture fluid
migrates away from the target area through pre-existing fracture networks, so reducing the efficiency of
the Stimulated Reservoir Volume.
The experiments were carried out at the British Geological Survey, using samples of ball-milled Bowland
Shale from the Pennine Basin, U.K. The main aims of these experiments were to investigate the:





Mechanical properties of the Bowland Shale in shear;
Reactivation potential of Bowland Shale gouge;
Effect saturation state can have on the reactivation properties (two saturation states were used);
Mineralogical controls on the gouge properties, specifically on reactivation potential.

The mechanical strength of the gouges and the reactivation potential show clear relationships with vertical
stress and moisture content. The gouge materials have greater mechanical strength at increased stress and
the tests with a lower moisture content also showed greater strength. It is clear that at the test conditions
used in these experiments the Bowland Shale is a relatively weak gouge as reactivation occurs at low pore
pressures. Comparing the results of these tests against similar tests further highlights the role that
mineralogy is having on the properties of the fault gouge. Despite these clear findings there are still many
relationships which remain unclear, such as the specific role mineralogy plays on strength, which require
further research.
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1

INTRODUCTION TO M4SHALEGAS

1.1

Context of M4ShaleGas
Shale gas source rocks are widely distributed around the world and many countries have
now started to investigate their shale gas potential. Some argue that shale gas has already
proved to be a game changer in the U.S. energy market (EIA 2015). The European
Commission's Energy Roadmap 2050 identifies gas as a critical energy source for the
transformation of the energy system to a system with lower CO2 emissions that combines
gas with increasing contributions of renewable energy and increasing energy efficiency.
It may be argued that in Europe, natural gas replacing coal and oil will contribute to
emissions reduction on the short and medium terms.
There are, however, several concerns related to shale gas exploration and production,
many of them being associated with the process of hydraulic fracturing. There is also a
debate on the greenhouse gas emissions of shale gas (CO2 and methane) and its energy
return on investment compared to other energy sources. Questions are raised about the
specific environmental footprint of shale gas in Europe as a whole as well as in individual
Member States. Shale gas basins are unevenly distributed among the European Member
States and are not restricted within national borders, which makes close cooperation
between the involved Member States essential. There is relatively little knowledge on the
footprint in regions with a variety of geological and geopolitical settings as are present in
Europe. Concerns and risks are clustered in the following four areas: subsurface, surface,
atmosphere and society. As the European continent is densely populated, it is most
certainly of vital importance to understand public perceptions of shale gas and for
European publics to be fully engaged in the debate about its potential development.
Accordingly, Europe has a strong need for a comprehensive knowledge base on potential
environmental, societal and economic consequences of shale gas exploration and
exploitation. Knowledge needs to be science-based, needs to be developed by research
institutes with a strong track record in shale gas studies, and needs to cover the different
attitudes and approaches to shale gas exploration and exploitation in Europe. The
M4ShaleGas project is seeking to provide such a scientific knowledge base, integrating
the scientific outcome of 18 research institutes across Europe. It addresses the issues
raised in the Horizon 2020 call LCE 16 – 2014 on Understanding, preventing and
mitigating the potential environmental risks and impacts of shale gas exploration and
exploitation.
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1.2

M4ShaleGas project structure
Knowledge of the environmental footprint from shale gas exploration and exploitation
mainly come from US and Canadian experiences. Shale gas development in Europe may
benefit from lessons learned in the US. However, population densities, geological
settings, and regulations in some areas of European Union Member States are markedly
different from those in the US and Canada.
Within the M4ShaleGas project four key gaps in our knowledge related to the potential
environmental risks and impacts of shale gas exploration and exploitation will be
addressed, as identified from consultations with different stakeholders (i.e. public,
regulators, governments and industry). These key gaps are:
(1)

(2)
(3)
(4)

the need for a research-based understanding of differences between Europe,
US and Canada resulting from differences in their geological and geopolitical
settings;
the need for quantitative risk assessment and mitigation of risks and impacts
that are specific for Europe;
lack of knowledge on the applicability of US and Canadian best practices to
Europe; and
insufficient research-based knowledge on public perceptions of risks and
impacts in Europe.

The structure of the M4ShaleGas program is based on the main areas of potential impact:
WP1 Subsurface; Impact of subsurface activities: Hydraulic fracturing, induced
seismicity and well integrity;
WP2 Surface; Impact of surface activities: Water, soil and well site activities;
WP3 Atmosphere and climate; Impact on air quality and global climate;
WP4 Society; Public Perceptions of the Environmental Impacts; and
WP5 Integration, stakeholder engagement and dissemination.
The specific objectives of each Work Package will focus on:
• Measuring the environmental impact of shale gas exploration and exploitation in
Europe
• Monitoring the environmental impact of shale gas exploration and exploitation in
Europe
• Mitigating the environmental impact of shale gas exploration and exploitation in
Europe
• Managing the environmental impact of shale gas exploration and exploitation in
Europe
Measurements, monitoring, mitigation and management relates to environmental risks
and impacts as well as public perceptions on risks and impacts.
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1.3

WP1: Subsurface
Work Package 1 of the M4ShaleGas project is targeted at the impact of subsurface
activities; including hydraulic fracturing, induced seismicity and well integrity. Within
the work-package there are five areas of research:
WP1.1 the subsurface impact of hydraulic fracturing;
WP1.2 risks of reactivating natural faults and inducing damaging seismicity;
WP1.3 seismic monitoring of hydraulic fracturing and gas production;
WP1.4 risks of leakage along wellbores; and
WP1.5 drilling hazards and well integrity.
A sixth sub-package task (WP1.6) will integrate the findings from WP1.1 – 1.5.

1.4

WP1.2: Fault reactivation and induced seismicity
The main objectives of this sub work package are to examine the relations between site
conditions, stimulation treatments and induced seismicity for European shale basins and
mitigation of ‘felt’ earthquakes. The work package will address the following main topics:
• Analysis of characteristic frequency and magnitude of induced seismicity
based on existing field cases;
• Identification and quantification of site-specific factors and factors related to
the hydraulic fracturing operation;
• Classification of potential European shale gas sites in terms of seismic hazard
& measures to mitigate seismic hazards.
Understanding the potential interaction of hydraulic fracture fluid and pre-existing faults
is of paramount importance in order to reduce the likelihood of induced, felt, seismicity.
The current research within WP1.2 aimed to simulate hydraulic stimulation within the
laboratory in order to determine the controls on fault reactivation. Previous work looking
at fault reactivation in Carbon Capture & Storage showed that under identical stress
conditions, fault reactivation potential can be determined and is controlled by clay gouge
mineralogy (Cuss et al. 2016; Cuss & Harrington, 2016). The current study aimed to take
this knowledge forward, determining the fault reactivation potential of a shale fault gouge
with gas potential and the role gouge saturation has on fault stability. This two-pronged
approach would investigate 1) pore pressure changes on fault stability, replicating the
initial pressure perturbation because of stimulation; 2) fault gouge saturation changes,
replicating movement of fluid towards pre-existing faults. This being a longer-term
process with potential to weaken pre-existing faults.

1.5

Study objectives for this report
The objective of this report it to further understand fault reactivation induced by the
hydraulic fracturing process. Through a series of laboratory based experiments, controls
on fault reactivation are examined and assessed. This report presents information
D2.4 Controls on fault reactivation in shales
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associated with the reactivation of faults in shale gas reservoirs; this is an important issue
for hydraulic fracturing stimulation. This report is part of Work Package 1.2 of the
European Commission M4ShaleGas project being undertaken to provide scientific
recommendations for minimizing the environmental footprint of shale gas exploration
and exploitation in Europe.

1.6

Aims of this report
This report aims to understand the controls on fault reactivation in shales through a series
of laboratory based experiments. Bowland Shale samples are made up to form a fault
gouge and have been tested in the Angled Shear Rig at static boundary conditions.
Injection of fluid into the gouge simulates the hydraulic fracturing process.
The main aims of this report are to investigate the effects:
 stress conditions have on the mechanical strength of a fault gouge;
 the reactivation potential of a fault gouge;
 moisture content may have on the strength of a fault gouge;
 mineralogy of the fault gouge can have on the strength and reactivation potential.
Fault reactivation has been seen as one of the major research areas for subsurface shale
gas activities as it is unclear whether fault reactivation can increase or decrease the
potential flow of hydrocarbons. There has also been documented cases of the reactivation
of larger faults, which have resulted in relatively large seismic events with respect to the
shale gas industry. It is therefore important to investigate the potential controls on fault
reactivation.

1.7

Structure of the report
This report presents the experimental results of a series of fault reactivation tests carried
out at the British Geological Survey. The report is made up of seven chapters:


Chapter 1: Introduction: This report outlines the main aims of the M4ShaleGas
project and the specific aims of this report.



Chapter 2: Introduction to fault reactivation: This chapter highlights the
importance of fault reactivation to the shale gas industry and introduces the
potential controlling factors.



Chapter 3: Experimental set up: A description of the Angled Shear Rig
apparatus used in the experiments is presented, as is details of the method used
for data collection and analysis.



Chapter 4: Tested material: This chapter describes the origin on the samples
used and their preparation. A description of the bulk mineralogy of the samples is
provided.

D2.4 Controls on fault reactivation in shales
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Chapter 5: Experimental results: This chapter presents the results of the fault
reactivation tests. Data is presented on mechanical strength, reactivation pressures
and the slip/ energy release associated with reactivation events.



Chapter 6: Discussion: This chapter discusses the results presented in Chapter 5
and the potential implications for the shale gas industry. The effect of moisture
content and mineralogy is discussed at length. An extrapolating of the results
observed in the laboratory to real reservoir pressures is undertaken.



Chapter 7: Conclusions and recommendations: This chapter presents the
conclusions from this experimental study and the implications for the shale gas
industry. A number of recommendations are made for future research into the area
of fault reactivation in shales.
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2

INTRODUCTION TO FAULT REACTIVATION
The extraction of natural gas and oil from unconventional shale source rocks has become
a key onshore energy source (Arthur et al., 2008). In the United States in 2014 it
accounted for approximately 48 % of total U.S. dry natural gas production, with a
predicted rise to 69 % by 2040 (EIA, 2016). The U.S. are the major leads in this new
energy field, however, the pace of development and demand for cleaner energy sources
has grown within Europe. The E.U. Energy Roadmap 2050 (EU, 2011) now identifies
shale gas as a critical energy source for the transition from coal-powered electricity
generation to a more environmentally friendly energy mix. However, the hydraulic
fracturing technique associated with unconventional hydrocarbon extraction has many
controversies. Several reviews highlight the most critical areas of research which require
greater understanding to ensure shale gas is a clean and safe energy source (DOE, 2009).
Ter Heege (2016) suggest four main areas of research for the subsurface, one of which is
the interaction between hydraulic fracturing and the potential for large scale fault
reactivation.
The hydraulic fracturing technique involves drilling a deviated well within shale
formations at depths of typically 2-5 km (Geol.Soc., 2013). The horizontal well is
perforated and the target area is injected with high-pressured fluid. This overcomes the
tensile strength of the shale (Mode I fracturing) and produces a fracture network and
therefore a flow pathway for gas and/or oil to flow to the surface via the borehole.
Additionally, hydraulic fracturing can lead to reactivation of existing fractures in shear
(Mode II fracturing). The area which is hydraulically fractured is referred to as the
Stimulated Reservoir Volume (SRV). The characteristics of the SRV, such as size and
fracture connectivity, are key controls on the quantity of hydrocarbon extraction. The
extent and nature of this fracture network are also the source of many environmental
questions regarding unconventional hydrocarbons, for example the leakage of hydraulic
fracturing fluids into overlying aquifers. Many summaries of hydraulic fracturing can be
found in the literature (Fisher & Warpinski, 2012; Arthur et al., 2008; Cuss et al., 2015;
Rutqvist et al., 2013; Davies et al., 2012), again highlight a number of key areas
warranting further research, with fracture/fault reactivation being a common topic
throughout. For the purpose of this report we use faults and fractures interchangeably due
to the variable nature of shales which can exhibit both within close proximity.
Gale et al. (2007) state that the reactivation of a natural fracture network could redirect
flow away from the target area. This therefore has the potential to reduce the amount of
gas the well can produce. However, other studies state that the reactivation of a natural
fracture network could enhance gas flow as it will increase connectivity of fractures
within the SRV (Fisher & Warpinski, 2012; Zhang et al., 2009; Curtis, 2002; Engleder et
al., 2009). Further concerns with reactivation have been raised in terms of the reactivation
of a larger fault (ter Heege, 2016), which may have the potential to act as a conduit for
hydraulic fracturing fluid to flow towards a water source. However, in the UK, and other
EU member states, hydraulic fracturing must take place below a depth of 2 km (Geol.Soc.,
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2013) and are therefore unlikely to be able to connect to a shallow groundwater aquifer.
Furthermore, many shales in the UK are under pressured meaning flow would be directed
towards the hydraulic fractured shale, and not upwards towards drinking water sources.
Fisher & Warpinski (2012) have studied the microseismic output of thousands of
hydraulic fracturing operations in the major US shale formations and show that even the
largest of hydraulic fracture events stop propagating hundreds of meters away from the
potable aquifers above. The majority of the larger fracture events detected are likely to be
the result of the reactivation of pre-existing discontinuities within the reservoir.
Hydraulic stimulation at Preese Hall, Lancashire (UK), resulted in the reactivation of a
previously unidentified fault (Clarke et al., 2014). Two seismic events, of a magnitude
ML = 2.3 and 1.5 on the Richter scale were observed. These were attributed to fault
reactivation as a direct result of injecting fluid into a previously unknown fault/fault zone
(De Pater & Baisch, 2011). Microseismic events associated with hydraulic fracturing of
the Barnett Shale are typically less than a magnitude ML = 1 (Maxwell et al., 2006);
therefore the detected events at Preese Hall are considered relatively large.
The interaction between hydraulic and mechanical properties at the boundary between
natural and manmade fractures is complex. It has long been understood that pore pressure
acts in the opposing direction to the confining pressure, therefore reducing the stress on
the surrounding rock and producing an effective stress:
𝜎′ = 𝜎 − 𝑢

[1]

Where u is the pore pressure, σ is the confining stress and σ´ is the effective stress.
Hubbert & Rubbey (1959) recognised that this theory also applied to faults. The increase
in pore pressure and resultant reduction in effective stress on a fault can lead to
reactivation, as illustrated by Figure 1 The increase in pore pressure from the injection of
the hydraulic fracturing fluid therefore has the potential to cause reactivation of natural,
pre-existing, faults. The point at which reactivation will occur can be defined by the
Mohr-Coulomb failure criterion:
𝜏𝑓 = 𝐶 + 𝜇𝜎𝑛′ = 𝐶 + 𝜇(𝜎𝑛 − 𝑃𝑓 )

[2]

where C is the cohesive strength of the fault, μ is the coefficient of friction, n is the
normal stress on the fault, Pf is the pore pressure and ' denotes effective stress. Therefore,
an increase in pore pressure may result in the loss of frictional strength on a pre-existing
discontinuity (fracture, fault, joint etc.), resulting in movement along that discontinuity.
It should be noted that Figure 1 shows the simplified Mohr approach. In shale, the
Poisson’s and Biot effects will result in the maximum and minimum stress components
varying at different amounts to the change in pore fluid, which would result in the
reduction in diameter of the Mohr circle shown in Figure 1 as it moves to the left.

D2.4 Controls on fault reactivation in shales

Copyright © M4ShaelGas Consortium 2015-2017

Page 9

Figure 1: Mohr circle diagram showing the effect that an increase in pore pressure can
have. Failure on a fault orientated at 2θ occurs when the effective stress is reduced enough
to cross the failure envelope.
The properties of natural fractures within shale formations are key to whether a fault may
reactivate or not. As can be seen in Figure 1, the angle of the fault (θ), with respect to the
stress field, determines if the fault is critically stressed, and therefore prone to
reactivation. The gouge material within the fault is also key. Gale et al. (2014) review
many of the natural fractures found within the major US shale formations. Many were
filled with calcite, although some quartz filled fractures were observed. Montgomery et
al. (2005) believe that the calcite filled fractures are a barrier to fluid flow. However, Gale
et al. (2007) oppose this as they state the low tensile strength of the cement in comparison
to the protolith and the fact that it is not in crystallographic continuity with the fracture
walls means that it will be reactivated and therefore not act as a barrier to fluid flow. Gale
& Holder (2008) also showed that calcite filled fractures have half the strength of intact
rock. These contrasting views highlight the importance of understanding the effect that
the fracture gouge can have on the hydro-mechanical properties of the fault and the
potential for reactivation. These studies use data and field studies from North American
shale formations, however, at present there are few studies characterising fractures in UK
shales, such as the Bowland Shale. This lack of data makes it difficult to predict how
faults and fractures may reactivate if hydraulically fractured. It is therefore important to
understand how a range of gouge mineralogies may reactivate.
Water content is another controlling factor on the strength of a fault gouge and, therefore,
the potential of fault reactivation. The presence of water has been shown to have a specific
weakening effect on rock strength when compared with dry test conditions (Paterson,
1978). This behavior has been reported in many types of tests, e.g. uniaxial, triaxial and
hydrostatic deformation tests (Dyke & Dobereiner, 1991; Hawkins & McConnel, 1992;
Serdengecti & Boozer, 1961; Rutter, 1972; Zhu & Wong, 1997) although these tests have
mainly been carried out on sandstones, or very quartz rich materials (Cuss, 1999; Boozer
et al., 1963; Chester & Logan, 1986). Ikari et al. (2007) showed that moisture content can
have a significant effect on the mechanical properties of faults. It is therefore important
D2.4 Controls on fault reactivation in shales
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to understand the effect water content can have on shale and the role it plays on fault
reactivation.
This report presents results from a laboratory study simulating fault reactivation in
Bowland Shale. Previous studies (Cuss & Harrington, 2016; Cuss et al., 2016) have
proved the methodology adopted and demonstrated that mineralogy has a clear effect on
fault reactivation potential and hydro-mechanical properties. The objectives of the current
study were to investigate:




mechanical properties of a Bowland Shale filled fault gouge;
reactivation potential of a Bowland Shale filled fault gouge;
effect that moisture content has on the mechanical properties and reactivation
potential of the fault gouge.

Experiments were all carried out under a static boundary condition, with a far-field stress
acting on a fault. An increasing pore pressure was applied to the fault gouge to directly
simulate hydraulic stimulation.

D2.4 Controls on fault reactivation in shales
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3

EXPERIMENTAL SET UP
The experiments described were all carried out using the bespoke Angled Shear Rig
(ASR) apparatus (Figure 2), designed and built at the British Geological Survey. The ASR
is made up of 5 main components:
1. A rigid steel body chosen as it has bulk modulus of compressibility and shear
modulus approximately two orders of magnitude greater than any clay gouge
tested. Therefore, the apparatus is not likely to undergo any noticeable
deformation during testing;
2. Vertical load was provided by an Enerpac hydraulic ram that was linked to a
Teledyne/ISCO 260D syringe pump for control. The ram provided force to a rigid
loading frame and an upper thrust block. This system was capable of providing a
vertical stress of up to 20 MPa. The Enerpac ram had a stroke of 105 mm, this
meant that there was sufficient stroke to accommodate the vertical movement of
the top block during shearing;
3. Shear was provided by a shear force actuator, this consisted of a horizontally
sitting and adapted Teledyne/ISCO 500D syringe pump. This could provide a
shear rate as low as 14 microns a day or as fast as 0.5 mm per second;
4. Pore pressure system comprising a Teledyne/ISCO 500D syringe pump that could
deliver water up to a pressure of 25.8 MPa. The syringe pump delivered fluid
through the centre of the top block directly to the fault surface;
5. A bespoke designed data acquisition system using National Instruments
LabView™ software. This provided the ability to control and monitor all test
parameters and change them remotely.

Figure 2: Schematic diagram of the Angled Shear Rig apparatus used for the fault
reactivation study.
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Figure 2 shows the experimental fault assembly. The top and bottom block are made up
of 316 stainless steel arranged with a dip of 30 degrees with respect to the shear direction.
The two blocks had polished surfaces so not to introduce any preferential pathways for
fluid flow. Cuss et al. (2011) showed that fracture topology can have a major effect on
fluid flow along a fault. The vertical load was provided to the angled fault by a swivel
mechanism on either side of the top block. It should be noted that the vertical load
provided by the syringe pump does not equate to the normal load on the fault gouge. The
top block also consisted of two ports situated 15 mm orthogonally from the central
injection port. These ports were connected to two pore pressure transducers to allow for
measurement of the pore pressure within the gouge. The upper block had a surface area
of 60 x 60 mm, however the lower block was longer and wider so the contact area could
be maintained during shearing.
As shown in Figure 2, the shear force actuator acted upon the angled lower block of the
apparatus through the fault gouge. The movement of the bottom-block was measured
using a linear variable differential transducer (LVDT), which had a full range of ± 25 mm
and an accuracy of 0.5 µm. Vertical travel of the thrust block was measured by a high
precision non-contact capacitance displacement transducer, which had a full range of ±
0.5 mm and an accuracy of 0.06 µm. Horizontal load was measured using a load cell fitted
laterally to the upper block. This measured the force resultant from lateral movement of
the bottom block transmitted through the clay gouge.
Tests presented here were carried out using a gouge material made up of Bowland Shale.
The location of the samples used for these tests are discussed below and represented in
Figure 3. Small blocks of Bowland Shale were ball milled to form a powder with a grain
size of 53 microns and below. The powder was mixed with de-ionised water to form a
saturated paste; this paste represents the gouge material between the two thrust blocks of
the apparatus. Two sets of tests were carried out in this study; one representing a fully
saturated gouge and one representing a partially saturated gouge. The fully saturated paste
consisted of 35 g of powder mixed with 15 g of de-ionised water, whereas the partially
saturated tests only used 12.5 g of de-ionised water. The powder and water were mixed
together for 5 minutes to give a well-mixed homogeneous paste. The paste was then
placed by hand onto the polished surface of the top block, care was taken to ensure it was
as evenly spread as possible. The top block was then carefully lowered onto the bottom
block as to not deform the paste before testing began. A vertical load was applied to the
gouge. As the load increased on the gouge the thickness of the paste decreased as there
was no lateral confinement. The tests were carried out with the pump set to apply a
vertical stress ranging from 1 MPa to 6.25 MPa in 1.3 MPa steps, as shown in Table 2.
There were two stages to each test, a shearing phase and an injection phase. The vertical
stress was set at a constant value using the Teledyne/ISCO syringe pump throughout the
complete test. During the shearing phase of the test, the shear actuator was set to run at a
constant rate, which equated to 1 mm in 24 hours (1.93 × 10-7 s-1). The test was left to
shear for approximately 24 hours, during which time the gouge reached yield and peak
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shear stress conditions. Once this point had been reached the shear actuator was stopped
and the fault reactivation phase of the test began. This was performed by injecting deionised water through the top block and into the gouge. The Teledyne/ISCO pump
controlling the pore pressure was set to a constant flow of 100 µL h-1 and the increase in
pore pressure was monitored by the two pore pressure transducers. This flow rate was
sufficient to increase the pore pressure to over 10 MPa over a 24 hour period. Fault
reactivation was observed as an instantaneous drop in the shear stress and/or a change in
the vertical displacement of the load frame (e.g. Figure 8).
Data was logged every 60 seconds for the duration of the test. Therefore it was possible
to correlate the time of fault reactivation with the corresponding pore pressure. The pore
pressure was assumed to decay radially, therefore the observed pore pressure within the
gouge was assumed to be 0.35× the injection pressure.
X-Ray Diffraction (XRD) analysis was carried out on the same powder as used in the
tests. This calculated the bulk mineralogy and the mineralogy of grains under 2 µm. The
results of this are presented in Table 1.
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4

TESTED MATERIAL
The Bowland Shale is mid Carboniferous in age (Serpukhovian, upper Mississippian) and
accumulated in the Pennine Basin, which underlies much of northern England. Borehole
material of this stratigraphic unit is limited to core that is typically desiccated, subsampled and slabbed rendering it unsuitable for many engineering tests. Because of this,
it was decided to use a suitable sized block of fresh outcrop material. Due to the low
strength of mud-prone units, outcrop is generally restricted to better-cemented calcareous
intervals, however they will have been subject to weathering processes and therefore may
not be fully representative of the material at depth. The Bowland Shale, along with
slightly older Hodder Mudstones, has been identified as the principal shale gas resource
in the UK (Andrews, 2013), although there is little exploration data to confirm the likely
reserve this rock unit may contain. Samples from the upper part of the Bowland Shale
were chosen for this study.
The samples used in this study originate from the north-western part of the Pennine Basin
(Figure 3b). A suitable outcrop was identified in a small natural stream section at Parlick
Hill in central Lancashire (53o54’01.34” N, 2o37’35.78”W) (Figure 3a). The outcrop is
located in the central part of the Upper Bowland Shale, approximately 100 m above the
base and 65 m below the Tumulites pseudobilinguis (E1b2) local ammonoid marker
horizon. The mudstone was deposited in a deep water setting, and is typical of the
carbonate-rich ‘offshore muds’ facies as described by Andrews (2013) and ‘calcareous
mudstones’ of Konitzer et al. (2014).

D2.4 Controls on fault reactivation in shales

Copyright © M4ShaelGas Consortium 2015-2017

Page 15

a)

b)
Figure 3: (a) photo showing samples being taken from stream bed at Parlick Hill, (b)
thickness map of the Bowland shale in the North of England, the star shows the location
of the Pennine Basin. After Andrews (2013).
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Table 1: Results of XRD analysis on powder from the samples used in this report.
Mineral (wt%)
Silicates
quartz
24.1

Carbonates

Kplagioclase
feldspar
1.1

<0.5

calcite

dolomite

'mica'

33.0

15.5

18.2
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Sulphide and
phosphate

Clay mins
kaolinite chlorite
3.1

0.6

Prop. clay mins in <2 µm fraction (%)

pyrite

apatite

illite

chlorite

kaolinite

I/S

2.3

2.0

48

4

9

39
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5

EXPERIMENTAL RESULTS
The results of ten experiments are presented in this report. Each experiment had two
phases: a shearing phase and an injection phase. The shearing phase lasted approximately
24 hours and the injection phase lasted up to two days. Throughout both phase of tests
data were logged every 60 seconds by a sophisticated LabView™ system. Figure 2 shows
a schematic diagram of the experimental set up, each label on this figure was logged as
data.
An example of the data logged during a test is shown in Figure 4 from Test 3 (2.6 MPa).
This shows all logged data plotted against time for the duration of the experiment. The
tests took place in a temperature controlled room at approximately 19.5o (± 1o), as shown
in Figure 4a. Figure 4b shows the Teledyne/ISCO syringe pump pressure, which was set
to run at a constant value of 5 MPa. This applied a pressure to the hydraulic piston, which
in turn applied a vertical stress to the gouge.
Figure 4c shows the data from one of the eddy current sensors which indirectly measured
the gouge thickness during the test. It can be seen that during the initial shearing phase
(up to Day 1.0) the fracture dilated and then contracted almost back to its original
thickness. As injection started, which can be seen in Figure 4d,e at Day 1.0, the fracture
thickness began to change and similarly to the shear stage, showed initial dilation
followed by compression after Day 2.5.
Figure 4e shows the pore-fluid injection rate. Initially, up to Day 1.0, the pressure was
maintained at a constant 0.25 MPa (Figure 3d). This created an initial flow rate of
approximately 30 µL h-1, which reduced to approximately 10 µL h-1 after Day 0.2. At Day
1.0 the injection pump was switched to a constant injection rate of 100 µL h-1 at the
beginning of the pore pressure injection phase of the test. This coincides with the fracture
pressure increasing in Figure 4d and the shear displacement stopping in Figure 4g.
The vertical load applied to the gouge and the shear load applied during shearing are
recorded by load cells. Figure 4f shows the evolution of the shear load and normal load
during the test. The shear load increased during the initial shearing phase of testing and
remained approximately static during the injection phase of the test. Normal load only
increased slightly during the initial part of the shearing phase and then remained constant
throughout the test. The shear load corresponds to the shear stress felt by the gouge
(shown in Figure 4h). From the shear stress response it is possible to calculate the
mechanical properties of the gouge as is explained below.
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a)

b)

c)

d)

e)

f)

g)

h)

Figure 4: Example test result for Test 3 (2.6 MPa): a) temperature; b) normal pump
pressure; c) fracture width; d) fracture pressure; e) fracture flow; f) normal and shear load;
g) shear displacement; h) shear stress with displacement.

D2.4 Controls on fault reactivation in shales

Copyright © M4ShaelGas Consortium 2015-2017

Page 19

Figure 5 shows the results of the initial shearing phase for each test presented in this study.
Figure 5a shows the results of the tests performed on the fully saturated gouges and Figure
5b presents the results of the partially saturated gouges. Table 2 presents the mechanical
data for each test shown in Figure 5.
Figure 5a shows that the starting shear stress increased with the normal load at a relatively
consistent rate between each test, as would be expected given the shear stress initially is
the vertical stress translated into horizontal as a result of the angled fault. All tests in
Figure 5a showed an initial linear response as the gouge was sheared, the gouge then
reached a yield stress. The yield stress increased with vertical stress at a relatively
consistent rate between each test. The gradient of the linear portion of the graph, which
related to the shear modulus, also appeared to increase with normal stress. The point at
which yield occurred was chosen by plotting a linear line along the shearing phase of
testing. The point at which the shear stress deviated from this linear line was the yield
pressure. After yield was reached the gouge was still being sheared and the shear stress
continued to rise but at a much reduced rate. The mechanical response of these tests could
be described as being elastoplastic, however, Test 6 has a small drop in shear stress after
yield was reached, which could be described as elasto-brittle deformation. In Test 4 and
Test 5 carried out at 5.0 MPa and 1.1 MPa respectively, small drops in shear stress can
be observed before the gouge reached yield. After close examinations of all data, these
remain unexplained.

a)

b)

Figure 5: Shear stress-strain data. (a) Shows the fully saturated content tests, a consistent
pattern is seen between each test carried out at the increasing load. (b) shows the partially
saturated tests and the less consistent results.
Figure 5b shows the mechanical response of the partially saturated gouge tests during the
initial shearing phase. These data are not as consistent as for the fully saturated tests and
show differences in the starting shear stress and shear modulus. For instance, Test 14 at
5 MPa vertical stress has a lower starting shear stress than Test 8 at 3.8 MPa, which was
contrary to the trend seen in the fully saturated tests. This may have been as a result of
gouge shearing during setup of the experiment. The shear data was also more complex
than the fully saturated tests. Again, Test 14 had a different mechanical response to the
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majority of the tests carried out with the partially saturated gouges. The shear modulus
was much greater for this test compared with Tests 8, 10 and 15. Test 14 also has a large
drop in shear stress towards the start of the shearing phase. Similarly, Test 16 had a higher
shear modulus than Test 10. However, the yield stress for all tests was still increasing
with vertical stress, as did the peak shear stress. As with the higher moisture content tests,
the majority of the tests show a response which could be described as elastoplastic
deformation. Test 15 shows a more gradual change between the two linear portions of the
graph, this therefore makes it more difficult to place the exact point at which yield occurs.
The less consistent nature of the lower moisture content gouges means they were more
complex to interpret. Despite this, there were still relationships that existed between the
vertical stress and starting shear, yield and maximum stress.
Figure 6 shows the typical mechanical response for Test 2 (3.8 MPa) of the gouge during
the initial shearing phase of testing. The starting shear stress is simply the magnitude of
stress the gouge experiences before shearing begins. The gradient of the linear portion of
the graph describes the shear modulus, and maximum shear stress describes the peak
stress conditions.

Figure 6: Graph showing typical mechanical results of the shear phase of testing. This
test was carried out at 3.8 MPa vertical stress with the high moisture content gouge. The
points at which mechanical data are recorded are highlighted.
Figure 7 summarises the mechanical data of each test in Figure 5 and allows comparison
of the gouge mechanical properties. Figure 7a,b shows there is a linear relationship with
the starting shear stress, yield stress and maximum shear stress for both gouges. The yield
stress and maximum shear stress are closely related, this can be seen in Figure 5 as once
yield is reached there is not a large increase in shear stress with continued shearing. Figure
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7c compares the mechanical data for the differing moisture contents. This shows that the
lower moisture content tests have a higher starting shear stress than the higher moisture
content tests. The yield stress and maximum shear stress relationships are also slightly
greater for the higher moisture content tests, although it could be argued that given the
variation seen that they are indeed identical.

b)

a)

c)
Figure 7: Relationship of shear stresses with vertical stresses, showing starting shear,
yield stress and maximum shear stress for the higher and lower moisture content gouges.
(a) High moisture content tests; (b) low moisture content tests; (c) comparison of high
and low moisture content.
The second phase of the testing began once the maximum shear stress had been reached
or shearing had been ongoing for 24 hours. In either case, the fault gouge was at a point
of being critically stressed. The shearing movement was stopped and the injection of pore
fluid onto the fracture surface began. Injection occurred at a constant rate of 100 µL h-1,
this facilitated the increase of pore pressure within the gouge in an attempt to initiate fault
reactivation. This procedure replicates stimulation during the hydraulic fracturing
process. As the pore pressure increased, reactivation was noted as a change in the shear
stress and normal displacement of the gouge. In some tests, changes in shear stress were
detected without changes of vertical displacement (and vice versa) and these were not
interpreted as fault reactivation events. Only a coincident shear stress change with vertical
displacement was considered reactivation. Figure 8 shows a typical example of observed
D2.4 Controls on fault reactivation in shales
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fault reactivation for Test 3 (2.6 MPa) and the associated pore pressure ramp. Small drops
in shear stress (Figure 8a) and normal displacement (Figure 8b) were interpreted as fault
reactivation events where energy was released and the gouge slipped. The reactivation
events are clearly identified and could therefore be correlated with the pore pressure
(Figure 8c). This example reactivated seven times and all tests in this study reactivate
more than once. However, not all tests show such clear reactivation events as this. As
shown in Figure 2, pore pressure is assumed to reduce radially from the central injection
point to atmospheric pressure at the edge of the top block. Therefore, the average pore
pressure within the fault gouge was calculated as 0.35 Pp, where Pp was the injection pore
pressure.
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Table 2: Table showing all mechanical data and reactivation data for each test presented in this study. Q is the differential stress [Q = σ3 –
σ1] at reactivation and P is the effective mean stress [P = 1/3(σ1 + σ2 + σ3) – Pp] at reactivation.
Average
vertical
stress

Starting
shear
stress

Yield
stress

(MPa)

(MPa)

(MPa)

(MPa)

(MPa)

(MPa)

(MPa)

(MPa)

(MPa)

(MPa)

Test
Moisture
Pump
number
state
pressure

Maximum
Vertical
Shear
shear
Reactivation
stress on
stress on
Q on
P on
Number of
stress
pressure
reactivation reactivation reactivation reactivation reactivations

Shear
modulus
(MPa)

5
3
2
4
6

HM
HM
HM
HM
HM

2.5
5
7.5
10
12.5

1.068
2.59
3.782
4.982
6.241

0.293
0.663
0.991
1.189
1.52

0.91
2.195
3.205
3.994
5.249

0.933
2.264
3.348
4.556
5.458

0.174
0.283
0.362
0.833
1.265

1.084
2.504
3.837
5.046
6.297

0.904
2.194
3.268
4.447
5.282

0.18
0.31
0.569
0.599
1.015

0.789
2.014
3.095
3.814
4.355

3
7
5
8
4

120
231
345
294
428

16
10
8
14
11

LM
LM
LM
LM
LM

2.5
5
7.5
10
12.5

1.366
2.544
3.778
4.96
6.231

0.377
0.817
1.338
1.597
2.162

1.419
2.11
3.07
4.189
5.201

1.433
2.148
3.87
4.236
5.736

0.169
0.579
0.890
1.290
2.060

1.377
2.544
3.852
5.033
6.231

1.325
2.07
3.111
4.078
5.545

0.052
0.539
0.741
0.955
0.686

1.173
1.67
2.468
3.106
3.714

4
6
2
4
2

402
150
259
886
666
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a)

b)

c)
Figure 8: Three time correlated graphs showing the reactivation phase of testing in Test
3 (2.6 MPa). Drops in shear stress and displacement are interpreted as reactivation events.
(a) shear stress; (b) normal displacement; (c) pore pressure ramp.
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Table 2 also summarises the reactivation data for all tests. The pore pressure at the initial
reactivation is compared against the mechanical data for the gouge in Figure 9. Figure 9a
shows that the initial reactivation pressure increases with vertical stress acting on the
gouge for the fully saturated gouges; the same relationship is observed in Figure 9b for
the partially saturated tests. Figure 9 also shows that the gouges reactivate at a pore
pressure which is similar to the initial shear stress of the gouge. This is indicated by the
linear fit for reactivation pressure in Figure 9a and b. Figure 9c compares the reactivation
pressure of the two differing gouges. The partially saturated gouges reactivate at a higher
pore pressure than the fully saturated gouges, apart from the tests at the lowest vertical
stress, which reactivated at almost identical pore pressures. Figure 9c compares the two
sets of tests highlighting the higher reactivation pressures for the partially saturated
gouges. For the fully saturated tests the reactivation pressure is a minimum of 36 % of
the starting shear stress and a maximum of 83 %, with the average being 58 %. The
partially saturated tests reactivate at a minimum of 44 % of the starting shear stress, with
a maximum of 95 %, with the average for all tests being 71 % of the starting shear. For
both sets of tests the reactivation pressure is closest to the starting shear stress at the
highest vertical stress.

b)

a)

c)
Figure 9: Fault reactivation data for all tests compared with the mechanical response of
the fault gouge. (a) high moisture/fully saturated content results; (b) low
moisture/partially saturated content results; (c) comparison of high and low moisture
results showing the increase in reactivation pressure for the lower moisture content gouge.
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Figure 10 shows the results looking at individual reactivation events in more detail and
the magnitude of the associated normal displacement and shear stress changes. The
magnitude of normal displacement and shear stress was determined before and after each
reactivation. Figure 10a shows the average normal displacement and shear stress change
for all of the reactivation events in each fully saturated test. The average displacement
and shear stress was only calculated for the minimum number of reactivations across all
of the tests, which is three for the fully saturated tests. The number of times each test
reactivated is shown in Table 2. Figure 10a shows that as the vertical stress increases the
average amount of vertical displacement decreases. The average amount of normal
displacement decreases from approximately 0.27 µm to 0.01 µm. A similar relationship
between shear stress change and vertical stress is observed in Figure 10b. The shear stress
changes at each reactivation event are in the order of 4 to 1 kPa. It must be noted that
Figure 10b shows a greater degree of noise in the data, this is reflected in the R2 values.
Figure 10c shows the vertical displacement for the first three reactivations of each fully
saturated test. Each test shows the same relationship, in that the first reactivation always
results in the least amount of slip and the amount of slip increases with subsequent
reactivations. The relationship of the first, second and third reactivations all show a
negative log relationship with vertical stress.
Figure 10d shows the shear stress changes for the first three reactivations. Again, it can
be seen that the change in shear stress increases after each reactivation event. A similar
relationship is also observed with the average vertical stress. However, the relationship
can now be described by a second order polynomial as opposed to a log law.
As seen in Figure 8, the magnitude of the vertical stress and shear stress changes are
clearly identifiable considering the error associated with the load cells used and can
therefore still be relied upon. It must also be noted that Figure 10 only includes data for
the first three reactivations, this was chosen to make all tests comparable.
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a)

b)

c)

d)

Figure 10: Changes in normal displacement and shear stress as a result of fault
reactivation. (a) average normal displacement change for each test compared to vertical
stress, (b) average shear stress change for each test compared with vertical stress, (c)
normal displacement for the first three reactivations of each fully saturated test, (d) shear
stress changes for the first three reactivations of each fully saturated test.
The data in Figure 10 only presents the reactivation data for the fully saturated tests. The
lower moisture content tests do not show any clear relationships between normal stress,
displacement and shear stress drops. Further quantitative analysis needs to take place to
investigate these relationships for the tests carried out with the lower moisture content.
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6

DISCUSSION
The material used in this study originates from the Bowland Shale in the Pennine Basin,
UK. This was chosen as it is a prospective shale gas formation in the UK. Unfortunately,
well preserved core material was unavailable so samples were retrieved from a stream
bed exposure on Parlick Hill, Lancashire. This area of the Pennine Basin has exposure of
the Upper Bowland Shale unit which contains regions of high carbonate muds (Konitzer
et al. 2014). However it should be noted that the Bowland Shale is extremely variable.
Therefore the material may not be fully representative of the formation at depth but in the
absence of preserved core material represents the best available material. Data is not
available to ascertain whether the ball-milled gouge is representative of fault gouge
present in the Bowland Shale at depth. The use of gouge material was necessary to reduce
the number of variables within the experiment by eliminating fracture roughness.
Therefore the simplified experiments are not designed to fully replicate faults at depth in
Bowland Shale and were specifically designed to look at controls on fault reactivation
based on saturation and mineralogy.
The Bowland Shale samples selected contains a proportion of clay minerals, which means
these tests will be directly comparable to the work of Cuss & Harrington (2016) and Cuss
et al. (2016). These studies carried out a series of identical tests to those reported here,
but used kaolinite and Ball Clay gouges. We may, therefore, be able to draw conclusions
on the effect that mineralogy has on the mechanical properties of gouges and the influence
this has on fault reactivation.
The effect of moisture content on the hydro-mechanical properties and the reactivation
potential of Bowland Shale gouges has been studied. The data presented shows good
conformity and several important relationships are observed.
Figure 5 shows the mechanical properties for the two sets of tests carried out at identical
boundary conditions. A good degree of conformity is seen in the mechanical data,
especially for the fully saturated gouges. Figure 7 shows there is a linear relationship
between starting shear, yield stress, maximum shear stress and vertical stress. Test 14
may be considered anomalous due to its steeper shear slope and therefore increased shear
modulus (Table 2). The reasons for this remains unclear. The material used in the tests
was ball-milled Bowland Shale, which should have largely reduced the chance of any
heterogeneous samples and the process of mixing the gouge and water was the same for
each test. However, the yield stress and maximum shear stress still show a good
relationship with the remaining data and as the starting shear stress and shear moduli are
not the principle area of this study this test was still included. This suggests that
displacement was affected by rotation of the drive train early in the shear experiment.
Therefore the positioning of the displacement LVDT was not measuring the true
displacement of the fault plane. Taking this into account, the linear relationship between
strength and vertical stress shows that faults display greater strength at depth (higher
stresses).
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There are also variations observed in strength when comparing the tests in relation to
moisture content. The partially saturated tests have higher starting shear stresses, this
suggests that the lowering of the moisture content has increased the gouges cohesive
strength. Mohr-Coulomb failure criterion (Eq. 2) states that the cohesion will have an
effect on the strength of a material.
All tests presented in this study reactivated when the pore pressure on the fault increased.
Figure 9 shows the pore pressure at which the first reactivation occurs for each test. As
can be seen the pore pressure at which the faults reactivated in both sets of tests occurs at
a pressure similar to the starting shear stress. The starting shear stress will be derived by
the translation of vertical stress into the horizontal plane (Poisson’s effect) and is related
to the Poisson’s ratio of the gouge. Different saturation states result in variations in the
Poisson’s ratio and hence result in variations in starting stress. Therefore, the relationship
observed between starting shear stress and fault reactivation pressure may indicate that
fault reactivation is controlled, at least in part, by the Poisson’s ratio of the gouge. There
may also be a difference in microstructure of the gouge as a result of variations in moisture
content that may play an additional control on fault reactivation. Unfortunately, the
recovery of gouge post-test was not possible and microstructure could not be investigated.
As the partially saturated tests had higher starting shear stresses the reactivation pressure
is higher for these tests. This is evidence for the strengthening of faults as the water
content is reduced. An effect may also derive from changes in permeability of the fault
gouge as a result of saturation, a higher saturation would be expected to have lower
permeability, which may locally raise pore fluid pressure around the injection point. The
fact that these gouges are reactivating at relatively low pore pressures suggests that the
Bowland Shale makes a relatively weak fault gouge. After the shearing phase of testing
the fault gouges are critically stressed and therefore more prone to reactivation. However,
the fault still reactivated at a relatively low pore pressure. Cuss & Harrington (2016) have
shown that it is possible for a fault to reactivate at stresses below that predicted by MohrCoulomb failure approach.
The tests presented in this study are carried out at relatively low stress conditions
compared to prospective unconventional reservoir conditions. In the UK hydraulic
fracturing of shale will occur at depths between 2 and 5 km (Geol. Soc. 2013). Figure 8
shows that the reactivation pressure for the series of tests shows a linear relationship with
vertical stress. Assuming a stress gradient of 23 MPa km-1 (Zoback, 2010) and a
hydrostatic pore pressure gradient of 10 MPa km-1, a 2 km depth would result in a vertical
stress of 46 MPa. Therefore if we were to extrapolate the initial reactivation pressure to a
vertical stress of 46 MPa, reactivation would occur at 7.6 MPa for a fully saturated gouge.
A partially saturated gouge would reactivate at 15.5 MPa highlighting the strength
difference between the higher and lower moisture content gouges. However, we should
consider effective stress, which at 2 km would be 26 MPa, resulting in a reactivation
pressure of 4.3 and 8.8 MPa greater than in situ pore pressure for the high and low
moisture content gouges respectively.
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Figure 10 examines the normal displacement and shear stress changes which have
occurred due to fault reactivation. Figure 10a and b shows that as the average vertical
stress increases the average amount of normal displacement observed for fault
reactivation decreases. The same relationship can be seen for the average change in shear
stress. The normal displacement change can be related to the amount of slip that occurs
during reactivation, whereas the shear stress change relates to the energy released. The
energy released during reactivation in this study is small and these tests are conducted at
very low vertical stresses compared to actual natural fractures in shale gas reservoirs.
Therefore, if we were to extend the polynomial relationship seen in figure 10d then we
would expect to see almost zero energy released at greater stresses. This suggests that the
differences in our experimental set up to natural reservoir conditions and natural fault
characteristics are resulting in lower than expected energy released. It should be noted
that the experimental setup has a total fault area of 0.0036 m2, compared with an expected
10,000 to 100,000 m2 fracture area expected in shale stimulations (King, 2012). This
means that the total energy released during fault/fracture reactivation will be much greater
than the current experiments suggest. This is borne out by microseismic observations
during stimulation, which record many seismic events. These small seismic events have
been related to natural fracture reactivation by many studies (Blanton 1982, Fisher et al.
2004, Fisher & Warpinski 2012).The strength of a seismic event is related to the area of
the rupture and the amount of slip on the rupture. Green et al. (2012) conclude that to
have produced a magnitude ML 2.3 seismic event at Preese Hall in 2011 a rupture area of
10,000 m2 must have slipped by 1 cm. If this energy release was extrapolated back to the
size of our fault (0.0036 m2) and with a slip distance of 0.1 µm then the energy released
by our fault would be 277 time smaller.
Warpinski (2008) and King (2010) state that injection rate during hydraulic stimulation
is a critical element to be considered in fault/fracture reactivation. Warpinski (2008)
observed that injection rates on the order of 15 barrels per minute or less do not trigger
microseismic signals, meaning that if any reactivation has occurred it will be sub-seismic.
The current study used a flow rate of 100 µL h-1, whereas during hydraulic stimulation
up to half a million gallons of fluid can be pumped over a few hours (DOE, 2009).
Ignoring compressibility of the fluid and expansion of the borehole, this equates to a flow
rate of 0.63 Gl h-1. King (2012) estimate fracture surface areas of between 10,000 to
100,000 m2 as a result of stimulation, meaning that the injection rate per square metre is
up to 6.3 L h-1 m-2. This compares with an injection rate in the current study of 0.03 L h1
m-2; a factor of 150 slower. Therefore, the low energy released during the current
experiments may be due to the injection rates used. Wang et al. (2016) state that the effect
of injection rate is also dependent on the formations characteristics, such as tensile
strength. Further experiments are therefore needed in order to investigate the effects that
injection rate can have on fault reactivation.
Figure 10c compares the amount of vertical slip measured in the first three reactivation
events for each fully saturated test. The amount of slip increases with each reactivation
event. Furthermore, a logarithmic relationship between vertical stress and each
reactivation event was observed. This implies that the influence of vertical stress on the
displacement of a fault during reactivation becomes less as vertical stress increases. The
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increasing amount of slip as reactivation events continue is associated with the increasing
pore pressure on the gouge. This is still representative of hydraulic fracturing stimulation
as the pore pressure in the target area will be increased over several hours. The Preese
Hall fault was seen to reactivate several times (De Pater & Baisch 2011). This was a
relatively large fault and therefore large amounts of energy were released. However,
Fisher & Warpinski (2012) also show that faults can reactivate several times. The
relationships we have seen however, again suggest that at greater pressures we would see
almost zero displacement and energy release. This further highlights the importance of
fault size and injection rate. Another factor to consider is that during the injection phase
the pore pressure in the gouge increases rapidly, as shown in Figure 5. Therefore, each
subsequent reactivation event is occurring at a higher pore pressure, this may also explain
why the energy released increases for each subsequent reactivation. If this is the case,
then it means the first reactivations are not large enough to release the stored elastic
energy within the gouge.
Cuss & Harrington (2016) showed that mineralogy had an effect on the mechanical
strength of fault gouge. They carried out tests on saturated kaolinite and Ball Clay tests
using the same boundary conditions as used in the current study. Figure 11 shows the
mechanical strength data for Ball Clay and kaolinite gouges. Again, linear relationships
were observed for the starting shear, yield stress and maximum shear stress. When
compared against the fully saturated Bowland Shale gouge it can be seen that the kaolinite
gouge had a higher starting shear stress compared with the Bowland Shale. However, the
yield stress and maximum shear stress are lower than for Bowland Shale. Therefore,
Bowland Shale shows a much more pronounced elastic region than kaolinite. Figure 11a
also shows the reactivation pressure for the kaolinite gouge, which showed reactivation
at a pressure close to the yield stress, as opposed to reactivation at a pressure nearer to the
starting shear stress in the Bowland Shale.
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a)

b)
Figure 11: Comparison between high moisture content Bowland Shale and results from
Cuss & Harrington (2016) highlighting the importance of mineralogy. (a) comparison
between pure kaolinite and Bowland Shale; (b) comparison between Ball Clay and
Bowland Shale.
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Figure 11b shows both sets of tests from this study compared with the Ball Clay results
from Cuss & Harrington (2016). The Bowland Shale and Ball Clay both show reactivation
at a pore pressure close to the starting shear stress condition. This implies that both gouges
are mechanically weaker than the kaolinite as seen in Figure 11 As with the kaolinite, the
starting shear stress is higher in the Ball Clay than the fully saturated Bowland Shale.
However, both the yield and maximum shear stress are lower. Again, the Bowland Shale
shows a much more pronounced elastic region compared with Ball Clay. The starting
shear stress closely relates to the cohesion of the material. Cuss & Harrington (2016)
showed that Ball Clay had a cohesion of 0.33 MPa, we would therefore expect the
Bowland Shale to have a lower cohesive strength than this due to the mechanical
properties shown in Figure 11.
The tests presented in this study and those of Cuss & Harrington (2016) are conducted at
identical boundary conditions. The variation in mechanical properties must be due to the
contrasting mineralogy of each gouge. The kaolinite tests used 100 % kaolinite and the
Ball Clay had a bulk mineralogy of 37 % kaolinite, 35 % mica/illite, 26 % quartz and
small amounts of feldspar (Donohew et al. 2000). Table 2 shows the mineralogy of the
samples used in this study. The samples used in this study had a very high carbonate
content of almost 49 % and a quartz content of almost 25 %. In comparison to the kaolinite
and Ball Clay there is also a very low clay content and kaolinite only makes up a small
percentage of the clay content. Figure 11b shows that there is a clear difference in
mechanical strength and reactivation pressures between kaolinite, Ball Clay and Bowland
Shale. The Bowland Shale has higher yield and peak stresses than both the kaolinite and
Ball Clay tests. The high carbonate and quartz content is the main mineralogical
difference in the materials, therefore this is resulting in the higher yield and peak stresses.
Brittle minerals such as quartz and carbonate have been shown to have a significant effect
on the mechanical properties of shale (e.g. Jacobi et al. 2008; Rickman et al. 2008; Parker
et al. 2009). However, as mentioned above we may expect the Bowland Shale to have a
lower cohesive strength than the Ball Clay, therefore it may be the cohesive strength
which is the reason for the Bowland Shale reactivating at lower pore pressures than the
kaolinite and Ball Clay. These basic differences in mechanical properties mean that it will
be very difficult to predict the reactivation pressure of natural fractures in shale if the
mineralogy is unknown.
As explained above the test material was sourced from a stream bed cutting and therefore
will have been subjected to weathering and hydraulic processes. Therefore, the
mineralogy presented may not be fully representative of the Upper Bowland Shale at
reservoir depth. However, due to a lack of high quality core material and lack of outcrop
exposures these samples are as representative as currently possible. Furthermore, it must
be noted that shale mineralogy can vary largely over very small distances, meaning that
the results of these tests cannot be widely applied to the whole of the Upper Bowland
Shale. Further testing is required to quantify the effect further variations in mineralogy
may have on fault strength and reactivation potential.
Cuss & Harrington (2016) showed that reactivation pressure showed a single linear
relationship for kaolinite and Ball Clay when plotted in the effective mean stress [P =
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/3(σ1 + σ2 + σ3) – Pp] versus differential stress [Q = σ3 – σ1] space. Whilst their study
only looked at two clay gouges, it was suggested that different clay gouges would behave
similarly. Figure 12a shows the current data plotted with the data of Cuss & Harrington
(2016). This clearly shows that a single relationship does not exist and that Bowland Shale
shows a considerable reduction in differential stress at reactivation, mainly as a result of
a low pore pressure at reactivation.
1

The data shown in Figure 12a suggests that a single slope of reactivation pressure may
exist in the Q-P space, with variations in intercept. A macro was written in Microsoft
Excel to adjust the intercept of Ball Clay and Bowland Shale to create a unified
relationship relative to kaolinite, as shown in Figure 12b. Although spread of the data
about the general trend is considerable, a unified relationship has been achieved with a
single slope of 0.412 and an R2 of 0.82. Figure 12c shows the current data and that of
Cuss & Harrington (2016) plotted with the best fit for a slope of 0.412. This suggests that
Ball Clay has an offset incept of 0.28 MPa compared with kaolinite. For fully saturated
Bowland Shale an offset of 1.5 MPa is observed, with 1.23 MPa seen for Bowland Shale
with a reduced water content. This suggests that the reduction in kaolinite content from
100 % to 37 % for Ball Clay, in addition to 35 % mica/illite and 26 % quartz, reduces the
strength of faults by 0.28 MPa. Further, the mineralogy of the Bowland Shale reduces the
strength of faults by 1.5 MPa.
Close inspection of the fit of the slope of 0.412 to the Bowland Shale shows a poor fit for
full saturation. Therefore, Bowland Shale has been investigated as having a different
slope, but with a common slope for the two saturation states tested, as shown in Figure
13. In this case, kaolinite and Ball Clay have a common slope of 0.52, while Bowland
Shale has a slope of 0.22. This gives a much improved fit to the data for each gouge type
and may represent differences in frictional properties of the gouges investigated. This
shows that Ball Clay has a reduced strength of 0.46 MPa, while Bowland Shale has a
reduced strength of 0.85 MPa. In addition, with increasing mean stress (i.e. depth)
Bowland Shale cannot sustain as much pore pressure at fault reactivation, and thus
appears weaker.
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a)

b)

c)
Figure 12: Fault reactivation envelopes in the effective mean stress versus differential
stress space. a) Data from the current study for Bowland Shale and from Cuss &
Harrington (2016); b) a unified relationship for clay gouge; c) unified slope fit to all four
clay gouges.
D2.4 Controls on fault reactivation in shales

Copyright © M4ShaelGas Consortium 2015-2017

Page 36

Statistically there are insufficient data to determine whether clay gouge of different
mineralogy conform to a single slope, or multiple slopes. It can, however, be concluded
that mineralogy has a strong influence on fault reactivation. It should be reminded that all
tests were performed in a similar manner at a range of vertical stresses. Therefore the only
variable between the tests is the properties of the gouge. The current study also
demonstrates that the saturation state of the gouge plays a pivotal role on strength. It
shows that increasing water content weakens a fault.
During hydraulic stimulation, a raise in pore fluid pressure may result in a reduction in
mean effective stress that is sufficient to result in fault reactivation. This is likely to occur
at, or close to, the time of stimulation. In addition, a raise in pore fluid pressure could
result in the migration of water to and along faults that are stable within the current stress
regime. Should these faults have a gouge that is under-saturated, this water movement
will raise the water saturation of the fault gouge. This may result in a weakening of the
fault gouge that under certain stress-states could cause reactivation. This scenario is likely
to be much slower than a simple raising of the pore pressure during stimulation and may
occur at some time after stimulation has stopped.
The current data, and those of Cuss & Harrington (2016), were all achieved with an
analogue fault that was critically stressed, i.e. at peak strength conditions of the gouge.
Cuss et al. (2017) showed that a reduction in vertical stress resulted in a memory of the
fault, with a strength close to that predicted at the maximum vertical stress encountered.
This has implications for unconventional hydrocarbon exploitation. An assessment of the
strength of a fault must therefore take account of the stress history of the fault. Should
two identical pre-existing faults occur within a shale unit that have identical clay gouge
and identical in situ stress conditions, but differ in stress history, the fault that was formed
at a greater burial depth (i.e. greater stress) will require a much higher pore pressure to
initiate fault reactivation. However, it must be noted that these tests and those of Cuss &
Harrington (2016) are carried out at relatively low pressures. Further tests are required to
see if these results can be still be applied at pressures closer to reservoir pressure.
The current study has shown that in order to assess fault reactivation potential, a
knowledge, or at least an estimate, of fault gouge mineralogy and saturation is necessary.
In addition, an estimate of fault orientation, in situ stresses (including pore pressure),
stress history, and operational pressure limits are required. Therefore, a detailed
knowledge of individual unconventional hydrocarbon basins is necessary to fully assess
the potential for fault reactivation. It is clear that even in idealised analogue faults with
well constrained boundary conditions, fault reactivation is a complex phenomena.

D2.4 Controls on fault reactivation in shales

Copyright © M4ShaelGas Consortium 2015-2017

Page 37

Figure 13:
Fault reactivation envelopes in the effective mean stress versus differential
stress space. A unified slope has been assumed for kaolinite and Ball Clay, with a separate
slope for the two Bowland Shale clay gouges.
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CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER
WORK
This report has investigated the controls on fault reactivation for a Bowland Shale gouge.
Fault reactivation is a key research topic for the shale gas industry as it has the potential
to alter hydrocarbon flow and, at the larger scale, has the potential to cause felt seismic
events. The results presented in this report shows that fault reactivation is a complex
subject and there are a number of controls, many of which need further investigation.
The material used in this study originated from the Pennine Basin in north-west England.
This is from an outcrop of the Upper Bowland Shale, the XRD results show this to be a
carbonate rich region of the formation. This study shows that, at the pressure conditions
used, a fault gouge of this material has a relatively low mechanical strength. Mineralogy
of the fault gouge has been shown to be a clear control on the mechanical strength and
reactivation potential.
Tests were carried out on two sets of Bowland Shale pastes; a fully saturated paste and a
less saturated paste. It is clear from the results that saturation state has a fundamental
control on the mechanical strength of a fault gouge. The less saturated gouge shows an
increased strength, therefore reactivating at higher pore pressures. Therefore, pre-existing
faults could be weakened to the point of reactivation by increasing saturation state of the
fault gouge if stress state is favourable.
This study has also shown that reactivation can occur several times on the same fault. The
slip and energy release associated with each reactivation is complex. For the fully
saturated gouge the energy released increased after each event for the first three
reactivations. However, the less saturated gouge was much more complex and therefore
difficult to interpret any pattern.
These results mean that it is important for the industry to have a clear understanding of
the properties of the faults and fractures within the target formation for hydraulic
fracturing. From this study it is clear that they must understand the stress state, mineralogy
and saturation state of the faults and fractures. A clear understanding of these properties
could lead to a safer and more efficient shale gas industry.
Despite these conclusions further work is required to fully understand the controls on
fault reactivation. The effects of injection rate and fault size will have an effect on the
reactivation potential of faults. A more complete suite of relevant fault gouge
mineralogies must also be tested to gain a full understanding of the way in which
mineralogy effects reactivation potential. A modified experimental apparatus could be
used to investigate the role sliding velocity has on the potential for fault reactivation and
conduct tests at reservoir pressures. A complete understanding of fault reactivation also
requires a considerable number of experiments conducted on fractures in intact Bowland
Shale.
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