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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 summarises the current state of understanding of hydraulic fracturing during shale gas
operations in Europe. From identified knowledge gaps, an experimental programme of 59 experiments (a
total of 63 test stages) was designed to answer the following fundamental questions:




How do hydraulic fractures initiate and propagate?
How do hydraulic fractures interact with bedding and pre-existing fractures? and
Can hydraulic fractures become lithologically bound?

The experiments were carried out at the British Geological Survey using analogue systems manufactured
from pre-compacted samples of ball-milled Bowland Shale from the Pennine Basin, U.K, and pure
kaolinite. This included thin clay disks and cubic samples of pre-compacted clay. These were compared
with results from hydrofractured Bowland Shale samples. The study showed that the initiation and
propagation of hydraulic fractures is controlled by two interlinked phenomena; compressibility of the clay
and dilation of the fracture. Lithological bounding of hydraulic fractures can occur, dependent on the
physical properties of the clay either side of a boundary. Fractures passed from kaolinite to ball-milled
Bowland Shale, but did not pass from ball-milled Bowland Shale into kaolinite. The interaction of
hydraulic fractures with pre-existing fractures was observed; these may arrest, displace, deflect, or spread
hydraulic fractures. No direct evidence of natural fracture networks bounding hydrofractures was
observed, but complex, inter-connected fracture networks are likely to have a strong influence on the
direction, and bounding, of propagating hydraulic fractures. The experimental program demonstrated that
hydraulic fractures interact with interfaces and pre-existing fracture networks and suggested 15 model
outcomes. Finally the report stated the implications for the shale gas industry (operator and regulator) and
makes 10 recommendations for shale gas operations and further research.
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1
1.1

INTRODUCTION TO M4SHALEGAS
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.

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.
D1.6 Final report on shale gas hydraulic fracturing
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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). 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 current work fits within WP1 Subsurface, specifically in WP1.1 – the subsurface
impact of hydraulic fracturing.

1.3

Introduction to the current study

The state-of-the-art review (Cuss et al., 2015) identified a paradox in shale gas operations
in the United States. Classical fracture mechanics dictates that hydraulic fractures will
grow in the direction of the maximum stress trajectory, which in the case of hydraulic
stimulation at 3 km depth is almost always vertical. Yet Fisher & Warpinski (2011) noted
that stimulation resulted in a considerable lateral extent to hydraulic fracture growth. They
state that an understanding of the geology surrounding the target area is needed in order
to understand the natural variation in geology and estimate the direction of fracture
propagation. Their concluding remarks clearly assess the state of understanding at that
time:
“The directly measured height growth is often less than that predicted by
conventional hydraulic-fracture propagation models because of a number
of containment mechanisms….Some of those mechanisms include complex
geologic layering, changing material properties, the presence of higher
permeability layers, the presence of natural fractures, formation of
hydraulic-fracture networks, and the effects of high fluid leak-off.”
“Fracture physics, formation mechanical properties, the layered
depositional environment, and other factors all conspire to limit hydraulicfracture-height growth, causing the fracture to remain in the nearby vicinity
of the targeted reservoirs.”
Therefore a clear knowledge gap was identified that means the prediction of hydraulic
fracture growth is difficult. This is particularly relevant to the design and development of
appropriate, evidence-based recommendations in the formulation of legislation and
regulation of hydraulic fracturing. The current study aimed to visualise fracture initiation
and propagation using an analogue method of pre-compacted ball-milled Bowland shale
D1.6 Final report on shale gas hydraulic fracturing
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and/or kaolinite. The use of high resolution images combined with a high-speed camera
provided information on the controls on fracture initiation. In addition, experiments were
conducted to investigate how hydrofractures behave when the system is layered, either
horizontally or radially, or fractured.
This report summarises the work undertaken by the British Geological Survey on WP1.1
(see Table 1). It draws heavily on the key observations from the state-of-the-art review of
hydrofracturing (Cuss et al., 2015), the experimental results on the study of fracture
initiation and propagation in shale (Wiseall et al., 2017), and the experimental results on
the study of the influence of bedding and pre-existing fractures on hydraulic fracture
propagation (Cuss et al., 2017). The study aimed to address the following questions:
•
•
•

How do hydraulic fractures initiate and propagate?
How do hydraulic fractures interact with bedding and pre-existing fractures?
Can hydraulic fractures become lithologically bound?

The implications for industry, both from an operator and regulator perspective, are given
along with 10 recommendations for shale gas operations in Europe and further research
needs.
Table 1 Summary of the content of the four reports produced as part of WP1.1 of the M4ShaleGas
project.

1.4

Structure of the report

This report represents an overview of the results of the study. It is made up of eight
chapters:
• Chapter 1: Introduction to M4ShaleGas: This chapter outlines the M4ShaleGas
project and the aims and objectives of the current study;
• Chapter 2: Findings of the state-of-the-art review: This chapter outlines the key
observations from the literature and clearly defines known gaps in our current
understanding (Cuss et al., 2015);
• Chapter 3: Experimental procedures: This chapter outlines the equipment used,
experimental procedures, and samples used in the study;
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• Chapter 4: Findings of the study on initiation and growth: This chapter summarises
the key observations from the study looking at the fundamental controls of
hydraulic fracturing (Wiseall et al., 2017);
• Chapter 5: Findings of the study on bedding and fractures: This chapter
summarises the key observations from the study looking at the role bedding and
pre-existing fracture networks have on hydraulic fracture migration (Cuss et al.,
2017);
• Chapter 6: Discussion: This chapter links the experimental observations with theory
and field observations;
• Chapter 7: Implications for industry: This chapter clearly defines the implications
of the experimental results;
• Chapter 8: Conclusions and recommendations for further work: This chapter
concludes the study and makes recommendations for research topics that require
greater understanding.
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FINDINGS OF THE STATE-OF-THE-ART REVIEW

2

A state-of-the-art literature review was conducted as part of WP1.1 (subsurface impact of
hydraulic fracturing) of the M4ShaleGas project; see Cuss et al. (2015). The report
summarised the current knowledge of the hydraulic fracturing process used by the shale
gas/oil industry using open peer-reviewed literature and from government commissioned
research reports. The report aimed to make statements on our knowledge of the following
questions:






How do hydrofractures form?
How far do hydrofractures extend during stimulation?
What dictates where hydrofractures propagate?
How do hydrofractures interact with the existing fracture network?
Can the size and distribution of hydrofractures be controlled?

The report was structured into 6 themed chapters, covering hydraulic fracturing, shale
variability, fracture initiation, fracture propagation, induced versus natural fractures and
engineering considerations. The report finally concluded by stating the knowledge gaps.
The current section highlights the key findings of the state-of-the-art review relevant to
the experimental programme conducted.

2.1

Hydraulic fracturing

Several overviews of hydraulic fracturing are available in the literature; including Arthur
et al., 2008; API, 2009; CSUG, 2010; Reinicke et al., 2010; US EPA, 2010; Broomfield
& Donovan, 2012; King, 2012; Mair et al., 2012. Hydraulic fracturing is the process by
which a liquid under pressure causes a geological formation to crack open. The process
is also known as ‘HF’, ‘fracking’ or ‘fracing’, but is referred to as ‘hydraulic fracturing’
in this report.
In order to understand the mechanical controls on hydraulic fracturing it is important to
have a detailed knowledge on the injection process itself. This allows us to pinpoint areas
of the process which are less well understood and where research should be focused. An
increase in research into these areas will ultimately result in the process becoming more
refined and lead to either higher productivity or a more cost effective process and reduce
the likelihood of environmental contamination.
The first consideration in assessing the hydraulic fracturing process is the depth range
that it is likely to occur. Andrews (2013) state that productive shale gas tends to occur at
depths greater than 1,000 metres. This figure was quoted by Charpentier & Cook (2011)
who state that whilst gas is found at shallower depths, the lower lithostatic pressure
experienced results in low flow rates. The Geological Society of London states that most
shale gas plays occur in the depth range of 2,000 to 5,000 metres (Geol. Soc., 2013) and
that depths should be typically less than 3,500 metres (Geol. Soc., 2011), although deeper
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plays have been commercially exploited (e.g., Longmaxi Shale in Sichuan, China; deeper
parts of the Woodford Shale, Oklahoma) . Fisher & Warpinski (2012) report hydraulic
fracturing data for the United States. This shows that existing operations have occurred
between 1,370 m (4,500 ft) and 4,270 m (14,000 ft) in Woodford Shale, 1,370 m (4,500
ft) to 2,740 m (9,000 ft) in Marcellus, and 910 m (3,000 ft) to 3,960 m (13,000 ft) in Eagle
Ford. This gives a total depth range of the order of 1,000 to 4,300 metres. The Energy
Information Administration (US) reports a maximum depth of hydraulic fracturing of
5,000 m (US EIA, 2013). Therefore, it is expected that initial shale gas exploitation in
Europe will be limited to the 1,000 to 5,000 metre depth range.
Knowing the depth range that hydraulic fracturing is bound allows an estimate to be made
of the expected stresses experienced by shale at depth. The magnitude and direction of
the principal stresses are important in hydraulic fracturing because they control the
amount of pressure required to create and propagate a crack, the direction of the crack,
and the crack shape. Given the depth range expected and known limits of the ratio of
vertical to horizontal stress (Zoback, 2010), the three principal stress components are
likely to be defined as 23 < V > 115 MPa; 13.8 < h > 115 MPa; 13.8 < H > 115 MPa.
Generally, a hydrostatic pore pressure (u) can be defined by the weight of a water column
equal to depth, giving a pore pressure gradient of 10 MPa/km. Therefore pore pressure is
likely to range between 10 and 50 MPa in European shale gas operations. However, shale
may be over-pressured due to its low permeability.
Hydraulic fracturing requires the drilling of a borehole to the target depth. Advances in
drilling techniques have meant that it is now possible to drill both vertically and
horizontally (created by deviating a vertical well until horizontal). The advantage to
horizontal drilling is that a larger fracture disturbed zone can be developed in contact with
the target formation, meaning there is the potential for a greater reservoir drained volume
achieved and increased flow of hydrocarbons into the well. Experience in the Marcellus
Shale in Pennsylvania shows that horizontal wells may extend up to 3,000 metres laterally
from the well pad (Arthur et al., 2008); therefore a total well length of 6,000 metres for a
3,000 m deep stimulation.
Following the drilling, logging, and casing of the well, hydraulic stimulation will
commence. The first stage is well case perforation, where explosive charges at given
orientations are used to perforate the casing. This results in finger-like fractures or weak
points forming in the shale surrounding the well that can be up to 2.5 cm in diameter and
extend 60 cm into the formation. The next stage is isolation. Here packers are used to seal
the borehole into isolated segments. The isolated borehole length then undergoes
stimulation; high pressure fluid is injected, which eventually overcomes the tensional
strength of the formation, resulting in a network of fractures formed. Fracturing fluid
normally consists of water with a range of additives to facilitate the fracturing process. A
proppant is forced into the fractures by the pressured water and holds the fractures open
once the water pressure is released. Stimulation may occur over the time-scale of tens of
minutes to a few hours, depending on the designed fracture size and volume of the
proppant to be placed. Flushing then occurs, by injecting further fluid to flush out excess
D1.6 Final report on shale gas hydraulic fracturing
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proppant and any other objects which may obstruct flow. The packer is then deflated and
pulled further back towards the well head to begin the perforation and injection stage
again in a multi-stage perforation. The final stage is flow back. The packers are removed
and the fracturing fluid is allowed to flow back towards the surface, leaving the proppants
behind to keep the hydraulic fractures open. Gas will now be free to flow back towards
the surface.
For conventional hydraulic fracturing, the fracture pressure gradient is typically 9 – 27
kPa/m. For instance, for a typical 2,400 metre conventional well, this would correspond
to approximately 50 MPa and pressures would generally be below 65 MPa.

2.2

Shale variability

Shale is a fine-grained sedimentary rock that constitutes approximately half the
geological column (Spears, 1980) and is the most abundant geological rock type present
in sedimentary basins worldwide (Meissner, 1986). Few geological rock types encompass
such variability and as a result shale successions will have considerable differences in
sedimentology, organic content, gas content, and strength properties, even within
individual facies. Thus, shale has been used as a group name for all fine-grained
sediments (Spears, 1980), although there is no one accepted definition. The Dictionary of
Geological Terms published by the American Geological Institute (Bates & Jackson,
1984) defines shale as:
“A fine-grained detrital sedimentary rock, formed by the compaction of clay, silt,
or mud. It has a finely laminated structure, which gives it a fissility along which the
rock splits readily, especially on weathered surfaces. Shale is well indurated, but
not as hard as argillite or slate. It may be red, brown, black, or gray.”
Even this simplistic definition hints at considerable variation based on visual appearance.
Figure 1 shows an example sedimentary log of a shale sequence from the Carsington Dam
Reconstruction C4 borehole, in Derbyshire, UK (Könitzer, 2014; Könitzer et al., 2014).
There is considerable variation in lithology over small vertical distances; field
descriptions of outcrop exposure (e.g., Brandon et al., 1998) indicate additional lateral
variation. In a broad sense, the borehole has clay-dominated mudstone, silty mudstone,
siltstone, intercalated siltstone & sandstone, sandstone, limestone and coalified layers.
Könitzer (2014) detailed 7 facies in the sequence; 1) thin-bedded carbonate-bearing clayrich mudstones; 2) calcareous mudstones; 3) lenticular clay-dominated mudstones; 4)
thin-bedded silt-bearing clay-rich mudstones; 5) thick-bedded graded silt-bearing
mudstones; 6) sand-bearing silt-rich mudstones; and 7) plant-debris and sand-bearing
mudstones. Facies 4 was sub-divided into; a) lenticular thin-bedded silt-bearing
mudstones; b) homogeneous thin-bedded silt-bearing mudstones; and c) organic-rich
thin-bedded silt-bearing mudstones. Within the individually identified facies,
considerable variation in total organic carbon (TOC) was observed; facies 2 had a very
low TOC (0.3 %), whilst facies 7 has the highest TOC (7.1 – 9.7 %).
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Figure 1 Sedimentary log of the Carsington Dam Reconstruction C4 borehole, Derbyshire (UK)
(Könitzer, 2014; Könitzer et al., 2014).
D1.6 Final report on shale gas hydraulic fracturing

Copyright © M4ShaelGas Consortium 2015-2017

Page 11

a

b
Figure 2 Results of XRD and TOC (Rock-Eval) analysis on samples taken from Roosecote-1; a)
Whole rock analysis; b) < 2 µm fractions.

The main observation to note is the considerable variability observed vertically within a
40 metre sequence of shale. This needs to be considered against a seismic resolution
estimated to be 10 – 20 m in ideal conditions. Therefore in twice seismic resolution (i.e.
40 m), 7 clear facies and multiple layers of geological variation can occur.
The Roosecote-1 Borehole in Cumbria, UK, also shows variation in the character of the
Bowland Shale over a 190 m sequence, as summarised in Figure 2. A considerable
variability in mineralogy is observed for the bulk-rock mineralogy. Considerable
variation is also observed in the clay content, with illite/smectite ranging from 29 – 86 %.
Variability is observed in TOC in the organic rich shale units, which ranged between 1.76
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and 3.72 %, with a mean of 2.6 % (Hough et al., 2014). Certain intervals had very low
TOC readings. The Roosecote-1 borehole shows that within a 190 m sequence of shale a
range of lithologies are observed including siltstone, sandstone, mudstone, limestone, and
nodules of chert, as well as considerable variation in clay content and speciation.
The analytical results of Carsington C4 and Roosecote-1 demonstrate that shale
sequences can include mudstone, claystone, ironstone, sandstone, limestone, coal
measures and chert nodules. This variability is likely to be evident in differences in
physical properties. Table 2 shows typical physical properties and shows that uniaxial
compressive strength range from 2 to 190 MPa represents a rock classification from weak
to strong rock (Waltham, 1994). Tensile strength, a measure directly relevant to hydraulic
fracturing, ranges between 0.5 and 44 MPa, with an average of 10 MPa. This clearly
shows that certain beds will be much easier to hydraulic fracture than others
Table 2: Typical physical properties of lithologies seen within shale formations. From Waltham
(1994) and Hobbs (1964).

The following statements on knowledge gaps and recommendations were made by Cuss
et al. (2015):


The term “shale” includes complex sequences of geological beds that include
siltstone, mudstone, sandstone, limestone, ironstone, coal, and chert. These vary over
the centimetre scale vertically and vary in thickness and extent laterally. This variation
may occur over the 10’s centimetre to 100 meter scale. Making accurate predictions
of the full sedimentary sequence is thus very difficult. A better understanding of
geological sequence stratigraphy is needed in order to understand the control this
variability has on hydraulic fracturing.

D1.6 Final report on shale gas hydraulic fracturing

Copyright © M4ShaelGas Consortium 2015-2017

Page 13



The mineralogy observed within geological sequences varies considerably and this is
also evident in total organic carbon (TOC). Hydraulic stimulation may be more
successful in certain beds and these might not necessarily be high in TOC. Therefore
recoverability will be dependent on both TOC and ease of hydraulic fracturing. A
better understanding is needed of both of these properties so that hydraulic fracturing
does not just occur where high TOC occurs.



Bedding thickness is variable, ranging upwards from thinly laminated (less than 6
mm) but typically less than very thickly bedded (2 m). This range in bed thickness is
much less than the seismic resolution of approximately 20 metres and therefore the
full variability of shale sequences cannot be achieved by seismic reflection techniques
alone. The significance of such small beds needs to be understood and the risk of
failing to determine the full geological sequence from seismic reflection methods
needs to be assessed. Further detailed information will come from down-hole
geological logs.



The strength properties of lithologies found within shale formations has a
considerable range. A better understanding of the variability in physical properties
relevant to hydraulic fracturing is required. The interplay between mineralogy and
strength also requires more research.

2.3

Fracture initiation

Hydraulic fracturing (tensile Mode I fracturing) can occur:




Naturally, due to the tectonic regime and changes in the effective stress conditions
Artificially, due to drilling activities
Artificially, generated around a tunnel or borehole due to changes in the in situ
stress conditions.

In extensional basins, where the minimum compressive stress (3) is markedly less than
the maximum compressive stress (1), hydrofractures are invariably vertical to semivertical in orientation and form perpendicular to 3. For hydrofractures to develop in
preference to shear fractures, the following conditions must be satisfied:
u   3  T0

 1   3  4T0

Eq. 1

where u is pore fluid pressure required to initiate hydrofracture, 1 and 3 are maximum
and minimum horizontal stresses respectively and T0 is the tensile strength of the caprock (Hubbert & Rubey, 1959; Sibson, 1995). Brittle shale will increase its permeability
by developing dilatant fractures, whereas ductile shale is able to undergo plastic
deformation without increasing permeability (it will contain non-dilatant, sealing
fractures). The tendency to dilate will be a function of the mechanical properties of the
rock, effective pressure and shear zone geometry. At a given effective pressure, a stronger
(over-consolidated or cemented) rock is more likely to dilate than a weaker one.
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To fully understand the physics behind hydraulic fracture development and propagation
in shale we must first understand the basic mechanics which underlies fracturing in rocks.
This first requires the understanding of the modes in which fractures form and then the
basic theory which governs the behaviour observed. Discontinuities originate from the
build-up and concentration of stress at the tips of natural weaknesses and heterogeneities
(USNCRM, 1996). The mechanics that underpin fracture processes derives from classic
work by Griffith (1921) and Irwin (1958).
The Griffith theory is based upon linear elastic theory, which states that the stress at a tip
of a narrow fracture is infinite. As a crack grows this requires two new surfaces to be
created which in turn creates what Griffith calls a surface energy, C, expressed as:
𝐶=√

2𝐸𝛾

Eq. 2

𝜋

where C is the surface energy, E is the materials Young’s Modulus and γ is the surface
energy density. Failure occurs when free energy attains a peak value at a critical crack
length, beyond which the fracture energy will decrease and the crack length will increase.
Irwin (1958) further developed the Griffith model as the classic model only accounts for
pure brittle materials such as glass. In ductile materials a plastic zone develops at the
crack top, as load increases the plastic zone increases in size until the crack grows in
length. This plastic zone acts to provide a resistance to the crack growth. Irwin split the
energy into two parts, the stored elastic strain energy which is released as the crack grows
(thermodynamic driving force) and the dissipated energy which includes plastic
dissipation and the surface energy, therefore:
𝐺 = 2𝛾 + 𝐺𝑝

Eq. 3

where γ is the surface energy, Gp is the plastic dissipation, G is the total surface energy.
When applied to Griffith’s theory:
𝑬𝑮

𝝈𝒇 √𝒂 = √

𝝅

Eq. 4

where, a is the microcrack length, E is the materials Young’s Modulus and σf is the stress
at fracture. Irwin further developed this to calculate the magnitude of energy available for
fracture by taking into account the asymptotic stress data displacement fields around a
crack front:
𝐾𝐼 = lim √2𝜋𝑟𝜎𝑦𝑦 (𝑟, 0)
𝑛→0

𝐾𝐼𝐼 = lim √2𝜋𝑟𝜎𝑦𝑥 (𝑟, 0)
𝑛→0

𝐾𝐼𝐼𝐼 = lim √2𝜋𝑟𝜎𝑦𝑧 (𝑟, 0)
𝑛→0

Eq. 5

where K is the stress intensity factor. The magnitude of this depends on geometry, size,
location, and load distribution. The stress intensity factor is directly proportional to the
applied load on the material. It is possible to determine the minimum value of K which is
required to propagate the crack; this minimum value is referred to as the critical stress
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intensity factor Kc. Using a combination of Irwin and Griffith fracture mechanics it is
possible to determine the shape of the stress field and the magnitude, using the stress
intensity factor.
The initiation of fracture formation is dependent on: the orientation and size of the
borehole; orientation and magnitude of the stress-field; pressure and rate of increase of
the hydraulic fracture fluid; pore fluid formation of the shale; elastic properties of the
shale, including elasticity, poroelasticity, and tensile strength; and the crack properties,
such as stress intensity factor and surface energy. These parameters will dictate where a
fracture is initiated and consequently, the direction of fracture propagation.
At the tip of a microcrack, the concentration of stress results in the creation of many small
microcracks in a non-linear process zone. Microcrack communication lengthens the
features, and propagates the process zone into the rock mass in the direction of the
maximum compressive stress trajectory. Several processes control or influence
discontinuity propagation, including elastic strain accumulation, crystal-plastic
processes, diffusion processes, phase transformations and reactions, and fluid processes.
The propagation of fractures is clearly related to the stress state of the rock. The state of
stress is often heterogeneous and this therefore has an effect on the mechanics of fracture
formation and the type of fracture which may form. At all but the shallowest depths within
the Earth, the far-field stress components S1, S2 and S3 are compressive, and in most
locations they are of different magnitudes (Gay & Weiss, 1974). Two distinct discontinuity
types exist in compression, namely shear and extension (Griggs & Handin, 1960). Three
displacement modes act on an ideal, flat, perfectly sharp discontinuity:


Tensile or opening (mode I)



In-plane shearing or sliding (mode II)



Anti-plane shearing or tearing (mode III).

The injection of high pressure fluid along with proppant materials during the hydraulic
fracturing process will result in predominantly Mode I open fractures forming; these will
form parallel to the maximum principal stress. However, Ferril et al. (2012) state that
there will also be an element of Mode II fractures forming, as shearing of the rock mass
will also take place during fracturing; this may result in a Mode IV fracture type which
can be called a hybrid fracture.
Hydraulic fractures are predominantly tensile or opening (Mode I) fractures, meaning
they will propagate perpendicular to the minimum principal stress (σ3). Therefore in order
to predict the orientation of these fractures it is essential to have a detailed knowledge of
the stress field within the target area.
The following statements on knowledge gaps and recommendations were made by Cuss
et al. (2015):
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A complex stress field is created around deviated wells in shale. The complexity of
stress can be described for a perfectly elastic medium, the complexity of shale
variability and anisotropy need to be incorporated so that a better understanding of
where fracture initiation is likely to occur.



Little research has been conducted on the effect of perforation on the mechanical
properties of shale; it is recommended that this is undertaken to understand fracture
initiation in shales.



Little research has been conducted on quantifying tensile and/or hydraulic fracturing
properties in the laboratory; it is recommended that this is undertaken to understand
shale behaviour during hydraulic fracturing (for example, to confirm relationships
between composition and rock behaviour), and also to upscale understanding from
the laboratory to reservoir-scale models.



Mineralogy plays a major control on the initiation of fractures in shale. More research
is required in order to quantify the influence of different mineral constituents on the
overall mechanical properties of shale. A better understanding of where and how
fractures are initiated is also required.

2.4

Fracture propagation

Once a microcrack has been initiated, propagation occurs in the direction that requires the
least energy to fail. Mesoscopically, a fracture may appear to have propagated smoothly
without stopping; microscopically, propagation is rapid and discontinuous, following
many branches of microcracking (Engelder, 1992). Hydraulic fractures continue to
propagate until the stress-intensity at the fracture tip is lower than the critical stress
intensity of the rock being fractured (e.g. Savalli & Engelder, 2005).
Much of the research conducted on hydraulic fracture propagation in shale derives from
modelling and interpretation of microseismic data from active shale gas plays. Fisher &
Warpinski, (2011) and King (2012) have published the most comprehensive research on
observations of hydraulic fracturing during shale gas exploitation. They used
microseismic data from thousands of fracture treatments carried out on the Barnett,
Woodford, Marcellus and Eagle Ford Shale formations, these being some of the highest
producing formations in North America. The largest vertical fracture observed had a
vertical extent of 1,500 feet (457 metres1) and occurred in the Marcellus shale. The largest
mapped fractures tended to occur at the greatest depths. Fisher & Warpinski (2011)
speculate that more extensive features are associated with the interaction between induced
and natural fracture sets. They observed that fractures are observed to grow much taller
in the Marcellus than in the Barnett.
Philipp et al. (2013) combined field investigations and numerical modelling to conclude
that heterogeneous stratigraphy can result in strata bound fractures. These fractures are
more likely to be strata bound if the boundary between strata is abrupt as opposed to a

1

Davies et al. (2012) report 588 metres in Barnett shale.
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gradual change in mineralogy. Philipp et al. (2013) also state that strata with contrasting
mechanical properties are also differently stressed, as a result of remote tension or
compression, excess pore pressures or local stress from propagating hydro-fracture tips
(Zang & Stephansson, 2010). Fisher & Warpinski (2011) suggest the heterogeneous
nature of shale results in varying fracture toughness values which can act to halt fracture
propagation.
Fisher & Warpinski (2011) highlight the need to understand the geology surrounding the
target area in order to estimate the direction of fracture propagation. Their concluding
remarks clearly asses the current state of understanding:
“The directly measured height growth is often less than that predicted by
conventional hydraulic-fracture propagation models because of a number
of containment mechanisms….Some of those mechanisms include complex
geologic layering, changing material properties, the presence of higher
permeability layers, the presence of natural fractures, formation of
hydraulic-fracture networks, and the effects of high fluid leak-off.”
“Fracture physics, formation mechanical properties, the layered
depositional environment, and other factors all conspire to limit hydraulicfracture-height growth, causing the fracture to remain in the nearby vicinity
of the targeted reservoirs.”
The following statements on knowledge gaps and recommendations were made by Cuss
et al. (2015):


Many numerical approaches exist; modelling should work towards a unified approach
of describing fracture propagation in shale.



Numerical models tend to over-predict the length of hydraulic fractures that are
formed. The understanding of fracture arrest in a complex geological unit, such as
shale, needs to improve to better numerically represent the hydraulic fracturing
process.



Experimental observations are needed on fracture propagation in a complex, layered
shale in order to identify the controls of fracture deviation and/or arrest.



A better understanding of the mineralogical control on fracture propagation is
required.



Shale does not behave as a perfect elastic medium and as a result numerical models
need to incorporate the full thermo-hydro-mechanical-chemical behaviour of the rock.
This is, however, currently computationally time consuming.



A close relationship is required between drilling engineers, experimentalists and
numerical modellers in order to improve the understanding of a complex system.
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Many studies have been conducted that consider shale as a uniform, homogenous,
elastic material. Whilst complexity is difficult to incorporate within numerical
models, representative physics is required with good ground truth field data.



A wealth of empirical field observations in North America is now available that
should help to improve the understanding of the physics controlling fracture
propagation.

2.5

Induced versus natural fractures

In terms of shale gas exploration, the interplay of induced and natural fractures is desired
as it leads to a complex fracture network that promotes gas extraction. In terms of
regulation, knowledge of the interplay of natural and induced fractures is vital in order to
ensure the shale unit is not breached, which might lead to leakage of hydraulic fracture
fluid.
Gale et al. (2007; 2014), Zeng et al. (2013ab), Rodrigues et al. (2009), and Montgomery
et al. (2005) have published information on natural fractures in shale units. They show
that vertical fractures of varying density predominate in shale formations. Beddingparallel fractures may also be present, but are not ubiquitous. The scale of the fracturing
is variable, as is the mineralogy of cement infill. In certain cases this mineral infill can
strengthen the host rock, whereas in others it is a mechanical weakness. There is evidence
that geomechanical variations between facies within a shale formation can result in
fracture arrest, although this is not the only mechanism that results in fracture termination.
It is vital that similar comparisons are made with shale-gas prone formation in Europe to
describe the expected natural fracture population.
The benefits, or otherwise, of a natural fracture network for the hydraulic fracturing
process are an area of current research and debate. Ferril et al. (2014) state that natural
fractures can act to compartmentalise fluid pressure during the hydraulic fracturing
process. This may result in the injected fracturing fluid flowing through the natural
fracture network, resulting in the pressurized fluid being dispersed over a larger area thus
reducing fluid pressure (leak-off). This may result in fluid pressure reducing below the
tensile strength of the shale arresting hydraulic fracture propagation. However, the
injection of a pressurized fluid into a naturally fractured volume may result in the
reactivation of fractures if cements are sufficiently weak. This could potentially result in
an increase in flow of hydrocarbons through the natural fractured network towards the
well.
Zhao et al. (2012) and Gale et al. (2007) have proposed a theory of how natural and
hydraulic fractures may interact. When the initial hydraulic fracture from the well
intersects a natural fracture, it will form two branches (left and right). These branches will
propagate along the natural fracture, until they reach the crack tip, at which point they
will change direction and propagate in the direction perpendicular to σ3; as shown in
Figure 3. This process can continue until the fluid pressure within the fractures is less
than σ3. If a shale formation has a complex natural fracture network, the injection of

D1.6 Final report on shale gas hydraulic fracturing

Copyright © M4ShaelGas Consortium 2015-2017

Page 19

hydraulic fluid is likely to only ‘activate’ this network, as opposed to producing a complex
network of fractures.
Natural fractures and microfractures may represent planes of weakness within natural
shale formations. It is likely that the density and orientation of these features will
influence fracture propagation. Thus, the interaction between natural fractures and
hydraulic fractures is a key area of research. Natural fracturing will be controlled by
current and historical tectonic stresses and mineralogy. Mineral infill of geological
fractures also has a control on whether natural fractures influence hydraulic fractures or
not. Therefore an increase in knowledge of natural fracture properties, the stress regime,
the role of mineralogy, and the interaction of natural and induced hydrofractures is
required to better understand the potential character and amount of the stimulated
reservoir volume.

Figure 3 – Representation of the interaction of natural and induced hydrofractures in shale gas
operations.

The following statements on knowledge gaps and recommendations were made by Cuss
et al. (2015):


In order to predict the influence of natural fracture populations on hydraulic fracture
propagation it is vital to understand the natural fractures. Limited studies have been
conducted on natural fractures at depth in Europe and this represents a clear gap in
our understanding.
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Discontinuities occur on a range of scales, from microfractures through to regional
scale faults. The influence of these features on hydraulic fracture propagation needs
to be better understood.



The presence of microfractures in shale formations and their influence on hydraulic
fracture propagation is poorly understood and represents a gap in our understanding.



Generally, vertical fractures of varying density predominate in shale formations.
Bedding-parallel fractures may also be present, but are not ubiquitous. Therefore a
better understanding of the full three-dimensional orientation of fracture sets and the
influence this has on fracture propagation and arrest is required.



Mineral infill within fractures may act to either strengthen or mechanically weaken
the host rock. A full assessment of the role mineralised fracture fill has on mechanical
strength is needed.



The full 3-dimensional description of natural and hydraulically induced fractures is
required. This needs to include data on fracture roughness/topology, aperture, length,
and extent.

2.6

Engineering considerations

The final chapter of the state-of-the-art review (Cuss et al., 2015) looked at the control
that drilling engineers have on the extent of the propagation of hydraulic fractures during
stimulation. The following statements on knowledge gaps and recommendations were
made:


The use of microseismic monitoring has increased the knowledge of the extent of
the stimulated reservoir volume. This has allowed model predictions to be
calibrated and refined. However, numerical models have been limited in their
ability to fully describe hydraulic fracturing in certain settings suggesting the full
physics of the system is not encapsulated within the modelling approaches.



The full complexity of the formed fracture network is not fully understood. A
means of determining fracture density and other fracture properties is needed.



Hydraulic fracture fluid volume plays a role on the full extent of hydraulic
fractures. While the processes governing the role of fluid volume are understood,
a means of predicting fracture propagation lengths is not yet available.



The process of leak-off needs to be better understood in order to better predict
fracture lengths. This includes the role of pre-existing fractures on leak-off and
the role of the permeability of the shale.



The role of hydraulic fracture fluid pressurization rate is acknowledged. However,
a full understanding of this has yet to be achieved.



Advanced hydraulic fracturing design has been proposed. The full consequence
of these strategies has yet to be realized. Complex, controlled fracture networks
are theoretically possible; these need to be properly tested in the field to refine
drilling engineering.
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2.7



Proppants and additives act to alter the viscosity of the hydraulic fluid. The full
impact of this on fracture propagation and networks has yet to be achieved.



Considerable variation in physical properties of shale facies results in
lithologically bound fracture networks. This needs to be tested on European shale
units.

Conclusions: Knowledge gaps

It is clear that there is considerable understanding of the initiation, propagation and arrest
of hydraulic fracturing due to the downhole technologies employed during stimulation
and exploitation. However, this knowledge is incomplete and a number of questions
remain regarding the development of hydraulic fractures in commercial shale gas
operations. This is in part due to the depth that hydraulic fracturing occurs and the
difficulty of acquiring information on the process at such depths.
One limitation of the understanding comes from the most significant source of
information. The literature is dominated by examples of North American shale gas
operations. Depending on the source of the estimate, between 50,000 and 100,000 wells
have been drilled for shale gas/oil in North America; for instance 8,3412 wells have been
drilled in Pennsylvania alone by the end of 2014. This compares with no active shale gas
production wells in Europe and less than 100 exploration boreholes drilled to assess the
European shale gas resource. Research is needed as to the differences seen between the
major North American shale gas formations (such as the Marcellus, Woodford,
Haynesville, Barnett, Mancos, Bakken, New Albany and others) and the potential
European shale gas plays (such as Alum (SE, DK), Baltic, Podlasie (PL), Lublia (PL),
Dneipe (UA), Ponnonian-Transylvanian (SK, AT, HU, HR, BA, RS), CarpathianBalkanian (RO), Saxony (DE), France Southeast (FR), Paris (FR), North Sea – German
basin (DE), Bowland, Lias, Oxford, Corallian, Kimmeridge, Gullane, West Lothian Oil
Shale, Lower Limestone, Limestone Coal (UK), Lusitanian (PT), Cantabrian (ES)).
Geologically there are clear differences between the basins that host these shales and it
cannot be assumed that hydraulic fracturing will have the same consequences on the
different rocks in both continents. The main differences that might occur between all
prospective shale gas plays is thickness of high TOC facies, mineralogy of individual
facies, relative tensile strength and elastic properties of facies, degree of natural
fracturing, and in situ stress state.
A gap in the understanding results from the general lack of well-preserved core material
from depth that has been obtained by pressure-coring to maintain the stress state of the
samples. This also reduces the effects of drying, chemical, and biological degradation and
is vital in order to compare datasets from the same shale gas play, or between different
ones. Numerous experimental studies have been conducted on core material that has not
been preserved and in some cases has been air-drying for decades. Although this will have
minimal impact on the mineralogical quantification of samples and preservation of
2

Source: Pennsylvania Department of Environmental Protection, quoted at
http://geology.com/articles/marcellus-shale.shtml
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sedimentary structures, this will influence experimental results associated with
mechanical properties of shales, and is therefore undesirable. Comparison of
experimental studies is also made difficult by the lack of disclosure of experimental
protocols used by different workers. Little research has been conducted on quantifying
tensile and/or hydraulic fracturing properties in the laboratory or on the effect of well
casing perforation on the mechanical properties of shale. It is clear that mineralogy plays
a major control on the initiation of fractures in shale. More research is required in order
to quantify the influence of different mineral constituents on the overall mechanical
properties. A better understanding of where and how fractures are initiated is also
required.
Shale is a highly variable and heterogeneous material. Both variability and heterogeneity
need to be better understood and incorporated into numerical models. The drilling of a
deviated well creates a complex stress field. The complexity of stress can be described
for a perfectly elastic medium, the complexity of shale variability and anisotropy need to
be incorporated so that a better understanding of where fracture initiation is likely to
occur.
Many numerical approaches exist; modelling should work towards a unified approach of
describing fracture propagation in shale. Numerical models tend to over-predict the length
of hydraulic fractures that are formed. Current understanding of fracture arrest in a
complex geological unit, such as shale, needs to improve to numerically represent the
hydraulic fracturing process. Experimental observations are needed on fracture
propagation in a complex, layered shale in order to identify the controls of fracture
deviation and/or arrest. Shale does not behave as a perfect elastic medium and as a result
numerical models need to incorporate the full thermo-hydro-mechanical-chemical
coupled behaviour of the rock. Many studies have been conducted that consider shale as
a uniform, homogenous, elastic material. Whilst complexity is difficult to incorporate
within numerical models, representative physics is required with robust ground truth field
data.
Natural fractures and microfractures may represent planes of weakness within natural
shale formations. It is likely that the density and orientation of these features will
influence fracture propagation. Thus, the interaction between natural fractures and
hydraulic fractures is a key area of research. Natural fracturing will be controlled by
current and historical tectonic stresses and mineralogy. Mineral infill of geological
fractures also has a control on whether natural fractures influence hydraulic fractures or
not. Therefore an increase in knowledge of natural fracture properties, the stress regime,
the role of mineralogy, and the interaction of natural and induced hydrofractures is
required to better understand the stimulated reservoir volume. Vertical fractures of
varying density predominate in shale formations. Bedding-parallel fractures may also be
present, but are not ubiquitous. The scale of the fracturing is variable, as is the mineralogy
of cement infill. In certain cases this mineral infill can strengthen the host rock, whereas
in others it is a mechanical weakness. The presence of microfractures in shale formations
and their influence on hydraulic fracture propagation is poorly understood and represents
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a gap in understanding. It is vital that similar observations are made for shale-gas prone
formation in Europe to describe the expected natural fracture population.
Microseismic monitoring has increased knowledge of the extent of the stimulated
reservoir volume. However, the full complexity of the formed fracture network is not
fully understood; for instance, a means of determining fracture density is required.
Microseismic monitoring has allowed model predictions to be calibrated and refined,
although numerical models have been limited in their ability to fully describe hydraulic
fracturing in certain settings suggesting the full physics of the system is not encapsulated
within the modelling approaches.
Drilling engineering plays an important role in controlling hydraulic fracturing. The
fracture fluid volume plays a role on the full extent of hydraulic fractures. While the
processes governing the role of fluid volume are understood, a means of predicting
fracture propagation lengths is not yet available. The process of leak-off also needs to be
better understood in order to predict fracture lengths. The role of hydraulic fracture fluid
pressurization rate is acknowledged as contributing to fracture lengths, yet a full
understanding of this has not yet been achieved. Advanced drilling techniques have been
proposed, with the full consequence of these strategies yet to be realized. Complex,
controlled fracture networks are theoretically possible; these need to be properly tested in
the field to refine drilling engineering. The full impact of proppant and additives on
hydraulic fluid viscosity and subsequent fracture propagation is also required.
Fisher & Warpinski (2011) highlight the state of knowledge of the shale gas system. They
state that an understanding of the geology surrounding the target area is needed in order
to estimate the direction of fracture propagation. Thus the current state of knowledge is
yet to fully predict the extent of hydraulic fracturing during shale gas operations and the
comparisons and contrasts seen between European and North American shale facies has
yet to be fully defined.

2.8

Experimental study

It was not possible to address all of the gaps in the current state-of-the-art knowledge in
a single experimental program. Therefore key aspects were addressed where significant
knowledge advances could be made. Using a combination of analogue and natural shale
samples experiments were designed to advance our understanding of how hydraulic
fractures interact with lithological layers and pre-existing fracture networks. Key
questions addressed included:
Fracture initiation and propagation (see Section 4):






How do fractures initiate and propagate when injecting gas?
How do fractures initiate and propagate when injecting water?
Does fabric affect fracture initiation and propagation?
Can fractures close or seal?
What pressure does hydraulic fracturing occur?
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The role of layering (see Section 5):





Do hydrofractures get deflected, arrested, or have no change at interfaces between
layers?
Do hydrofractures become lithologically bound?
Do hydrofractures always pass through the interface?
Does the shape of the interface influence how hydrofractures behave?

The role of pre-existing fractures (see Section 5):




Do pre-existing faults influence the direction of hydrofracture propagation?
Can pre-existing faults cause hydrofractures to arrest?
Can hydrofractures become bound by pre-existing fractures?

Direction of hydraulic fracturing (see Section 5):


Do hydrofractures always form in the direction of the maximum stress trajectory?
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3

EXPERIMENTAL PROCEDURES

The experimental program performed a total of 62 experiments using two experimental
apparatus; the Fracture Visualization Rig and the Direct Shear Rig. For a full description
refer to Wiseall et al. (2017) and Cuss et al. (2017).
A review of available core at the British Geological Survey showed that rock mechanics
testing of shale with gas potential is very difficult, as available core is either too small,
heavily sub-sampled, not preserved (air-dried for prolonged periods of up to decades),
friable, and tends to disk. This makes the manufacture of samples of sufficient dimension
extremely challenging. As a result, an experimental program was designed to use clay
paste and pre-compressed ball-milled clay samples and to compare these results with a
limited number of intact shale samples. This approach was necessary in order to
investigate the full range of influences on hydraulic fracturing.

3.1

Fracture Visualization Rig (FVR)

Figure 4ab shows the Fracture Visualization Rig (FVR), designed and manufactured by
the British Geological Survey (Wiseall et al., 2015). The FVR consists of a 150 mm
diameter, 50 mm thick fused silica glass window held rigidly in place by a 230 mm
diameter steel collar, resulting in a 110 mm diameter viewing window. Twelve torqued
bolts hold the collar to a 250 mm diameter steel plate and can impose a normal stress of
up to 3 MPa. The thin clay sample is located between the lower steel platen and the glass
window and is held laterally by a porous plastic filter.
Water or gas was injected into the clay paste at the centre of the lower platen, with
pressure ranging between 0.5 and 13 MPa. The permeant was injected and controlled by
a high precision Teledyne ISCO-260D syringe pump which was connected to a gas-water
interface vessel. The experiment was recorded visually. For gas injection experiments,
time-lapse photography was employed using a Nikon D3100 Digital Single-Lens Reflex
(DSLR) camera with Nikkor AF 60 mm f2.8D Micro lens. Images were captured every
3 seconds at a resolution of 4608 × 3072. For water injection experiments the experiment
was very short once fracture propagation began and required high-speed photography.
An fps1000HD-256 camera supplied by the Slow Motion Camera Company Ltd was used
capturing images of a resolution of 1280 × 720 at 1,000 frames per second (fps). All
images were batch processed using Adobe Lightroom software into optimized grey-scale
to aid fracture identification.

3.2

Direct Shear Rig (DSR)

Hydraulic fracture experiments were conducted using the Direct Shear Rig (DSR). The
DSR (Figure 4cd) comprise six key components:
1.

Rigid steel body with bulk modulus of compressibility and shear modulus
approximately 2 orders of magnitude greater than the samples tested;
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a

b

c

d
Figure 4: Apparatus used in the current study; a) schematic of the Fracture Visualization Rig
(FVR); b) photo of the FVR; c) schematic of the Direct Shear Rig (DSR) apparatus used for the
hydrofracture study showing cubic and cylindrical sample arrangement; d) photo of the DSR.

2.

3.
4.

Vertical load system comprising an Enerpac hydraulic ram that was controlled
using a Teledyne/ISCO 260D syringe pump, a rigid loading frame and an upper
thrust block (up to 20 MPa vertical stress, 72 kN force).
Shear force actuator comprised of a modified and horizontally mounted
Teledyne/ISCO 500D syringe pump. Note: Not used in current study;
Pore pressure system comprising a Teledyne/ISCO 500D syringe pump that could
deliver either water or gas up to a pressure of 51.7 MPa. The syringe pump
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5.
6.

delivered fluid through a 4 mm diameter injection bore the same length as a 4 mm
hole drilled in to the centre of the sample;
A custom designed data acquisition system using National Instruments
LabVIEW™ software.
A sample assembly. For pre-compacted samples, a 60 mm × 60 mm × ~50 mm
sample was held by two stainless steel holders (Figure 4c). For samples of intact
Bowland Shale, a 60 mm diameter and 50 mm length sample was held by two
stainless steel rings, which were held by two stainless steel holders.

3.3

Tested Material

3.3.1

Bowland Shale

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,
sub-sampled and slabbed rendering it unsuitable for many engineering tests. Because of
this, suitable sized block of fresh outcrop material was used instead. 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). Samples from the upper part of the Bowland Shale were
chosen for this study.
The samples used originated from the north-western part of the Pennine Basin (Figure
5b). A suitable outcrop was identified in a small natural stream section at Parlick Hill in
central Lancashire [53o 54’ 01.34” N, 2o 37’ 35.78” W] (Figure 5a). The outcrop was
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), ‘calcareous
mudstones’ of Konitzer et al. (2014) and ‘carbonate-cemented mudstones’ of Hennissen
et al. (2017).
The majority of tests were carried out using a gouge material made of crushed Bowland
Shale. Small blocks were ball-milled to form a powder with a grain size of 53 µm and
below. X-Ray Diffraction (XRD) analysis showed that the bulk mineralogy and the
mineralogy of grains under 2 µm. (
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Table 3). This showed the bulk mineralogy comprises 25.7 % silicates, 48% carbonates,

21.9% clay minerals and a minor fraction (4.3 %) of sulphides and phosphates. The
mineralogy of grains under 2 µm is dominated by Illite (48%) and Illite-Smectite (39%),
together comprising 87% of the sample.

a

b
Figure 5: Bowland Shale location; (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 3: Results of XRD analysis on Bowland Shale powder used in this report.

3.3.2

Kaolinite

Gouge material for the experiments was prepared from powdered kaolinite, supplied by
Imerys from St Austell (UK). Highley (1984) report that kaolinite is of well-ordered form
with coarse hexagonal platelets. The equivalent spherical diameter of the clay grains was
100 % (by weight) less than 10 µm, 95 % less than 2 µm, and 85 % less than 1 µm.
Samples were mixed so as to give a gravimetric water content of 80% (following Sathar
et al., 2012).

3.4

Sample preparation

Clay pastes were created for use in the Fracture Visualisation Rig (FVR) by mixing
known quantities of clay powder with de-ionised water (Figure 6a). The proportions for
the clay/water mix varied during the study, as summarised in Table 4. The water and clay
mixture was thoroughly mixed for five minutes until a consistent paste had been achieved
(Figure 6b). This was then smeared onto the surface of the glass of the FVR as evenly in
thickness and distribution as possible. The application of torque to the bolts of the FVR
then created a uniform thickness of gouge.
Experience showed that the clay paste resulted in a fabric that was influencing the
direction of fracture propagation. Therefore it was necessary to create pre-compacted 1
mm thick clay disks. The clay paste was placed upon a sheet of polytetrafluoroethylene
(PTFE) that was greased both sides using Super Lube® (Figure 6c). A former made of
zinc coated stainless steel was placed within the sample press (Figure 6d). The clay paste
was pressed for at least 5 minutes, which was sufficient to create a homogenous, 1 mm
thick sample (Figure 6e). Samples had a 10 mm slot (Figure 6f) cut into the centre of the
sample to simulate pressurisation being applied along a well-casing perforation. The slot
was filled with quartz (Figure 6g), all analogue fractures were created in this way. The
quartz does not represent a fracture fill, it merely acts to prop open a pre-existing
weakness in the pre-compacted clay disk. Samples that were layered or of a concentric
bullseye arrangement (see Figure 7) were created from two complete disks, one each of
kaolinite and ball-milled Bowland Shale. For layered samples, the clay disk was cut to
create a 40 mm wide central layer. The central portion was swapped between the two
prepared disk samples to yield two layered samples; one with a central layer of kaolinite
and one with ball-milled Bowland Shale. The bullseye samples were manufactured in a
similar manner, with a 50 mm diameter cutter creating circular samples of clay.
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a

b

d

c

e

g

f

h

i

Figure 6: Summary of sample preparation; a) de-ionised water was added to clay powder; b)
water/clay mixture was thoroughly mixed; c) clay paste was added to the top of a greased Teflon
disc; d) compaction former in the sample press; e) final sample of around 1 mm thickness; f)
fracture cut into clay sample using a hypodermic syringe; g) quartz added to “slot” to simulate a
pre-existing fracture; h) sample former used to create cubic samples; i) diamond tip core cutting.

Cubic samples were created in a similar way to that described for the thin clay disks using
a square former (Figure 6h) allowing samples that were 60 × 60 × ~50 mm. To create
layered samples, each layer was pressed in sequence. All samples had a 4 mm diameter
bore drilled to a depth of 25 mm using a masonry drill to accommodate the injection bore
of the apparatus. Mastic was applied to the upper surface of the sample and injection bore
to ensure an adequate seal.
Cylindrical samples of Bowland Shale were prepared using a 60 mm diameter diamond
tipped corer (Figure 6i). The corer was air-flushed with vacuum removal of fines
throughout to keep the cutting sections cool. The ends of the sample were machined flat
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using a lathe, to give parallel surfaces and a completed sample of 50 mm length. A 4 mm
bore was drilled into the sample using a masonry drill to a depth of 25 mm to
accommodate the injection bore. The speed of drilling was kept to a minimum so as not
to generate excessive heat that could result in localised drying of the sample, or in
extreme cases, thermal fracturing.

3.5

Experimental procedures

A total of 62 tests were conducted (Table 4); 54 using the Fracture Visualisation Rig
(FVR) on thin clay disks/pastes, 6 using the Direct Shear Rig (DSR) on pre-compacted
cubic samples, and 2 using the DSR on cylindrical samples of Bowland Shale. Figure 7
summarises the tests conducted; full experimental procedures are given in Wiseall et al.
(2017) and Cuss et al. (2017).

a)

b)

c)

d)

e)

f)

g)

h)

i)

j)
Figure 7: Summary of tests conducted; a) intact clay; b) simple layers; c) concentric bullseye
arrangement; d) pre-existing fractures; e) square fractures; f) complex fractures; g) precompacted cubic blocks; h) pre-compacted horizontal layering; i) pre-compacted vertical
layering; j) intact Bowland Shale. Note: d-f show rhodamine stained kaolinite.
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For tests conducted using the Fracture Visualisation Rig, the apparatus was set-up to a
known vertical stress. The pore pressure system was isolated from the sample by means
of a valve and pore pressure was increased to 3 MPa. The valve to the sample was opened
and the pore pressure pump was switched to constant flow at a rate of between 200 and
500 ml/hr, up to a maximum pressure of 13 MPa. The experiment was continued until
hydrofracture occurred, specifically until the fracture had propagated to the edge of the
sample and into the filter; the condition of “break-through”.
The single-clay systems (Figure 7a) were undertaken to understand the fundamentals of
fracture growth in the two clays investigated. The simple layered (Figure 7b) systems
were designed to test how individual layers would influence the direction of hydraulic
fracturing. The concentric bullseye tests (Figure 7c) were designed to force the
hydrofractures through the boundary. Three test geometries (Figure 7d-f) were
investigated to understand how propagating hydrofractures interacted with a pre-existing
fracture network; dashed (Figure 7d), square (Figure 7e), and dashed+ (Figure 7f). Note:
the majority of tests included a quartz-filled slot at the point of injection. This was to
simulate hydraulic stimulation from the site of a well-casing perforation.
The slot cut to represent the injection from a well-casing perforation, the end of a slot cut
to represent an open-fracture and the notches cut in the square fracture arrangement are
all likely to be sites of stress concentration. As fluid enters these features it will result in
their inflation as pressure builds, dependent on the compressibility of the surrounding
material. As these features open it will concentrate stress, especially at the corners of the
slots. Therefore, these features are likely to play an important role in hydrofracture
initiation and propagation, hence their inclusion in the square fracture arrangement.
Test procedures for cubic and cylindrical samples performed using the Direct Shear Rig
were identical. The apparatus was set to a known vertical stress. The valve to the sample
was opened and the pore pressure pump was switched to constant flow at a rate of
between 200 and 500 ml/hr, up to a maximum pressure of 51.7 MPa. The experiment was
continued until hydrofracture and break-through occurred.
The single-clay systems (Figure 7g) were undertaken to understand the fundamentals of
fracture growth in the two clays investigated and to ensure that hydrofracture in a 3-D
volume was similar to that observed in the thin clay disks used in the Fracture
Visualisation Rig. The simple layered (Figure 7hi) systems were designed to test how
individual layers would influence the direction of hydraulic fracturing. Layering was
investigated perpendicular to load (Figure 7h) and parallel to load (Figure 7i). These tests
aimed to determine whether hydrofracture direction is controlled by stress or clay
layering. Two tests were conducted on intact samples of Bowland Shale (Figure 7j) to
investigate hydraulic fracture growth in the rock state and compare fracture patterns with
those seen in pre-compacted clay samples.
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Table 4: Summary of all tests conducted as part of the current study. BMBS – ball-milled Bowland Shale.
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4

FINDINGS OF THE STUDY ON INITIATION AND GROWTH

The initiation and growth of fractures in rocks is a complex topic that has been studied
extensively. The development of the shale gas industry has meant that a significant
amount of the new research in this field has focussed on the controls on fracture initiation
and growth in shale, which are topics relevant to maximising commercial efficiency of
operations, and understanding processes involved with induced seismic events.
Many studies have focussed on using data from micro-seismic monitoring to visualise the
formed fracture network (e.g. Calvez et al., 2007; Cipolla et al., 2005; Daniels et al.,
2007; Fisher et al., 2002; Maxwell et at., 2002; Warpinski et al.,1998). These studies
have also been combined with attempts to numerically model the propagation of hydraulic
fractures (e.g. Adachi et al., 2007; Dean & Schmidt, 2009; Ji et al., 2009; Lecamplon &
Detournay, 2007). A number of different mathematical approaches have been taken in
these studies, e.g. finite element modelling or distinct element modelling. Despite the
clear need for these studies there has so far been a lack of experimental data to elicit the
fundamental physics controlling hydrofracture in complex shale.
Furthermore, experimental techniques that have been used to date have largely relied on
the analysis of samples post-test. Recent advances have utilised synchrotron x-ray
microtomography to observe fracture propagation (e.g. Renard et al., 2009). However,
such experimental apparatus was not accessible in the current research project. Therefore,
an experimental programme was developed to visualise the initiation and growth of
fractures in real time. This built upon work carried out on fracture visualization first
described in Wiseall et al. (2015).
The results of this study are discussed in detail in Wiseall et al. (2017); this section
summarises the main findings of that study. Table 4 shows the large number of tests which
were performed. Tests were performed out on kaolinite and ball-milled Bowland Shale in
the form of pastes or pre-compacted disks.

4.1

Initiation and growth of fractures during gas injection

A total of 13 fracture visualisation tests were performed on ball-milled Bowland Shale
and/or kaolinite with helium injection.
Figure 8a shows the growth of a gas pathway in a ball-milled Bowland Shale (Test
M4_48BF) with embedded fractures. The pathway initiated as a very narrow pathway
from the corner of the central perforation, a site expected to be a stress concentration, and
propagated towards the edge of the apparatus in under a minute. The test showed that
continued fracture growth is likely to result in branching; this generally occurring at 120˚.
This is inferred as being controlled by physical properties of the clay at the fracture tip.
The test also showed that more than one branch continued to grow simultaneously.
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A distinct difference in the character of gas pathways was seen when injecting helium
into kaolinite, as shown in Figure 8b; a detailed image focussing on the growth of an
individual fracture. Initial gas entry resulted in the formation of a broad triangular
fracture. With continued gas injection the internal fracture pressure was raised resulting
in the formation of four simultaneously propagating fractures. Each of these formed from
weaknesses resultant from the expansion of the triangular fracture. Therefore branching
and fracture deviation are likely to be caused by features created by the expansion/dilation
of the fractures.

a

b
Figure 8: Fracture growth during gas injection; a-d) fracturing in ball-milled Bowland Shale; ej) fracturing in kaolinite. Width of view ≈ 10 cm.
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Figure 9 summarises test M4_bbK, which shows significant results about the wider
distribution of gas fractures in kaolinite. The formed fracture network was well distributed
in the kaolinite paste. Several fractures were forming and propagating simultaneously
throughout the test. Many of these features dilated and as they propagated became
connected. Branching was seen to occur, typically at 120˚, with branch fractures forming
at tears in the fracture wall as a result of pathway dilation.

Figure 9: Fracture growth in Test M4_bbK. Width of view ~ 11 cm.

As described above there are significant differences between the observed fracture
distribution developed in kaolinite and ball-milled Bowland Shale. As the injection rate
is kept constant throughout the tests, we suggest that the variations in gas pathways are
caused by differences in material properties between the clay types.

4.2

Initiation and growth of fractures during water injection

A total of 25 fracture visualisation tests were conducted with water injection; sample
arrangements are summarised in Table 2. The injection of water into kaolinite and ballmilled Bowland Shale was performed to simulate hydraulic stimulation. The rapid
formation of hydraulic fractures necessitated the use of a high speed camera. This enabled
recording fracture initiation and growth at a rate of 1,000 frames per second.
Figure 10a shows an example of the development of a hydraulic fracture in ball-milled
Bowland Shale (Test M4_13B). Comparable observations can be made between the
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fracturing using water and gas as the injection medium. The fracture initiated in the
central part of the perforation as pore pressure within the perforation locally exceeded the
mechanical strength of the surrounding ball-milled Bowland Shale. The hydrofracture
formed perpendicular to the injection slot and changed direction and branched. More than
one fracture developed simultaneously. Continued growth resulted in break-through in a
time less than two seconds, demonstrating that the development of hydrofractures is
quicker than gas fractures. Considerable erosion of the fracture was evident, especially
following breakthrough.

a

b
Figure 10: Examples of hydrofracture initiation and propagation in ball-milled Bowland Shale;
a) Test M4_13B; b) Test M4_41B. Width of view ~ 11 cm.
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Figure 10b shows a second example of hydraulic fracture formation in ball-milled
Bowland Shale. Test M4_41B shows comparable results to M4_13B and compares well
with observations made during gas injection. A network of hydraulic fractures was
formed, that branched (generally at 120˚) and developed simultaneously until
breakthrough was achieved. A dominant fracture was formed (as shown in red) which
resulted in considerable erosion of the fracture.
Hydraulic fracturing within the kaolinite was again markedly different to that seen in ballmilled Bowland Shale. In test M4_09K, the formation of a fracture occurred from the
corner of the injection slot and started to propagate. The single fracture deviated and
developed, but did not branch as seen in other tests. In test M4_10K (Figure 11) a series
of fractures with an apparent “en echelon” morphology formed, until three hydrofractures
gained length. One of these became dominant (Figure 11b) and propagated to the outer
margin of the disc and reached breakthrough. The dilatant fractures that formed appeared
to develop differently to other tests, with a lack of branching during the rapid hydraulic
fracture development. The dominant fracture also had a curved morphology.

a

b

Figure 11: Hydraulic fracture initiation and propagation in kaolinite; a) detail of fracture
formation, width of view ~ 2.5 cm; b) formation of a dominant conductive fracture, width of view
~ 1.25 cm.

4.3

Effect of fabric on fracture growth

The creation of samples by compression of a clay paste in the Fracture Visualisation Rig,
or the pressing of pre-compacted samples, results in the formation of a fabric within the
clay. This was observed to influence hydraulic fracture propagation.
Test M4_44L showed the clearest example in the current programme of experiments of
fabric influencing fracture propagation and growth (Figure 12); fabric is highlighted by
dark grey lines. It is not clear whether fabric played a role in the initiation of fractures,
although a fracture is likely to initiate in a weaker area of the sample. The initial fracture
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was seen to form cross- cutting the sample fabric, but soon started to follow a clear feature
in the kaolinite. As the fracture approached the kaolinite/ball-milled Bowland Shale
interface it was deviated to the right and again tracked fabric. Whilst the deviation may
have been the result of the interface, there is a clear role being played by the fabric of the
clay. Therefore as the fracture propagated it is clear that fabric was the predominant
control on the direction of propagation.

a

b

c

d
Figure 12: Summary of Test M4_44L; a) pre-injection showing clear fabric in kaolinite; b)
fracture initiation; c) propagation and growth along fabric; d) further propagation along existing
fabric. Note: inverted grey-scale photographs. Width of view ~ 3 cm.

Test M4_05K also clearly demonstrates the influence of fabric on the propagation of
hydraulic fractures. A clear feature could be identified in the clay that resulted in the
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deviation and offset of a propagating fracture. Therefore it has been demonstrated that
fabric plays a role in both the propagation of gas and water fractures.

4.4

Closure and stability of fractures

During the test programme it was noted that some fractures closed, especially at breakthrough. Evidence of fractures becoming unstable was also noted.
Test M4_21BF showed significant features relating to the stability and closure of
propagating hydrofractures in ball-milled Bowland Shale (Figure 13). The test showed
that pre-existing fractures can become pressurised by hydraulic fractures and form new
hydrofractures from the existing features. Hydrofractures in ball-milled Bowland Shale
are narrow and may not be fully open along their entire length. As pressure was relieved,
the fractures closed, and re-opened on further pressurization. This shows that ball-milled
Bowland Shale has an effective self-sealing mechanism and that when pressure reduces
351 secs
within fractures, the elastic properties of the shale
walls results in closure.

351 secs

852 secs

Figure 13: Interpretation of hydrofracture growth in a dashed fracture arrangement in ball-milled
Bowland Shale; test M4_21BF. Width of view ~ 11 cm.

852 secs

1071 secs

Figure
14: Evidence
1071
secs of fracture sealing in kaolinite for gas injection; test M4_40K. Width of
view ~ 10 cm.
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Test M4_40K showed clear sealing of a fracture in kaolinite following the relief of gas
pressure in the fracture network, as shown in Figure 14. Following breakthrough an
individual fracture closed enough that its previous trace was no longer apparent. This was
as a result of elastic rebound of the fracture wall effectively closing the feature. This
clearly demonstrates the self-sealing capacity of kaolinite and if similar properties were
applicable during in situ hydraulic fracturing, this illustrates the necessity for using
proppant during unconventional hydrocarbon exploitation.
The final example of fracture closure is shown in Figure 15 for test M4_36K2 in kaolinite.
The injection of water resulted in the formation of a network of hydrofractures. Just prior
to break through the open fracture area is shown in red. At breakthrough the pressure was
relieved in the network and part of the network closed, as shown in green. Comparison of
the open and closed fracture network shows that the conductive part of the network
remained opened, whilst the non-conductive part was closed. Therefore pressure relief
results in the closure of non-conductive hydrofractures, whilst conductive pathways
remain open.
a

b

c

Figure 15: Evidence of hydraulic fracture sealing in kaolinite; test M4_36K2; a) initial fracture
growth; b) pathways reduce in width and size after pathway reaches edge; c) comparison of
fracture area before and after pressure relief. Width of view ~ 4 cm.

4.5

Hydraulic fracturing of pre-compacted cubic samples

A total of four tests were conducted on cubic samples of pre-compacted clay samples in
order to investigate the initiation and propagation of hydraulic fractures. Whilst the
Fracture Visualisation Rig (FVR) allows direct observation of hydrofracture, it is a
constrained, 2-dimensional sample. In order to up-scale results it was necessary to
perform experiments on cubic samples to observe the final results of hydrofracturing in a
realistic volume. These results could then be compared with the direct observation
achieved in the FVR.
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a

c

a
Figure 16: Hydrofracture in ball-milled Bowland Shale and kaolinite cubic samples; a) precompacted cubic sample of kaolinite; test M4_26KS; b) pre-compacted cubic sample of kaolinite;
test M4_27KS; c) pre-compacted cubic sample of ball-milled Bowland Shale; test M4_28BS.

In kaolinite, tests M4_26K3 (Figure 16a) and M4_27K3 (Figure 16b) showed unexpected
results. Theory states that hydrofractures form in the direction of the maximum stress
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trajectory, which in the K0 test geometry3 would be vertical. Almost all hydrofractures
noted were sub-horizontal and not vertical, suggesting that fractures have grown in some
degree of the direction of the minimum stress trajectory. In test M4_27K3 the hydraulic
fracture pressure was measured at about 25 MPa, which is significantly greater than seen
in the FVR tests.
In ball-milled Bowland Shale, tests M4_28B3 (Figure 16c) and M4_28B3 both held
significant pore pressure, greatly in excess of that which resulted in hydrofracture in the
FVR tests. These tests suggested a hydraulic fracture pressure greatly in excess of 50.2
MPa. Hydrofracture did not occur until normal stress was removed from the sample, and
this resulted in the formation of horizontal fractures. The fractures seen could not have
occurred until vertical stress was relieved as the test samples held 51.7 MPa pore pressure
for prolonged periods.

4.6

Hydraulic fracturing of Bowland Shale

In order to confirm the results seen in pre-compacted samples of clay, it was necessary
to perform hydraulic fracture tests in streambed-derived samples of Bowland Shale. A
total of two tests were conducted. The limited number of experiments was due to the
difficulty in manufacturing samples and the anisotropy observed within the same block
of material.
Test M4_37HF (Figure 17a) showed that samples of Bowland Shale can be
hydrofractured in the laboratory under realistic conditions in order to determine the
hydraulic fracture pressure. The sample failed at a pressure of 8.7 MPa, with the formation
of bedding-plane splits and interconnecting fractures. The observed odour of
hydrocarbons at the end of the tests indicates that the hydraulic fracture process can
liberate the gas from the shale.
The results from test M4_38HF greatly contradict those of M4_37HF, but hypotheses can
be suggested to account for this. The sample showed that the hydraulic fracture pressure
was in excess of 50.2 MPa, five times greater than in test M4_37HF. No conductive
fractures were evident at the end of the test, and the sample appeared to be a homogenous
shale. It is therefore suggested that sample M4_37HF included pre-existing
discontinuities (including natural depositional bedding) that were exploited by the
hydraulic fractures, whereas M4_38HF was a clean sample of Bowland Shale with an
absence of bedding weaknesses. This would be the case for pre-compacted samples,
which also showed very high hydraulic fracture pressures, in some cases exceeding 50.2
MPa. This demonstrates that rock fabric and pre-existing heterogeneities/weaknesses are
vital in order to hydrofracture the rock. As the two samples were manufactured from the
same block of material, this also shows the natural heterogeneity of the Bowland Shale,
even over short distances of the outcrop/sub-seismic scale.

vertical stress imposed by a hydraulic ram, with horizontal stress created by the Poisson’s effect with the
sample held laterally. Horizontal stress in this geometry would always be less than vertical stress
3
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a

b
Figure 17: Hydrofracture in intact Bowland Shale; a) test sample M4_37HF; b) test sample
M4_38HF.
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5

FINDINGS OF THE STUDY ON BEDDING AND FRACTURES

The state-of-the-art review (Cuss et al., 2015) identified a paradox in shale gas
exploitation. Classical fracture mechanics dictates that hydraulic fractures will grow in
the direction of the maximum stress trajectory, which in the case of hydraulic stimulation
at 3 km depth is almost always vertical. Yet Fisher & Warpinski (2011) noted that
stimulation resulted in a considerable lateral extent to hydraulic fracture growth. They
state that an understanding of the geology surrounding the target area is needed in order
to estimate the direction of fracture propagation. Their concluding remarks clearly assess
the state of understanding at that time:
“The directly measured height growth is often less than that predicted by
conventional hydraulic-fracture propagation models because of a number
of containment mechanisms….Some of those mechanisms include complex
geologic layering, changing material properties, the presence of higher
permeability layers, the presence of natural fractures, formation of
hydraulic-fracture networks, and the effects of high fluid leak-off.”
“Fracture physics, formation mechanical properties, the layered
depositional environment, and other factors all conspire to limit hydraulicfracture-height growth, causing the fracture to remain in the nearby vicinity
of the targeted reservoirs.”
The primary aims of the study, therefore, was to answer whether hydraulic fractures can
become lithologically bound and what role pre-existing fractures have on hydraulic
fracture growth. The full experimental results are presented in detail in Cuss et al. (2017).

5.1

Simple layered systems

A total of seven tests were conducted on simple layered systems. The first, test M4_08L,
was created using clay paste alone and was found to have an uneven layering. The
subsequent test, M4_19L and M4_20L, were created using pre-compacted clay and had
a much better layering.
The two tests conducted with water injected into a central layer of kaolinite (M4_08L;
M4_20L) both showed similar results, as summarised in Figure 18a; Hydrofractures that
originated in kaolinite had little problems in passing through the kaolinite/ball-milled
Bowland Shale interface. For the main conductive feature there was no deflection of the
fracture, although in test M4_08L a secondary fracture is deviated and may have
deflected. The tests showed that not only the fracture tip played a role in propagation, but
the front of compressing clay also played a vital role; compression of the clay played a
significant role too. Once the fracture had propagated into the ball-milled Bowland Shale,
it branched at the fracture front with new fractures forming within the kaolinite, perhaps
indicating a difficulty in propagating through ball-milled Bowland Shale. These results
would not support the hypothesis that hydrofractures can become lithologically bound.
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a

b
Figure 18: Hydraulic fracture propagation in layered clay systems; a) water injection into a
central layer of kaolinite; b) water injection into a central layer of ball-milled Bowland Shale.
Width of view ~ 11 cm.

The test conducted with water injected into a central layer of ball-milled Bowland Shale
(M4_19L; Figure 18b) showed considerably different results to tests M4_08L and
M4_20L. As a hydrofracture grew in the ball-milled Bowland Shale layer, a compression
front ahead of the dilating fracture was observed. As the fracture approached the interface,
it was not able to pass directly through and was clearly deflected along the interface. This
suggests that hydrofractures are not able to pass through the interface itself and became
lithologically bound. The driver for this result is likely to be the compressibility of the
clays. This shows significant differences are seen if hydrofractures propagate from
kaolinite to ball-milled Bowland Shale and vice versa. However, there are also many
similarities between the test results.
The contrasting results between a hydrofracture propagating from kaolinite towards ballmilled Bowland Shale and vice versa demonstrates that the physical properties between
clay layers dictates whether the interface will result in lithological bounding of hydraulic
fractures. Physical properties therefore play a controlling role in deflecting, arresting, and
lithological bounding of hydrofractures.

5.2

Bullseye arrangement layered systems

The observations of the simple layered tests led to a concentric bullseye arrangement,
with a circular central zone surrounded by another clay. The rationale was to see whether
D1.6 Final report on shale gas hydraulic fracturing

Copyright © M4ShaelGas Consortium 2015-2017

Page 47

a hydrofracture could be forced to penetrate the boundary between Bowland Shale and
kaolinite. A total of seven tests were conducted.
Water injection into a central circle of kaolinite (M4_18E; Figure 19a) showed
comparable results to the layered arrangement; the hydrofracture was able to penetrate
the kaolinite/ball-milled Bowland Shale interface. The primary difference between the
two test geometries was the deflection of the hydrofracture along the interface before
penetration took place. The reasons for this are unclear.

a

b
Figure 19: Hydraulic fracture propagation in bullseye-arrangement layered clay systems; a) water
injection into a central layer of kaolinite; b) water injection into a central layer of ball-milled
Bowland Shale. Width of view ~ 11 cm.

Water injection into a central circle of Bowland Shale (M4_17E; Figure 19b) showed
significant results. Hydrofractures would not pass from ball-milled Bowland Shale into
kaolinite. In test M4_20L, the hydrofracture became lithologically bound within the ballmilled Bowland Shale layer until it reached break-through. In the concentric bullseye
arrangement, hydrofractures also became lithologically bound and as they could not pass
into the kaolinite, did not reach break-through. Lithological trapping of hydrofractures
had thus been demonstrated.

5.3

Fracture arrangement 1: dashed

The “dashed” arrangement of fractures was investigated to understand how propagating
hydrofractures interact with a pre-existing fracture network. A total of five tests were
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conducted; two in ball-milled Bowland Shale and one in kaolinite, as summarised in
Figure 20.

a

b

c
Figure 20: Interaction of hydrofractures with pre-existing fracture in the “dashed” arrangement;
a) test M4_21BF in ball-milled Bowland Shale; b) test M4_22BF in ball-milled Bowland Shale;
c) test M4_32KF in rhodamine-stained kaolinite. Width of view ~ 11 cm.

The tests conducted in ball-milled Bowland Shale (M4_21BF, Figure 20a; M4_22BF,
Figure 20b) showed consistent and significant results. They demonstrated that natural
fractures and hydrofractures interact. In both tests the initial hydrofracture formed from a
corner of the injection slot at a point that is likely to be a stress concentration. The preexisting fractures were seen to influence the direction of travel of the hydrofracture,
probably due to the non-transmission of compressibility across the open feature. The
formed hydrofracture interacted and pressurised a pre-existing fracture. However, it was
preferential for fractures to grow within the ball-milled Bowland Shale and not to grow
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from the pre-existing network and in test M4_21BF the pressurised pre-existing fracture
became isolated following the closure of the connecting hydrofracture.
Hydrofractures in ball-milled Bowland Shale were relatively narrow and may not be fully
open along their entire length. As pressure was relieved, the fractures closed, and reopened on further pressurization. This shows that ball-milled Bowland Shale under stress
has an effective self-sealing mechanism and that when pressure reduced within fractures,
the elastic properties of the walls resulted in closure. If similar properties were applicable
during in situ hydraulic fracturing, this illustrates the importance of proppant use, as the
fractures in Bowland Shale will close on reduction of stimulation pore-pressure.
Little evidence of interaction of newly formed hydrofractures with pre-existing notch-cut
features was observed in kaolinite (test M4_32KF, Figure 20c). As with the tests
conducted in ball-milled Bowland Shale, it would appear that the pre-existing fracture
network influenced the direction of hydrofracturing, with new features avoiding the precut, quartz-filled ones. This test also showed a “pulsed” network, with fractures forming,
closing, and re-opening until break-through had occurred.

5.4

Fracture arrangement 2: square

As the hydrofractures did not interact well with the dashed-fracture pattern, it was
therefore necessary to change the fracture pattern to properly observe the interaction of
hydrofractures with existing fractures. The first modified fracture pattern consisted of a
40 mm wide square around the injection slot, with small notches at each corner. A total
of four tests were conducted using a square fracture pattern; three in ball-milled Bowland
Shale and one in rhodamine-stained kaolinite, as summarised in Figure 21.
Three tests were conducted in ball-milled Bowland Shale (M4_23BS; M4_24BS, Figure
21a; M4_25_BS, Figure 21b). In test M4_24BS hydrofractures passed through the preexisting fracture network. However, these fractures did not continue to grow and breakthrough was not achieved, sustaining considerably high pore pressure. Fractures grew,
and the erosion of the lower edge of the square shows that considerable fluid movement
did occur, yet the forming fractures could not propagate out of the experimental geometry.
It is suggested that continued growth outside of the square resulted in pressure building
sufficiently within the square to form new fractures, resulting in certain fractures
becoming unstable and closing. In test M4_25BS hydrofractures entered the square
fracture and propagated to the notches, sites of stress concentration where new
hydrofractures formed. A considerable transient network of fractures formed at one notch,
with fractures opening, joining, and closing. This closure was as a result of pressure loss
or the dilation of nearby fractures. Break-through did not occur and the test sustained
considerable pore pressure. Test M4_23BS showed similar results with hydrofractures
forming, but not achieving break-through. A single hydrofracture formed at one of the
notches, with offsets and differential fracture width observed. Water was seen to be
moving through the square pre-existing fracture network, yet considerable pressure was
sustained in this test. These tests show that the presence of the quartz-filled pre-existing
fracture network had a significant effect on hydrofracture propagation.
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b

c
Figure 21: Interaction of hydrofractures with pre-existing fracture in the “square” arrangement;
a) test M4_24BS in ball-milled Bowland Shale; b) test M4_25BS in ball-milled Bowland Shale;
c) test M4_33KS in rhodamine-stained kaolinite. Width of view ~ 11 cm.

Significant features of hydrofractures interacting with pre-existing fractures were
observed in rhodamine-stained kaolinite (test M4_33KS, Figure 21c). The initial
hydrofracture was seen to propagate through the square fracture network, albeit offset
along the length of the square. This shows how hydrofractures and pre-existing fractures
may interact, again emphasising the importance of rock fabric on fracture behaviour in
some instances. Once the square was pressurised, hydrofractures grew from notches,
which are expected to be sites of stress concentration. At one notch a branching network
was formed, yet at the other an almost linear fracture was formed and joined with the
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offset fracture feature. This demonstrates that not only may hydrofractures pass through
pre-existing fractures, they may continue to grow from the ends of pre-existing factures.

5.5

Fracture arrangement 3: dashed+

The second modified fracture pattern was designed to force hydrofractures to interact. In
this geometry it wasn’t likely that the hydrofractures could not interact with the preexisting fractures. Three tests were conducted, all in rhodamine-stained kaolinite as
summarised in (Figure 22).
Three tests were conducted in rhodamine-stained kaolinite and all showed the interaction
of the newly formed hydrofracture with the pre-existing fracture network (M4_34K2,
Figure 22a; M4_35K2, Figure 22b; M4_36K2, Figure 22c). In all three tests, as a
hydrofracture entered a pre-existing fracture that feature was pressurised. The
hydrofracture was able to pass through that feature, and further hydrofractures were able
to grow from the ends, which were likely to be stress concentrators. The hydrofracture
may be off-set by the pre-existing fracture, but hydrofractures could continue to grow and
led to eventual break-through. Hydrofractures could connect pre-existing fractures and
further exploit the rock volume. These test clearly demonstrated how newly formed
hydrofractures may interact with pre-existing fractures.
It should be noted that the use of high-speed photography meant that considerable detail
could be gained on hydrofracture propagation in all tests. Every test has been described
in detail in Cuss et al. (2017). As an example of the information available, test M4_35K2
is described below. As shown in Figure 23, initially the slot cut to simulate a well-casing
perforation was pressurised (1). No compression of the kaolinite surrounding the slot was
noted. The hydrofracture began to grow from one side of the injection slot (2),
perpendicular to it. As noted with previous tests, the hydrofracture soon arced and
changed direction by 90º. The fracture grew towards a gap in between two pre-existing
fractures, but on approaching it branched (3), with the branch growing whilst the original
fracture arrested (4). This branch feature continued to grow and approached one of the
pre-existing fractures (5). In reaching the fracture, it pressurised that fracture (6) and
quickly resulted in the formation of a new hydrofracture from the end of the slot. This
feature connected two pre-existing fractures, with both pressurised. A third hydrofracture
stated to grow from the corner of this second pre-existing fracture. At this point, fracture
growth arrested, resulting in the formation of new hydrofractures near to the injection slot
(7). This additional fracture volume allowed the existing hydrofracture network to grow
(8) and also for a new hydrofracture to form along one edge of one pre-existing fracture.
This resulted in two actively growing hydrofractures (9), both of which branched (10)
and continued to grow (11). Finally, break-through was achieved and a highly conductive
fracture was formed through the dilation of the fracture network (12).
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a

b

c
Figure 22: Interaction of hydrofractures with pre-existing fractures in the “dashed+” arrangement
in kaolinite; a) test M4_34K2; b) test M4_35K2; c) test M4_36K2. Width of view ~ 11 cm.
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Figure 23: Interpretation of the resultant hydrofracture created in a dashed+ fracture network in
rhodamine-stained kaolinite; test M4_35K2. Width of view ~ 11 cm.

5.6

Hydraulic fracturing of pre-compacted layered samples

Two tests were conducted on cubic samples of layered pre-compacted clay samples; one
with horizontal layering, the other with vertical layering. In both tests, water was injected
into a central kaolinite layer.
The horizontally layered sample (test M4_30L3, Figure 24a) showed that the additional
ball-milled Bowland Shale layers resulted in a higher hydraulic fracture pressure of
kaolinite of 41.4 MPa. This suggests that ball-milled Bowland Shale is not as
compressible as kaolinite and this made the formation of hydrofractures more difficult.
At hydrofracture, horizontal fractures were formed parallel with bedding and
perpendicular to the maximum stress trajectory. Hydraulic fractures also formed
horizontally, perpendicular to the maximum stress trajectory and bedding in the vertically
bedded sample (M4_31L3, Figure 24b). The hydraulic fracture pressure was determined
to be 9.8 MPa, significantly lower than for the horizontally layered case. This is due to
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the differences in compressibility of the two clay types and the heterogeneity of the precompacted samples. This shows that lithology will play an important role on the entry
pressure and direction of hydraulic fractures.

a

b
Figure 24: Hydrofracture in layered ball-milled Bowland Shale/kaolinite cubes; a) horizontally
layered test M4_30L3; b) vertically layered test M4_31L3.
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6

DISCUSSION

The experimental study aimed to answer a number of key questions identified by the
State-of-the-art report on hydraulic fracturing written as part of the M4ShaleGas project
(Cuss et al., 2015). This section will aim to answer the questions and discuss the results.

6.1

The use of analogue tests

The experimental programme was predominantly conducted on analogue test material.
This was necessary for a number of reasons:
Firstly it has to be acknowledged that the preparation of samples suitable for engineering
and hydromechanical testing is challenging. The necessity to preserve core material with
respect to engineering properties was not appreciated at the time of collection, and
consequently, available borehole core material of prospective shale reservoirs within the
collection at the British Geological Survey (BGS) is typically desiccated or broken due
to subsampling for other tests (e.g., geochemical or biostratigraphic analysis). The cores
have been stored in a state where they have been naturally air-drying for up to several
decades. This has resulted in considerable splitting of the core into short sections, often
leading to a bias in available samples to the more competent sections of the core such as
carbonate-cemented intervals. Additionally, the core has been left in an unstressed state
since the date of the borehole being drilled. This has allowed the rock to de-stress, leading
to further splitting of the core. Additionally, recently drilled core from shale gas
exploration sites is small diameter and has often been slabbed4. All of these factors lead
to considerable difficulty in selecting sections of core that are of sufficient size to make
samples that can be tested and experience has shown that few, if any, samples can be
achieved over a borehole length of 100 m.
As core material is not available to achieve test samples of sufficient number for repeat
testing, it has become necessary to rely on stream-derived exposure material, which has
had limited sub-aerial exposure and consequently less-oxidised. However, this is also not
perfect. The collected samples have been naturally and slowly de-stressed over geological
timescales as uplift has brought the samples to depth towards the surface. Once at a
shallow depth, additional problems are introduced by the exposure of the rock to oxygen
and/or by the recharge of the rock with meteoric groundwater, which will have a chemical
signature different from the shale that is at depth. The identification of locations to obtain
stream-exposed samples also reduces the available material and can lead to “shale” being
collected that derives from parts of the basin that would not have sufficient gas content to
be economic, although the samples used in the current study were all from the prospective
zone.. Stream exposures also tend to bias sample collection to the more competent parts
of the sequence.

4

Either the core has been cut in half length wise, or has been cut in the ratio of 2:1.
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Once material has been sourced, the creation of suitable test samples is difficult. At the
BGS a protocol has been established that produces cylindrical samples by dry machine
lathing samples. Certain parts of a shale sequence may be extremely well-cemented and
this can result in plucking during sample preparation, as was seen in preparation of
Bowland Shale in the current study. It is essential to prepare samples in the absence of
water as any additional water contact can result in the swelling of clay minerals, such as
illite or smectite, which can seriously degrade the sample and even result in sample failure
during preparation. Oven drying of samples, as is common in rock mechanics, should be
avoided as the drying of clay will significantly alter physical properties.
Therefore, the making of intact shale samples of sufficient number is exceptionally
difficult and requires an alternative approach. The experimental programme was designed
to use analogue clay paste material and to compare this with a limited number of “intact”
test samples.
Analogue testing has been a well-established methodology in structural geology and rock
mechanics; such as Hubbert’s classical work demonstrating and visualising normal and
reverse faulting (Hubbert, 1951); work on fault reactivation (Krantz, 1991); and
photoelasticity applied to sandstone deformation (Gallagher et al., 1974). The approach
is used to visualise processes that can then be compared with experimental or field
observations. The current study utilised this approach so that the growth of hydraulic
fractures could be directly observed in soft clay. Wiseall et al. (2015) showed that this
approach gave observations that were consistent with experimental results achieved in
traditional triaxial set-ups and increased our understanding of how fractures develop in
shale and clay-rich materials. Even though soft clay was used, results were shown to be
consistent with observations made on rock. Therefore this approach was adopted for the
current study. Analogue testing also has benefits over natural rock testing. It means that
heterogeneities, such as bedding and fracturing, can be introduced in a controlled manner;
this would not have been possible using borehole or outcrop-derived core material.
There are necessary compromises needed to fully implement analogue testing. The test
apparatus had an operational stress limit (3 MPa) significantly lower than in situ stress
conditions expected during shale gas operations (13.8 – 115 MPa). However, the use of
softer reconstituted clay samples means that hydraulic fracturing was possible at a
pressure within the operational limits of the apparatus. Theory would state that hydraulic
fracture will occur at a pressure greater than the in situ stress proportional to the tensile
strength of the rock. Therefore testing at pressures lower than in situ will still result in a
fracture pressure similar to that at depth. As Wiseall et al. (2015) demonstrated that flow
in clay pastes was similar to that observed in rock, and hydrofracture of Bowland Shale
was similar to that observed in ball-milled Bowland Shale, it is concluded that the
visualisation approach used on reconstituted clay is representative of the hydrofracture
expected within shale at depth.
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6.2

Fracture initiation and propagation

The research of fracture initiation and growth in shale relates to the very first phases of
the hydraulic fracturing process, and understanding these processes is vital to the shale
gas industry as it gives indications of how the disturbed fracture zone may develop as
hydraulic fracturing proceeds. The research carried out in this study has, for the first time,
visualised this process.
The aims of this study were summarised by four key questions related to fracture initiation
and propagation:





How do fractures initiate and propagate when injecting gas?
How do fractures initiate and propagate when injecting water?
Does fabric effect fracture initiation and propagation?
Can fractures close or seal?

6.2.1

How do fractures initiate and propagate?

A number of experiments have been carried out that show the initial stages of fracture
formation and growth. These have been carried out by injecting gas and water into ballmilled Bowland Shale and kaolinite samples. In order to relate these observations back to
the shale gas industry we must first compare our results against theoretical behaviour.
It was possible to form and observe fractures in ball-milled Bowland Shale and kaolinite
whilst injecting gas or water. Differences in the characteristics of the fractures in the ballmilled Bowland Shale and kaolinite were apparent. In ball-milled Bowland Shale
fractures were predominantly narrow and singular, with only small amounts of branching.
However, in kaolinite the fractures were wider and more spatially extensive. Dilation was
seen to occur in both clays, especially the kaolinite. When injecting water into the ballmilled Bowland Shale much wider pathways formed, whether this occurred because of
dilation is uncertain as erosion of the pathways was also seen when injecting water.
Therefore differences were observed in fracture characteristics of the two clay types
investigated, as well as differences within each clay between water and gas injection. One
significant difference between water and gas fracture propagation was the speed in which
fractures formed, being much faster in water-induced fractures.
Theory states that in order for a hydraulic fracture to form two criteria must be met, these
are described in Equation 1; fluid pressure has to exceed the minimum principal stress by
a value equal to the tensile strength of the rock, and the difference between the maximum
and minimum principal stresses has to be less than four times the tensile strength. In the
test set up used we only applied a simple stress field made up of a vertical load. Therefore,
for a hydraulic fracture to initiate the tensile strength is the main control.
Discontinuities are likely to originate from the build-up and concentration of stress at the
tips of natural weaknesses and heterogeneities (USNCRM, 1996). In the case of this study
this is represented by fractures forming at the well-casing perforation. As the perforation
was pressurised, it expanded by an amount equal to the balance between the internal force
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created by the fluid and the strength/compressibility of the clay. During expansion the
clay wall may “tear” where a weakness is located or where stress is concentrated and this
is where fracture initiation occurs. In tests where a central perforation was not used
fractures will have initiated at a weaker area of the sample.
The work of Griffith (1921) and Irwin (1958) describes the fundamentals of fracture
initiation and propagation. The Griffith equation (Equation 2) states that a critical energy
is needed for a fracture to form two new surfaces and propagate. Irwin takes this equation
one step further by splitting the energy into the stored elastic strain energy and the
dissipated energy. When the two theories are combined the two controls are Young’s
modulus and the stress of the fracture. Therefore one reason for the variation in fracture
properties seen between the two materials are related to variations in Young’s modulus
and/or other related elastic properties such as compressibility and Poisson’s ratio.
Griffith (1921) stated the propagation of a fracture requires two new surfaces to be made.
The energy needed for propagation is supplied by the injected fluid. The hydraulic
fractures which formed when injecting water formed much quicker, often in less than 3
seconds, whereas the gas pathways formed over several minutes. The difference in this
propagation rate is therefore associated with how much energy is being supplied to the
fracture tip.
Water is much less compressible than gas and therefore pressure builds up at a fracture
tip much quicker, resulting in an increased amount of stored energy within a fracture.
This results in much quicker fracture propagation. Furthermore, gas can leak-off into the
sample easier than water and the pressure is built up over a larger area. This results in
more pathways and a lower energy at the fracture tip, therefore the fractures propagate
slower when initiated with gas.
Once initiation occurred the fracture propagated through areas which required the least
energy to fail, this is likely to be associated with a fabric in the clay. This contradicts
classical fracture mechanics which would state that fractures grow in the direction of the
maximum stress. Therefore the anisotropic nature of shale has to be taken into account.
Branching of fractures was observed in both the ball-milled Bowland Shale and kaolinite
samples, often occurring at 120˚. The formation of branches was related to the fracture
walls and dilation of the fracture itself. The branches in kaolinite often formed at points
in the pathway where the fracture wall was very irregular. Stress concentrated at these
irregularities and created a new pathway. Furthermore, as pathways dilated the material
adjacent to the pathway was compressed. This creates an enveloped damage zone ahead
of the fracture, as shown in Figure 25 for gas flow. The clay in this damage zone became
compacted and therefore a change in the material properties occurred. This compaction
changed the material properties and resulted in branching as it was easier to find a new
propagation route.
It is clear that fractures will initiate in areas where there is an apparent weakness in the
clay. Fractures initiate at pressures which overcome the local strength of the clay,
therefore fracture initiation is controlled by the local pore pressure and material
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properties. It is expected that fracture initiation in shale will be similar to that seen in clay.
Fracture propagation is then driven by the energy supplied by the fracturing fluid. The
properties of the fluid also effects the nature of the fractures which form.

Figure 25: Schematic diagram showing pathway dilation and the formation of a damage zone
around the pathway. Adapted from Marschall et al. (2005).

6.2.2

Does fabric effect fracture initiation and propagation?

Fractures will propagate in the direction which requires least energy. Therefore it is likely
that if a fabric is present near the fracture tip this may represent a weakness in the host
material, therefore directing the fracture.
Examples have been given demonstrating that fabric has a significant effect on fracture
propagation; as fractures propagated it is clear that fabric was the predominant control on
direction of propagation. It is not clear whether fabric controlled fracture initiation,
however a fracture may initiate in a weaker area of the sample. When a perforation was
used in the test the fractures always initiate there. Tests which did not have a perforation
would still fracture, however often away from the central filter. It can therefore be
concluded that in these tests the pore pressure built up over a larger area until a weakness
was found that allowed for fracture initiation.
Figure 12 shows additional evidence that fabric has controlled fracture propagation
direction. Once the fracture intercepted part of the sample where the fabric was
particularly evident, it changed direction and ran parallel with the fabric until it reached
a point indicated by the end of the dark grey line in Figure 12, indicating that the fabric
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influenced a preferential pathway for the propagation of a fracture in that sample. This
may indicate that sharp changes in direction seen in other tests were a result of clay fabric
Despite sample preparation being carried out methodically with the aim of creating
homogeneous samples it is possible that the fabric formed in these tests is a result of
sample preparation techniques employed. When using pastes it is likely that the fabric
forms once the stress is imposed on the sample.
Also of note is that fractures did not form in every test carried out in this study. It may be
that in these samples there were no obvious weaknesses to allow fractures to initiate and
therefore fractures could not form. For this to be proven further image analysis would
need to be carried out to compare the samples which have fractured and samples which
have not. This was especially apparent in the cubic test samples of ball-milled Bowland
Shale, which would not hydrofractures even at an elevated pore pressure of over 50 MPa.
The hydrofracture of intact Bowland Shale (test M4_37HF) failed at a pressure of 8.7
MPa, with the formation of bedding-plane splits and interconnecting fractures. This
clearly suggests that pre-existing fabric, be it bedding or pre-existing microfracturing,
influences the propagation of hydrofractures. In contrast, test M4_38HF did not
hydrofractures even at an elevate pore pressure in excess of over 50 MPa. This sample
did not have an apparent bedding and therefore without this fabric hydrofractures were
not able to form. This clearly demonstrates that clay/shale fabric will influence fracture
initiation and propagation.
As highlighted in Cuss et al. (2015) shale is extremely variable at a number of scales.
Gale et al. (2014) also highlighted that a large number of varying fracture types are
observed in shales in North America, some of these fractures were shown to follow
bedding and therefore have exploited a fabric within the shale. Josh et al. (2012) also
conducted two tests on a shale with a strong fabric and a shale with no obvious
laminations. These tests showed that the shale with a well-developed fabric had a much
lower Young’s modulus, meaning that the shale was weaker so fractures would develop
easier in a rock with well-developed fabric. Therefore the results in these tests concurs
with the conclusions of other workers and shows fabric to be a key control have also been
proven at a field scale and laboratory scale.
6.2.3

Can fractures close or seal?

Clear evidence for sealing of fractures in both kaolinite and ball-milled Bowland Shale
has been observed in both gas and water injection tests.
In ball-milled Bowland Shale during water injection (test M4_15B) as the propagating
fracture network developed and branched, certain parts of the network become unstable
and were by-passed, resulting in the relief of pressure and the elastic rebound of the clay
fabric surrounding the pathway. Test M4_15B showed that as pressure was relieved,
hydrofractures closed, with the same discontinuity re-opening on further pressurization.
This indicates that ball-milled Bowland Shale has an effective self-sealing mechanism
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and that when pressure reduces within fractures, the elastic properties of the shale walls
results in closure.
In kaolinite gas injection test M4_40K, clear sealing of a fracture following the relief of
gas pressure in the fracture network was observed. Following breakthrough an individual
fracture closed enough that its previous trace was no longer apparent. This was as a result
of elastic rebound of the fracture wall effectively closing the feature. Test M4_36K2
showed that injection of water into a kaolinite sample had resulted in the formation of a
network of fractures. At breakthrough the pressure was relieved in the network and part
of the network closed, whilst other areas remained open and conductive. Therefore
pressure relief results in the closure of non-conductive hydrofractures, whilst conductive
pathways remain open. If similar processes were active in situ, then these results
demonstrate the necessity for using proppant during unconventional hydrocarbon
exploitation in order to keep fractures open during production.
The closing of fractures would often occur when one pathway reached the edge of the
apparatus, resulting in a reduction in pressure within the fracture. This means that the
pressure within the pathway is no longer high enough to maintain the fracture and the
elastic properties of the shale again become dominant and close the fracture. Pressure
relief therefore results in the closure of non-conductive fractures. Pathway closure
highlights the importance of proppant use in the hydraulic fracturing process to maintain
open fracture apertures. It must be noted that the elastic properties of the material being
fractured will govern the degree of closure.

6.3

Influence of bedding on hydrofracture propagation

Five questions were posed by the current study related to the influence of bedding on
the propagation of hydraulic fractures:





6.3.1

Do hydrofractures always pass through the interface?
Do hydrofractures become lithologically bound?
Do hydrofractures get deflected, arrested, or have no change at interfaces between
layers?
Does the shape of the interface influence how hydrofractures behave?
Do hydrofractures always form in the direction of the maximum stress trajectory?
Do hydrofractures always pass through the interface?

This is a relatively simple question to answer, as it became apparent that the
hydrofractures did not always pass through the interface between two clays. In the simple
layered tests (M4_08L, M4_19L and M4_20L), hydrofractures passed from kaolinite into
ball-milled Bowland Shale, but when the hydrofracture originated in ball-milled Bowland
Shale it becomes lithologically bound and travelled parallel with the interface and did not
pass through. This was confirmed with the concentric bullseye arrangement tests
(M4_17E and M4_18E), with a hydrofracture originating in kaolinite being able to pass
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into ball-milled Bowland Shale. However, a hydrofracture originating ball-milled
Bowland Shale was not able to propagate into kaolinite.
In 3-D, the cubic sample with vertical layering (M4_31L) showed that hydraulic fractures
were able to pass from kaolinite into ball-milled Bowland Shale. A test was not conducted
to see in 3-D whether a hydraulic fracture would pass from ball-milled Bowland Shale
into kaolinite due to the high injection pressure experienced injecting water into ballmilled Bowland Shale.
Therefore it can be concluded that the properties of clay either side of a layer will dictate
whether a hydrofracture will pass through the interface. In the tests conducted
hydrofractures would pass from kaolinite into ball-milled Bowland Shale but would not
observed passing from ball-milled Bowland Shale into kaolinite.
6.3.2

Do hydrofractures become lithologically bound?

The current experimental program showed that under certain circumstances
hydrofractures would become lithologically bound, while under other circumstances they
would not. The tests conducted on simple layered clays showed that hydrofractures would
become lithologically bound within ball-milled Bowland Shale, but not within kaolinite.
This shows that the properties of two distinct lithologies are controlling whether fractures
will become bound or not. It has been suggested (Section 5.1) that the compressibility
difference of the two clays used in this study are causing this control. Within shale gas
plays there are likely to be a number of layers with a range of physical properties. This
ranges from brittle layers, such as cemented turbidite layers, through to plastic layers,
such as clay dominated units of marine origin. Hydraulic fracture propagation will differ
between the elastic and plastic layers and therefore this is likely to result in lithological
bounding.
Figure 1 showed an example shale gas sequence with a range of lithologies, which would
have a range of physical properties. The current study shows that hydrofractures will pass
between some different materials, but won’t pass through others. Therefore in a highly
layered, complex shale sequence (e.g. Figure 1), lithological bounding of hydrofractures
is very likely. Depending on local geological structure and the properties and composition
of adjacent shale lithologies, this will restrict the vertical extent of hydrofracturing.
6.3.3

Do hydrofractures get deflected, arrested, or have no change at interfaces
between layers?

Tests M4_08L, M4_20L, and M4_31L3 showed no deflection in hydrofracture direction
as the feature passed through the kaolinite/ball-milled Bowland Shale interface. In each
of these tests it would appear that the majority of fractures do not react at all to the
interface. Therefore evidence is shown that certain interfaces have no influence on
hydrofracture propagation properties.
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However, one fracture in test M4_31L3 shows a change of orientation at the interface.
Additionally, test M4_18E showed a clear deviation at the curved interface between the
clays, with two changes of direction. In test M4_18E, kaolinite was observed to compress
as the fracture approached the interface, which resulted in a change of direction and the
fracture followed the interface, until it was able to find a way through. The development
of this fracture was similar to that seen in test M4_19L where water was injected into a
horizontal layer of ball-milled Bowland Shale. As the hydrofracture approached the
interface, a compression front was observed ahead of the fracture tip. This interacted with
the interface and resulted in the deviation of the fracture along the interface. Therefore
evidence has been presented of interfaces resulting in deflection and offset of hydraulic
fracture propagation.
No evidence has been noted of hydrofractures arresting at interfaces in two clay systems,
which is not surprising as two plastic clays have been used. In test M4_17E, a concentric
bullseye of ball-milled Bowland Shale resulted in the deflection of hydrofractures, which
became lithologically bound. However, this is not a true arrest of propagation. Evidence
for arrest though can be inferred from the square fracture test M4_24BS. This test
geometry in effect has two opposing materials; plastic ball-milled Bowland Shale and
brittle quartz-filled slots. If this is viewed as a dual-rock system, the hydraulic fracture
was observed to reach the quartz layer and propagated no further, it had considerable
difficulty then propagating from the quartz through to the ball-milled Bowland Shale the
other side. Therefore evidence has been presented that interfaces between plastic and
brittle rocks may result in arrest of hydraulic fractures, and that an interbedded succession
of mudstone and carbonate-rich rock may represent a fracture barrier.
In answer to the posed questions, hydrofractures can deflect, arrest and show no change
at interfaces between two materials; all depending on the physical properties of the two
materials.
6.3.4

Does the shape of the interface influence how hydrofractures behave?

This question is difficult to answer and it can be argued that not enough tests have been
conducted to assess the problem. In comparing the horizontal layering with the concentric
bullseye arrangement for the tests with a kaolinite centre (M4_08L, M4_20L and
M4_18E) it can be seen that in all three tests the hydrofracture approached the interface
at near right-angles. However, in test M4_18E the fracture deviated, whilst in the other
tests it propagated through the interface. As the interfaces are not planar-parallel, this
could be the result of localised imperfections as much as the morphology of the interface.
Evidence suggests that ahead of a fracture tip there is a compression front. This has been
suggested as a reason why a hydraulic fracture in ball-milled Bowland Shale was deviated
at the interface. The way this front interacts with an interface is likely to vary based on
the shape of the interface. For the circular bullseye arrangement there is a clear difference
between the ways the interface reacted when the compression front approached the
interface. This suggests that the shape of the interface will play a role in how
hydrofractures propagate.
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The test program has only partially answered the question posed. There is evidence that
the shape of the interface may play a role in how a hydrofracture moves through the
interface, but further work is required to confirm this.
6.3.5

Do hydrofractures always form in the direction of the maximum stress
trajectory?

All of the cubic test samples resulted in hydrofractures forming broadly in the horizontal
direction, perpendicular to the direction of loading. In such a configuration (K0), the
loading direction is the maximum stress trajectory and the horizontal stresses are a
proportion of the loading stress dependent on the Poisson’s ratio. This would suggest that
hydrofractures have formed in the direction of minimum stress trajectory.
During pre-compaction of the clay blocks, the individual clay platelets are likely to have
been compressed so that they were horizontally oriented. This is observed naturally within
shales during compaction and diagenesis and gives a strong fabric within the precompacted samples. The fabric will result in an anisotropic distribution of physical
properties of the samples. Therefore, it is likely that hydrofractures have exploited
weaknesses in the fabric, with failure initiating where the fabric is weakest. Once fractures
have formed they have become bound by the fabric, in much the same way as was
observed for lithological bounding of hydrofractures. Therefore the cubic samples have
shown that hydrofractures can form in a direction that is controlled primarily by fabric.
As differential stress increases or anisotropy of the rock decreases, it is likely that a switch
to a stress controlled hydrofracture propagation direction will occur. However, fractures
were seen to form horizontally in the sample that was vertically layered, meaning that the
hypothesis that fractures were following fabric does not fully explain the formation of
fractures in the minimum stress direction.
The cubic samples were loaded in square steel holders, made up of two “L” shaped pieces
that were bolted together. Samples were pre-compacted to dimensions that made a snug
fit within the holders. This will have resulted in some pre-stressing of the samples in the
horizontal direction. The compressible nature of pre-compacted samples means it is
unlikely that sufficient stress was created to make the horizontal stress direction the
maximum principal stress.
During the hydrofracture of intact Bowland Shale sample M4_37HF a mix of subhorizontal and sub-vertical fractures were formed. This test sample was machine lathed
so that no horizontal pre-stressing of the sample would have occurred during the setup of
the experiment. Therefore this test shows that not all hydraulic fractures will form in the
direction of the maximum stress trajectory.

6.4

Influence of fractures

Three questions were posed by the current study:
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6.4.1

Do pre-existing fractures influence the direction of hydrofracture propagation?
Can pre-existing fractures cause hydrofractures to arrest?
Can hydrofractures become bound by pre-existing fractures?
Do pre-existing fractures influence the direction of hydrofracture
propagation?

The dashed+ and square arrangement tests best answer this question as a clear interaction
of induced hydrofractures with the pre-existing fracture network occurred.
In test M4_32K2 the hydrofracture propagated in a general direction of 145˚ towards a
pre-existing fracture and exited in 2 hydrofractures at 90˚ and 105˚. In test M4_35_K2
the hydrofracture entered a pre-existing fracture at about 100˚ and resulted in two
hydrofractures at 45˚ and 105˚. In test M4_36K2 the initial hydrofracture entered a preexisting feature at 85˚ and exited at 95˚. In tests M4_35K2 and M4_36K2 it can be seen
that the main hydrofracture generally continued in a similar direction, with only marginal
change in direction. Test M4_34K2 showed greater changes of direction along with a
minor hydrofracture formed in test M4_35K2, but these were within 60˚ of the initial
direction. This restricted change shows that direction is not significantly altered.
In the dashed fracture tests M4_22BF and M4_32KF the interception of a pre-existing
feature had no influence on the propagation direction of hydraulic fracturing. However,
in both tests the pre-existing fracture was only intercepted at the termination.
The square fracture geometry tests showed significant changes in fracture direction. In
kaolinite, test M4_33KS had the initial hydrofracture intercept the square at an angle of
115˚. Three hydrofractures formed leaving the square at 45˚, 55˚, and 135˚. This resulted
in a much greater spread of fracture directions than seen in dashed+ experiments. In test
M4_24BS the initial hydrofracture entered the square at a direction of 170˚ and exited at
45˚ and 105˚. In test M4_25BS the initial hydrofracture entered the square at 205˚ and
exited at 45˚ and 340˚. These latter two tests showed significant changes in direction of
the hydrofracture.
In general, it was observed that hydrofractures did not alter their direction markedly in a
distributed pre-existing fracture network. When this network became interconnected, it
resulted in some significant changes in fracture direction. Therefore whether or not preexisting fractures influence the direction of hydrofracture is dependent on the density and
interconnectivity of the pre-existing fracture network.
6.4.2

Can pre-existing fractures cause hydrofractures to arrest?

There was evidence of pre-existing fractures arresting hydrofractures (Section 5.4),
although in general it would appear that they do not.
In test M4_21BF a hydrofracture reached a pre-existing feature and pressurised it. Growth
of fractures from this feature was difficult and a new hydrofracture branch within the
kaolinite formed. This resulted in the collapse of the fracture leading to the pre-existing
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fracture. Therefore it is inferred that the pre-existing fracture had resulted in the arrest of
the rapidly propagating hydrofracture.
In test M4_24BS the initial hydrofracture entered the square at a direction of 170˚. This
resulted in a considerable reduction in the rate of propagation as the square raised in
pressure and it was not until pressure rose considerably that new hydrofractures started to
form. This is inferred as the arrest of a hydrofracture. In addition, all tests conducted in
ball-milled Bowland Shale on a square arrangement showed significant slowing in the
rate of hydrofracture formation once the square had been intercepted, showing that the
quartz filled slot was influencing the rate of hydrofracture propagation.
Limited evidence of total arrest of hydrofractures was obtained, although it was observed.
More evidence of slowing of hydrofractures was gained. In connected fracture networks,
pre-existing fractures can slow and even arrest propagating hydrofractures.
6.4.3

Can hydrofractures become bound by pre-existing fractures?

There is no direct evidence that hydrofractures can become bound by pre-existing
hydrofractures as in all tests conducted new hydrofractures formed from the other side of
the pre-existing fractures if pore pressure was raised sufficiently. However, the difficulty
in achieving breakthrough in the square geometry test in ball-milled Bowland Shale
suggests that hydrofractures in highly connected fracture networks can become bound by
the pre-existing fracture network.
It is not possible to answer this question definitively and further experiments are required
to test this hypothesis. For all of the observations made it is likely that interconnected
fracture networks will play a significant role on the propagation of hydrofractures and
will influence the direction of propagation. This may result in the bounding of
hydrofractures.

6.5

Additional observations

6.5.1

Initial hydrofracture formation

A distinct difference was noted between the hydraulic fractures that initiated from the
injection slot during injection in the two different clays. In general, the hydrofractures
that formed in ball-milled Bowland Shale originated from the corners of the cut slot and
most propagated in an initial direction parallel with the slot direction. In contrast, the
initial hydrofracture formed along the long edge of the slot cut into kaolinite and grew
perpendicular to the slot. The only exceptions to this were test M4_25BS, where the initial
hydrofracture in ball-milled Bowland Shale propagated from the long edge perpendicular
to the slot, and test M4_33KS, in contrast to the hydrofracture that propagated in kaolinite
from the corner of the slot in a direction that was parallel with the slot. Both of these
exceptions occurred in the square geometry, suggesting that the additional quartz slots
representing pre-existing fractures influenced the initiation of hydrofractures.
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In general, the physical property differences between kaolinite and ball-milled Bowland
Shale result in variations in fracture initiation. The less compressible ball-milled Bowland
Shale results in stress concentrations at the corners of the slot, where stress becomes
sufficient for the formation of a hydrofracture that grows parallel with the slot. The more
compressible kaolinite results in a different behaviour, where the slot begins to dilate,
resulting in compression of the kaolinite surrounding the slot. This leads to weaknesses
that initiate fracture formation perpendicular to the slot.
The orientation of the injection slot can therefore be shown to influence the initial
direction of fracture growth. Therefore the orientation of perforations will play a role in
the direction of fracture propagation. It should be noted, however, that in most tests the
initial fracture propagation direction was not the final propagation direction.
6.5.2

Hydraulic fracture pressures

Figure 26 summarises the pore pressure observed at hydraulic fracture initiation during
testing. Kaolinite as a single clay system hydrofractured at a pore pressure of around 4
MPa, compared with 10 MPa in ball-milled Bowland Shale (Figure 26a). The layered
clay system hydrofractured at a pore pressure of 8 MPa when kaolinite was the central
layer, compared with 12 MPa when ball-milled Bowland Shale formed the central layer.
The square geometry of fractures in ball-milled Bowland Shale resulted in very high
hydraulic fracture pressures. Pore pressure reached 13 MPa, the limit of the glass window
of the Fracture Visualisation Rig, which was not sufficient to result in break-through.
Fractures were observed at this limit, they did not reach the outside of the clay disk. This
pore pressure was sufficient to result in break-through in kaolinite.
The addition of ball-milled Bowland Shale layers above a kaolinite layer therefore
doubled the hydraulic fracture pressure. Counterintuitively, the addition of kaolinite
layers surrounding a ball-milled Bowland Shale layer also increased hydraulic fracture
pressure of ball-milled Bowland Shale, albeit only marginally. However, significantly it
can be noted that the propagation of a hydrofracture from kaolinite into ball-milled
Bowland Shale occurred at a pressure of 8MPa, a pressure insufficient to hydrofracture a
single clay ball-milled Bowland Shale sample. It can be concluded that clay layering
complicated hydraulic fracture pressures.
Figure 26b compares the data recorded for thin clay disks in the FVR with results from
cubic samples. The cubic samples of pre-compacted clay resulted in considerably higher
hydraulic fracture pressures. For single clay and comparable layered systems hydraulic
fracture pressure was between 5 and 6 times greater in cubic samples. This is primarily
due to the different pre-compaction stresses used. In the FVR samples were pressed at 1
MPa, whilst the cubic samples were compressed to 15 MPa. Therefore the overconsolidation ratio (maximum burial depth/current depth) will play an important role on
the hydraulic fracture pressure. This is important as it suggests that a thorough
understanding of burial history and basin evolution, including the timing and magnitude
of inversion may be factors that influence the pressures required to fracture reservoirs
during hydraulic fracturing operations.
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Figure 26: Pore pressure necessary to initiate hydraulic fracturing.

In the layered cubic system, fracture pressure was 41.4 MPa compared with 24 MPa in
single-phase kaolinite. This represent a pressure 1.7 times greater in the layered system
than in the single clay, comparable to the doubling in fracture pressure seen in the fracture
visualisation tests.
Finally we can compare the fracture pressure observed in pre-compacted and intact
Bowland Shale. The intact sample that was interpreted as being undamaged did not
hydrofracture, nor did the pre-compacted samples; therefore both have a fracture pressure
in excess of 50 MPa. The Bowland Shale sample interpreted as having some form of preexisting bedding/fracture fabric had a fracture pressure of 8.7 MPa, which is comparable
to the 10 MPa seen in the visualisation test samples. Therefore it can be concluded that
thin disk samples behave similarly to Bowland Shale with pre-existing fabric, whereas
pre-compacted samples behave similarly to massive or better cemented shale samples.
This is a relevant point as it can be used to select appropriate samples for further testing
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in future research projects, and also gives confidence that the experimental design is
suitable as a proxy to investigate hydraulic fracturing processes in the Bowland Shale.
For conventional hydraulic fracturing, the fracture pressure gradient is typically 9 – 27
kPa/m. For instance, for a typical 2,400 metre conventional well, this would correspond
to a fracture pressure of approximately 50 MPa. In the current study, the hydraulic
fracture pressure was >50 MPa in a sample subjected to only 1.5 MPa vertical stress.
Taking into account the hydrostatic pore pressure gradient, a 3 km deep borehole would
require a pore pressure of up to 165 MPa to initiate hydrofracture. Generally, highpressure pump units used during hydraulic fracturing are limited to 20,000 psi (137.9
MPa5). This would suggest that current hydraulic fracturing pump trucks would not be
able to hydraulically fracture the Bowland Shale interval used in the current test.
6.5.3

Controls on hydrofracture formation and propagation

The initiation and propagation of hydraulic fractures is controlled by two interlinked
phenomena; compressibility of the clay and dilation of the fracture. The formation of a
hydrofracture requires the clay to compress in order to accommodate the dilating
hydrofracture. Once the fracture has begun to propagate this has been observed as a
compression front and it was the interaction of this front with features such as interfaces
between dissimilar clays that resulted in the hydrofracture becoming lithologically bound
in Bowland Shale. Evidence suggests that the contrast in compressibility between clays
will be responsible for dictating how hydrofractures will propagate.

6.6

The influence of layering and pre-existing fracturing on
hydraulic fracturing

Figure 27 summarises all the key observations of hydrofracture propagation seen in the
current study relating to layering and interaction with pre-existing fractures. Four
different observations have been made at interfaces (Figure 27.1-4); no change in fracture
propagation is seen as if there is no interface (1); the hydraulic fracture is deviated at the
interface (2); the interface causes the fracture to offset but still results in a fracture
breaching the interface (3); and the interface causes the fracture to deviate and not pass
through the interface (4). The latter would result in the lithological bounding of
hydrofractures (5).
Six main observations are made about the interaction of hydrofractures and single preexisting fractures (Figure 27.6-11); as a propagating hydrofracture intercepts a preexisting fracture it results in the pressurisation of the pre-existing fracture, this may result
in fracture arresting (6); a hydraulic fracture entering a pre-existing fracture does not exit
directly opposite where it entered, resulting in a offset of the hydrofracture (7); a
hydrofracture intercepts a pre-existing fracture at its end, resulting in pressurisation of the
pre-existing fracture, but no change to the propagation of the hydrofracture (8); a

5

E.g. https://www.bakerhughes.com/products-and-services/pressure-pumping/hydraulicfracturing/hydraulic-fracturing-surface-systems/gorilla-pump-units
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hydrofracture interects a pre-existing fracture and pressurises it, a new hydrofracture is
formed at the stress concentration at the end of the pre-existing fracture, resulting in a 90˚
deflection of the hydrofracture (9); a hydrofracture intercepts a pre-existing fracture,
resulting in two new hydrofractures forming on the opposite side, greatly broadening the
area influenced by the hydrofracture (10); and a hydrofracture pressurises a pre-existing
fracture, resulting in the formation of two new hydrofractures, one offset along the feature
in the same direction as the original hydrofracture, the other forming from the stress
concentration at the fracture tip, resulting in a 90˚ deflection of the hydrofracture.
Three main observations can be inferred about the interaction of hydrofractures and preexisting fracture networks (Figure 27.12-14); in a parallel network of pre-existing
fractures a propagating hydraulic fracture results in offset at each fracture, but continues
to grow in the same general direction (12); as a hydraulic fracture intercepts an
interconnected fracture network it results in the pressurising of the network and no further
fracture formation, therefore the hydraulic fracture fluid has become bound within a
natural fracture network (13); as a hydraulic fracture enters a pre-existing fracture
network it results in pressurisation of the network and the growth of new hydraulic
fractures (14), note: certain zones of the natural fracture network do not get incepted by
the hydraulic fractures, whilst others do. The latter scenario would result in a
heterogeneous distribution of yield of hydrocarbons from the rock mass.
The final scenario (Figure 27.15) shows what might happen in a shale sequence that is
both layered and has conductive pre-existing fractures; this scenario is inferred from
experimental observations and was not directly tested. As a propagating hydrofracture
enters a layer it becomes litholigcally bound by the layer above. Hydraulic fractures then
grow within a single layer until a pre-existing fracture is intercepted. This feature
becomes pressurised and results in the formation of a new hydrofracture outside of the
bound layer. Thus, pre-existing fractures could result in hydrofracture propagation
beyond lithological fracture barriers.
These observations of how hydraulic fractures and natural fractures interact confirm some
of the proposed theory set out by Zhao et al. (2012) and Gale et al. (2007). However, our
observations expand on their theory and we have observed phenomena of fracture growth
changing direction (Figure 27.9,11) at points of weakness at the end of pre-existing
fractures. We have also made observations about fracture networks that require careful
consideration when assessing the volume of the subsurface that is influenced by hydraulic
fracturing.
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Figure 27: Key observations of the influence layering and pre-existing fracturing have on the
propagation of hydraulic fractures.
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7
7.1

IMPLICATIONS FOR THE SHALE GAS INDUSTRY
Lithological complexity

The state-of-the-art literature review (Section 2.2) showed that European shales can be
highly complex sequences of rocks of significantly differing composition and physical
properties over small distances both vertically and laterally (e.g. Figure 1). The
lithological log for the Carsington Dam Reconstruction C4 Borehole (UK) shows a total
of 62 major interfaces between rock types and a further 25 interfaces within rock type; a
total of at least 87 interfaces defining over 80 distinct lithological units over a 38 m
section. This approximates to a major interface every 57 cm, or an interface every 44 cm.
Figure 27 summarises our observations of the interaction of hydrofractures with layering.
Therefore at every interface a hydrofracture will either have no change in direction, will
be deviated, offset, or cannot pass through the interface and become lithologically bound.
Therefore it is highly likely that stratigraphy will play a significant role in the propagation
of hydrofractures in these complex bedded mud-prone intervals and these observations
explain why Fisher & Warpinski (2012) observed considerable lateral extent of hydraulic
fracturing.
As shown in Figure 27, the offset, deflection and non-transmission of hydrofractures at
interfaces will result in the dispersion of hydrofracture networks. As suggested by the
tests conducted on pre-existing fracture networks, hydrofractures are likely to spread their
lateral extent but generally propagate in a similar direction, unless lithologically bound.
Therefore it is necessary to understand the interfaces in the rock mass, and lithologies
juxtaposed that are to be hydraulically stimulated. If the sequence is dominated by
gradational boundaries between units, then it is acceptable to assume these will not result
in immediate changes in hydraulic fracture propagation direction. If interfaces are abrupt,
sharp lithological boundaries these are likely to play a role in influencing hydraulic
fracture propagation. However, it has been shown that rock fabric can also play a
significant role in the direction of propagation and therefore it is necessary to understand
rock fabric.
Current workflows assessing shale gas operations in Europe are often led by the
interpretation of seismic reflection data recorded at surface. This allows basin scale
continuity and structure to be assessed and to define lateral continuity of units with
additional information supplied by borehole data. It has to be noted that seismic resolution
in ideal conditions is 10 – 20 m. In the examples given, this may represent at least 7
principal facies within the seismic resolution. Therefore, it is essential that as much
borehole and regional context data (e.g., outcrop analogues) is used in order to assess the
proposed areas of hydraulic fracturing to determine the likely propagation direction of
hydrofractures. Seismic data alone is insufficient.
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7.2

Discontinuities

Discontinuities include fractures, faults, joints, cleavage, and well-case perforations. It
has been shown these features will influence the direction and spatial dispersion of
hydraulic fractures. It is therefore essential to identify these as best as possible. It has to
be noted that seismic resolution also plays an important role in our understanding of
discontinuities at depth. Often it is only possible to identify faults that have a throw
greater than the seismic resolution. This may mean that a significant proportion of the
total discontinuity population is not identified. Experience from the US has shown that
fracturing in shale is dominated by vertical and sub-vertical fractures (Gale et al., 2014).
This leads to additional issues with seismic reflection data, which can have difficulties in
identifying vertical discontinuities.
Once discontinuities are identified, it is essential to understand connectivity and infill of
these features. As stated previously, infill can act as either a weakening or strengthening
feature of the rock mass. This, therefore, needs to be assessed. The connectivity of
discontinuities has been demonstrated to be vital in assessing the interplay of hydraulic
fractures with the natural fracture network. Therefore it is essential that discontinuity data
is considered from core logging, geophysical well logging and (where they can be related
to structures at depth) regional outcrop studies. It could be argued that knowledge of
discontinuities is the biggest gap in understanding in European shale gas basins.
Well-casing perforations play an important role in the initiation and (initial) propagation
direction of hydraulic fractures. A greater understanding of the role well-casing
perforations play on hydraulic fracturing is required.

7.3

Physical properties

The experimental study showed that physical properties dictate the direction of
propagation of hydraulic fractures and determine the behaviour seen at
interfaces/fractures. Therefore it is essential to determine the physical properties of the
lithological units present. The experimental study on intact Bowland Shale also showed
that considerable variation can be seen in the fracture pressure within shale from the same
location; therefore a full database of hydraulic fracture pressures and corresponding
stratigraphic horizons/lithological facies is needed. Tests need to be conducted at
representative stresses and it may not be sufficient to rely on the indirect tensile test
(Brazilian test) or uniaxial compressive test.
The tests conducted on layered systems show that a greater understanding of physical
properties is needed. Hydraulic fracture pressure in ball-milled Bowland Shale was high
compared to kaolinite, yet it was possible for hydrofractures to propagate from kaolinite
into Bowland Shale at a pressure lower than that necessary for fracture initiation in ballmilled Bowland Shale. Although this could be due to the development of weak points in
the prepared samples, a reliable method for determining fracture propagation stresses in
materials is required.
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As well as tensile strength, a full understanding of the stress regime is required. This
includes determining vertical and horizontal stresses, as well as in situ pore pressure.
Whilst the role of pore pressure was not investigated, Fisher & Warpinski (2012) suggest
that it plays an important role in arresting hydraulic fracture growth. The current study
also showed that elastic properties, such as Young’s modulus, compressibility and/or
Poisson’s ratio, are likely to be key controls in the behaviour of hydraulic fractures at
interfaces. Therefore a database of representative values of elasticity is also required.
The current study has highlighted that “damage” may play a significant role in hydraulic
fracturing. The two tests conducted on Bowland Shale hydraulically fractured at 8.7 and
50+ MPa. This “damage” may represent pre-existing bedding weaknesses, rock fabric, or
discontinuities. In assessing hydraulic fracture propagation the role these weaknesses
have on fracture initiation and propagation are needed. This includes an assessment and
understanding of anisotropy of shale units. Currently it is difficult to perform tests on predamaged samples.

7.4

Hydraulic pressures

The current study showed that Bowland Shale has a range of hydraulic fracture pressures
from about 8 MPa to greater than 50 MPa; the latter potentially being outside of the
capabilities of current hydraulic pump trucks. This suggests that the clay-rich unit selected
for testing is both strong and variable. Hydraulic stimulation will result in the initiation
of fractures within the shale with the lowest hydraulic fracture pressure. This may mean
that the hydraulic pressure will never be sufficient to result in certain intervals of the shale
sequence hydraulically fracturing. This will compartmentalise the shale play and will
result in low yield from areas with a high hydraulic fracture pressure. This may lower the
yield of a play unless advanced hydraulic fracturing techniques are employed. One
implication of this outcome is the interplay between total organic carbon (TOC) and
brittleness. Exploration strategies that concentrate on TOC may be identifying zones that
could potentially be difficult to hydraulically fracture. Therefore a thorough
understanding of the relationships between both TOC and brittleness may demonstrate
that the best yield is not simply from the units with the highest TOC. The presence of
zones that won’t be hydraulically fractured in a standard production procedure will also
mean that there are natural barriers to hydraulic fracturing; this may allow for the design
of novel, staged development of thick shale reservoirs, and also represent natural barriers
to extensive/uncontrolled vertical development of hydraulic fractures.
Differences were noted in the experimental program that suggested pressurisation rate
will play a role in the distribution of hydraulic fractures. This needs to be better
understood so that stimulation protocols can be optimised to generate hydraulic fracture
networks of sufficient density. The role of leak off is also required to understand hydraulic
fracture networks.
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7.5

What does industry need to know

As stated above, shale gas operators need to have a thorough understanding of the
physical make-up of a shale gas play in order to predict hydraulic fracture propagation
and to minimise undesired excessive stimulations.
In order to do this, first a regional understanding of the shale gas basin is needed. This
can be determined from a combined seismic, borehole (new targeted and legacy wells),
and outcrop study. As part of this regional context, a detailed understanding of physical
properties (tensile strength, Young’s modulus, compressibility and Poisson’s ratio) are
required, along with associated geochemical data that describe the samples being tested.
In addition, it is desirable to understand variability and anisotropy of these properties.
These properties are vital to predict hydraulic fracture propagation. A database of in situ
stresses, pore pressures, and fracture density/properties should also be compiled to give a
regional understanding of stresses.
Secondly, a detailed site specific understanding of the geology surrounding an injection
well is needed. Here it is desirable to have an understanding of physical properties,
sequence stratigraphy, fracture population and stress state at an increased resolution than
that given by the regional understanding (i.e., at the sub-seismic scale of about 10 – 20 m
resolution. This information can be gained from the regional understanding in
combination with detailed core logging and geophysical logging.
The combined regional and local understanding of the geology coupled with variations in
physical properties will then allow the rock mass to be modelled and an estimate of
fracture growth to be determined. This model needs to be constantly refined by using
micro-seismic approaches to monitor stimulation and to ground truth the model
predictions. This approach will allow stimulation to be halted should fracture propagation
occur in an undesirable direction. However, it is expected that lithological bounding of
hydrofractures is likely and that uncontrolled growth of hydrofractures is less likely if
fracture growth is carefully monitored during stimulation.
Shale gas operators need to have a detailed understanding of the rock mass. This includes
a database of physical properties (tensile strength, Young’s modulus, compressibility and
Poisson’s ratio), stress state (magnitude and direction of the max/intermediate/min
principal stresses, and pore pressure), fracture population, sequence stratigraphy, and
TOC. As well as indicative values, an understanding of variability and anisotropy is also
desired, but not a requisite. The operator also needs to monitor operations carefully,
including micro-seismic monitoring to determine fracture growth during stimulation.

7.6

What regulators need to know

Good regulation of the shale gas industry should include independent observations of
operations. This should include scrutiny of all available data and their applicability.
Hydraulic fracture stimulation predictions should be scrutinised and an assessment be
made of the likely breaching of sealing units. A thorough appraisal should be made of
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differences observed by microseismic monitoring in real time during operations. The
independent observer should have discretionary power to halt operations if the deviation
from prediction is above a set threshold. An example of such regulation has been the
introduction of the “traffic light system” in the UK, which required evidence that
reservoirs, including their structure, are appropriately characterised and sets seismic
thresholds for operations, with a regulator with the authority to stop operations.
There is little difference between what operators and regulators need to know in order to
minimise the environmental impact of hydraulic fracturing at depth. However, the
regulator should have a good overview of variability and possible outcomes so that
unexpected deviations from prediction can be determined to be significant or not.
It has to be acknowledged that the level of detailed require to accurately predict the full
extent of hydraulic fractures at up to 3 km depth is exceptionally difficult to obtain. The
regulator has to be satisfied that the operator has done the best possible job in obtaining
sufficient information to ensure safety of the operation and mitigating any associated
risks. All data should be lodged with the regulator, or national geological survey, and
openly shared so as to create as much publically available information relevant to the
development of shale gas and oil as possible.
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SUMMARY

8

This report presents the results of 59 individual experiments (a total of 63 test stages)
designed to investigate the initiation and propagation of hydrofractures and how these
may interact with discontinuities including bedding and pre-existing fracture networks.
Experiments were conducted on analogue systems manufactured from pre-compacted
clay blocks (ball-milled Bowland Shale and kaolinite) and intact Bowland Shale. Several
experimental geometries were investigated, including single clay systems, horizontal
layering, bullseye layering, dashed fracture networks, square fracture networks and
complex fracture networks. The results from the analogue tests were compared with
results from hydrofractured bedrock Bowland Shale samples.
The study aimed to answer three fundamental questions about hydraulic fracture
propagation at depth:




What controls fracture initiation and propagation in shale?
Can hydraulic fractures become lithologically bound? and
How do hydraulic fractures interact with pre-existing fracture networks?

In addressing these fundamental questions, a series of questions were posed related to the
initiation and propagation of hydrofractures at depth, as well as a series of additional
observations that could be made.
Natural shale samples. Shale is a difficult rock to manufacture engineered test samples
from. Available core material have naturally air-dried for considerable time, is highly
disked, unstressed, often friable, heavily sampled, of small diameter, or has been slabbed.
This either introduces a bias to sample selection towards competent intervals or means
that samples cannot be made. Stream-bed exposed material is available, but this has also
been distressed, may have been oxidised, has been recharged with meteoric water and
again introduces a bias towards competent intervals. Once samples have been sourced it
is difficult to make good test samples. Shale needs to be machine lathed in a dry state so
as not to cause swelling of the clay content. Therefore, the manufacture of similar sized
intact shale samples of sufficient number is exceptionally challenging.
Analogue testing. The experimental programme predominantly used an analogue sample
approach, which was compared with a limited number of tests conducted on intact
Bowland Shale. Wiseall et al. (2015) demonstrated that this approach shoed all the
characteristics that intact sample testing demonstrates in clay-rich materials. Although
testing was conducted at low stresses (up to 3 MPa), the use of soft clay meant hydraulic
fracture was possible within the operational limits of the apparatus. Theory states that
hydraulic fracture will occur at a pressure greater than the in situ stress proportional to
the tensile strength of the rock. Therefore testing at pressures lower than in situ will still
result in a fracture pressure similar to that expected at depth. Analogue testing also has
benefits over natural rock testing as heterogeneities, such as bedding and fracturing, can
be introduced in a controlled manner. Further confidence on the applicability of using
mudrock analogues was given by the similar relationships in results obtained from
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analogue material and intact bedrock material (see Section 6.5.2). It is therefore
concluded that the visualisation approach used on reconstituted clay is representative of
the hydrofracture expected within shale at depth.
How do fractures initiate and propagate when injecting gas? The injection of gas
(helium) into clay pastes allowed detailed imagery to be captured to understand the
fundamental controls on fracture initiation and propagation. The physical property
differences between kaolinite and ball-milled Bowland Shale resulted in variations in
fracture initiation. The less compressible ball-milled Bowland Shale generally resulted in
stress concentrations at the corners of the injection slot, where stress became sufficient
for the formation of a hydrofracture that grew parallel with the slot. The more
compressible kaolinite resulted in a different behaviour, where the slot began to dilate,
resulting in compression of the kaolinite surrounding it. This led to weaknesses that
initiated fracture formation perpendicular to the slot.
Pathway formation was often accompanied by branching, with fracture branches forming
at about 120˚ to one another. These were formed where the dilating fracture resulted in
expansion of the surrounding clay, often resulting in small tears perpendicular to the
pathway. As the clay compressed further it results in the opening of these and the
formation of a new pathway. Multiple fracture branches could grow simultaneously.
Pathways in ball-milled Bowland Shale were finer and not able to dilate as much when
compared with kaolinite, therefore resulting in faster propagating fracture rates with less
overall volume compared to kaolinite. Differences in physical properties, such as
compressibility, tensile strength, and gas entry pressure, will also play a significant role
in the propagation of fractures.
How do fractures initiate and propagate when injecting water? Fracture initiation
appeared identical between water and gas injection. An increase in pressure within the
injection slot resulted in a stress concentration, which when sufficient initiated at either a
slot edge, where stress was likely to be concentrated, or along the long edge of the slot
which deformed as the slot was pressurised.
Generally, similar fractures were observed when injecting water compared with gas
injection. Fractures propagated and in doing so often resulted in branching or deviation.
However, hydrofractures resulted in more localised fracture networks, whilst gas
fracturing had been observed to have much greater spatial distribution. One clear
difference was the inclusion of erosion when injecting water into a pre-compacted clay.
This resulted in subtle variations in fracture widths and trajectories.
There are quite clear differences in the rate at which fractures formed. Water is more
incompressible, resulting in quicker build-up of pressure, resulting in pathways forming
with much greater available energy and therefore at a much quicker rate.
How do fractures initiate and propagate? Fracture initiation occurred at the injection
slot representing a well-casing perforation, once the pressure was sufficient to expand the
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slot, resulting in tearing of the clay, or when stress concentrated in sufficient quantity to
overcome the tensile strength of the clay. The physical property differences between
kaolinite and ball-milled Bowland Shale resulted in variations in fracture initiation. The
less compressible ball-milled Bowland Shale results in stress concentrations at the corners
of the injection slot, where stress became sufficient for the formation of a hydrofracture
that grew parallel with the slot. The more compressible kaolinite resulted in a different
behaviour, where the slot begins to dilate, resulting in compression of the kaolinite
surrounding it. This led to weaknesses that initiate fracture formation perpendicular to the
slot.
Does the orientation of well-casing perforations influence hydraulic fracture
direction? The orientation of the injection slot can be shown to influence the initial
direction of fracture growth. Therefore the orientation of well-casing perforations will
play a role in the direction of fracture propagation, and the orientation of discontinuities
in natural systems may influence the direction of fracture propagation. It should be noted,
however, that in most tests the initial fracture propagation direction was not the final
propagation direction.
How do fractures propagate? Once initiation occurred the fracture propagated through
areas that required the least energy to fail, often resulting in branching of fractures, often
at sites where the fracture wall was irregular. Propagation of fractures required the
pathway to dilate, through the compression of the clay walls. This created a damage zone
of compacted along and in front of the fracture. The interaction of this zone with features
within the clay influenced fracture behaviour; there was evidence that where a fabric was
apparent in the samples being tested, that this had an influence on the direction of fracture
propagation. Fractures initiate at pressures that overcome the local strength of the clay,
therefore it is controlled by the local pore pressure and material properties. Fracture
propagation is then driven by the energy supplied by the fracturing fluid. The properties
of the fluid also effects the nature of the fractures which form.
Does fabric affect fracture initiation and propagation? Fabric has been clearly shown
to influence the propagation of fractures. It was observed that a propagating fracture
changed direction and ran parallel with fabric, including changing direction when fabric
grain deviated. Therefore, it was easier for a fracture to propagate along a weaker plane
dictated by pre-existing fabric. In some tests it was not possible to initiate hydrofractures.
For these, it is inferred that there were no obvious weaknesses present for the fracture to
exploit and therefore a fracture could not form. Hydrofracture of intact Bowland Shale
resulted in fracture formation of bedding-plane splits and interconnecting natural
fractures. This clearly suggests that pre-existing fabric, be it bedding or pre-existing
microfracturing, influences the propagation of hydrofractures. In contrast, test M4_38HF
did not hydrofractures even at an elevate pore pressure in excess of 50 MPa. This sample
did not have an apparent bedding and therefore without this fabric hydrofractures were
not able to form. This clearly demonstrates that clay/shale fabric will influence fracture
initiation and propagation.
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Can fractures close or seal after propagation? Clear evidence for sealing of fractures in
both kaolinite and ball-milled Bowland Shale has been observed in both gas and water
injection tests. Once pressure within the fracture was relieved, either through the
formation of new fracture branches or the break-through of injection fluid, the elastic
properties of the compressed clay wall surrounding a dilated fracture results in rebound
and closure of the fracture. This self-sealing mechanism was observed in both ball-milled
Bowland Shale and kaolinite. It should be noted that at break-through the conductive part
of the fracture network does not close and only the areas of the network that are not
conductive undergo pressure drop and fracture closure. A pulsed response, with fracture
closing at break-through and becoming reactivated, re-opening with continued injection
was also noted. The closure of pathways demonstrates the importance of proppant use, as
if similar properties were applicable during in situ hydraulic fracturing, hydraulic
fractures in shale will close on reduction of stimulation pore-pressure.
Do hydrofractures always pass through the interface between two layers? The
properties of clay either side of a layer will dictate whether a hydrofracture will pass
through the interface. In the tests conducted, hydrofractures would pass from kaolinite
into ball-milled Bowland Shale but would not pass from ball-milled Bowland Shale into
kaolinite.
Can hydrofractures become lithologically bound? Hydrofractures will pass through
certain interfaces, but won’t pass through others; lithological bounding of hydrofractures
was demonstrated in some experiments. The example shale sequences presented show
that a range of lithologies, which will have a range of physical properties, are likely.
Therefore in a highly layered, complex shale sequence, lithological bounding of
hydrofractures is very likely. This will restrict the vertical extent of hydrofracturing and
present natural barriers to hydraulic fractures.
Do hydrofractures get deflected, arrested, or have no change at interfaces between
layers? Hydrofractures can deflect, arrest and show no change at interfaces between two
layers; all depending on the physical properties of the two materials.
Does the shape of the interface influence how hydrofractures behave? The test program
has only partially answer the question posed. There is evidence that the shape of the
interface may play a role in how a hydrofracture moves through the interface, but further
work is required to confirm this.
Do hydrofractures always form in the direction of the maximum stress trajectory? In
all cubic tests conducted hydrofractures formed in the horizontal plane, perpendicular to
the maximum stress trajectory. It has to be acknowledged that some pre-stressing of the
sample may have occurred by the sample holder, but was not likely to create sufficient
stress to make the horizontal direction the maximum stress trajectory. The intact Bowland
Shale sample also fractured with a principal fracture orientation in the horizontal plane,
with subordinate vertical fractures. This sample was machine lathed so that no prestressing would have occurred. These observations indicate that hydrofractures do not
D1.6 Final report on shale gas hydraulic fracturing

Copyright © M4ShaelGas Consortium 2015-2017

Page 81

always form in the direction of the maximum stress trajectory, especially when preexisting features (bedding discontinuities, fractures) are present.
Do pre-existing fractures influence the direction of hydrofracture propagation? In
general, it was observed that hydrofractures did not alter their direction significantly in a
distributed pre-existing fracture network. When this network became interconnected, it
resulted in some significant changes in fracture direction. Therefore whether or not preexisting fractures influence the direction of hydrofractures is dependent on the density
and interconnectivity of the pre-existing fracture network.
Can pre-existing fractures cause hydrofractures to arrest? Limited evidence of total
arrest of hydrofractures was obtained. More evidence of slowing of hydrofracture
development was gained. In connected fracture networks, pre-existing fractures can slow
and even arrest propagating hydrofractures.
Can hydrofractures become bound by pre-existing fractures? A definitive answer was
not achieved. For all of the observations made it is likely that interconnected fracture
networks will play a significant role on the propagation of hydrofractures and will
influence the direction of propagation. In certain circumstances, this may result in the
bounding of hydrofractures by an existing fracture network.
Models of the interaction of hydrofractures with layering and pre-existing fracture.
Fifteen models have been introduced showing the likely interaction of propagating
hydrofractures with layering and pre-existing fractures; these confirm and extend
previously posed theories. Of note is the possible compartmentalisation of the shale by
pre-existing fractures and within these networks certain zones do not get incepted by
hydraulic fractures, whilst others do, resulting in a heterogeneous distribution of yield of
gas from the rock mass that is controlled not by the shale composition, but by the
distribution of the natural fracture network. It is also postulated that pre-existing fractures
may result in lithologically bound fractures passing into layers above and/or below the
layer that they were bound within, in effect breaching natural lithological fracture
barriers.
What pressure does hydraulic fracturing occur? In the Fracture Visualisation Rig
kaolinite and ball-milled Bowland Shale hydrofractured at pressures of 4 MPa and
10 MPa respectively. The higher pressure necessary to hydrofractures ball-milled
Bowland Shale explains the higher energy response seen in fracture propagation. The
addition of layering increased this pressure, doubling in kaolinite with the addition of
ball-milled Bowland Shale layers. Unexpectedly, the addition of a square pre-existing
fracture network tripled the fracture pressure in kaolinite. In cubic samples this increased
by between 5 and 6 times, but this may be explained by the different pre-compaction
stresses used in the samples; this demonstrates the importance of stress-history on the
behaviour of clay-rich rocks and a knowledge of the over-consolidation ratio is needed in
assessing hydraulic fracture in shale. Two very different fracture pressures were

D1.6 Final report on shale gas hydraulic fracturing

Copyright © M4ShaelGas Consortium 2015-2017

Page 82

determined for intact Bowland Shale. It has been suggested that thin disk samples behave
similarly to Bowland Shale with pre-existing damage, whereas pre-compacted samples
behave similarly to pristine shale. In Bowland Shale a very high fracture pressure was
inferred, greater than 50 MPa. For a 3 km deep borehole this would represent an injection
pressure of up to 165 MPa, greater than the typical pressure capabilities of hydraulic
fracturing trucks.
What controls fracture initiation and propagation in shale? The initiation and
propagation of hydraulic fractures is controlled by two interlinked phenomena;
compressibility of the clay and dilation of the fracture. The formation of a hydrofracture
requires the clay to compress in order to accommodate the dilating hydrofracture. Once
the fracture has begun to propagate this has been observed as a compression front and it
was the interaction of this front with features such as interfaces between dissimilar clays
that resulted in the hydrofracture becoming lithologically bound in Bowland Shale. All
evidence suggests that the contrast in compressibility between clays will be responsible
for dictating how hydrofractures will propagate through multi-layered shale systems.

8.1

Implications for industry

Lithological complexity. European shales can be highly complex sequences of rocks of
significantly differing physical properties over small distances, both laterally and
vertically. At every interface a hydrofracture will either have no change in direction, will
be deviated, offset, or cannot pass through the interface and become lithologically bound.
The offset, deflection and non-transmission of hydrofractures at interfaces will result in
the dispersion of hydrofracture networks. Therefore it is necessary to understand the
relationships between interfaces, and lithologies juxtaposed in the rock mass that is to be
hydraulically stimulated. Rock fabric can also play a significant role in the direction of
propagation and therefore it is necessary to understand fabric. The vertical variability of
shale often means that the seismic resolution is insufficient to obtain a full understanding
of shale variation. Therefore, it is essential that as much borehole and regional context
data (e.g., outcrop analogues) is used in order to assess the vicinity of the injection
borehole to determine the likely propagation direction of hydrofractures.
Discontinuities. Discontinuities include fractures, faults, joints, cleavage, and fractures
resulting from well-casing perforations; these will influence the direction and spatial
dispersion of hydraulic fractures. Discontinuities are often sub-vertical and of small
displacement, meaning that they may not be imaged on seismic reflection data. Infill can
act as either a weakening or strengthening feature of the rock mass; this, therefore, needs
to be assessed. The connectivity of discontinuities has been demonstrated to be vital in
assessing the interplay of hydraulic fractures with the natural fracture network. Therefore
it is essential that discontinuity data is considered from core logging, geophysical well
image logging and regional outcrop studies.
What industry needs to know. Shale gas operators need to have a detailed understanding
of the rock mass. This includes a database of physical properties (tensile strength,
Young’s modulus, compressibility and Poisson’s ratio), stress state (magnitude and
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direction of the max/intermediate/min principal stresses, and pore pressure), fracture
population, sequence stratigraphy, and TOC along with associated geochemical data that
describe the samples being tested. As well as indicative values, an understanding of
variability and anisotropy is also desired, but not a requisite. It is desirable for both a
regional overview and detailed assessment of the rock mass to be undertaken in order to
predict the extent of hydraulic fractures. The operator needs to monitor operations
carefully, including micro-seismic monitoring to determine fracture growth during
stimulation and to continually use this information to improve the model of hydraulic
fracture growth.
What regulators need to know. There is little difference between what operators and
regulators need to know in order to minimise the environmental impact of hydraulic
fracturing at depth. However, the regulator should have an appropriate level of overview
of variability and possible outcomes so that unexpected deviations from those predicted
can be determined to be significant or not, and appropriate actions then taken; in extreme
circumstances these may include ordering operations to be halted.
Final note: It has to be acknowledged that the level of detailed require to accurately
predict the full extent of hydraulic fractures at up to 3 km depth is exceptionally difficult
to obtain. The regulator has to be satisfied that the operator has done the best possible job
in obtaining sufficient information to ensure safety of the operation and overlying
aquifers. All data should be lodged with the regulator, or national geological survey, and
openly shared so as to create as much publically available information relevant to the
development of shale gas and oil as possible.

D1.6 Final report on shale gas hydraulic fracturing

Copyright © M4ShaelGas Consortium 2015-2017

Page 84

9

RECOMMENDATIONS

The following recommendations can be made6:
1. There is a strong need for well constrained data on properties of individual shale
intervals. This dataset should include tensile strength, Young’s modulus,
compressibility, Poisson’s ratio, and associated geochemical data including total
organic carbon (TOC). A minimum requirement is to obtain indicative ranges of
values for the major units of the sequence, it is preferable to have data on all units
within a succession, including overburden (in order to quantify potential leakage
pathways).
2. During the exploration phase of a basin, a gap in understanding results from the
general lack of suitably curated, well-preserved core material from depth, including
that which has been obtained by pressure-coring to maintain the stress state of the
samples. This also reduces the effects of drying, chemical, and biological degradation
and is vital in order to compare datasets from the same shale gas play, or between
different ones. It is desirable that core be retrieved in this manner and that the
necessity for producing samples of sufficient dimension be considered when core
logging and slabbing. Data that has been determined from dried, poorly preserved
core needs to be identified to enable comparisons to be made between samples of
similar quality, e.g., that which has not been allowed to dry out.
3. An understanding of the role (and cause) of variability and anisotropy in shale is
required in order to assess hydraulic fracture initiation and propagation. The
depositional facies, describing the cementation and diagenesis of the samples, should
be recorded as this will allow comparisons between the same facies to be made. Where
possible, representative samples should be taken throughout the interval of interest,
to include mud-prone facies that may typically be poorly preserved upon retrieval.
4. The full role of interfaces and pre-existing fractures should be determined so as to
improve available modelling approaches. The physics driving deviation, arrest,
slowing, branching, and lithological bounding of hydrofractures needs to be
determined and incorporated into modelling approaches.
5. Many numerical approaches exist; modelling should work towards a common
approach of describing fracture propagation in shale, with a consensus sought as to
what the minimum requirement is for baseline data that should be captured in order
to gain the most comprehensive understanding of the mechanical behaviour of shale

6

Note: the majority of these recommendations relate to exploration wells in the early stages of basin
development in order to predict the hydraulic fracture behaviour of production wells. Additional data can
be obtained from production wells, but should not be a prerequisite. The requirement for additional data,
in terms of volume and spatial distribution, should be reviewed periodically.
D1.6 Final report on shale gas hydraulic fracturing

Copyright © M4ShaelGas Consortium 2015-2017

Page 85

systems. Numerical models tend to over-predict the length of hydraulic fractures that
have formed and that propagation is sub-vertical. Current understanding of fracture
arrest in a complex geological unit, such as shale, needs to improve to numerically
represent the hydraulic fracturing process.
6. Shale gas site investigations should include both a regional context model and a
detailed model of the rock mass at the point of stimulation. The model should include
an assessment of stratigraphy and be attributed with physical properties (tensile
strength, Young’s modulus, compressibility and Poisson’s ratio), stress state
(magnitude and direction of the max/intermediate/min principal stresses, and pore
pressure), fracture population, sequence stratigraphy, and associated geochemical
data including total organic carbon (TOC). Some of these parameters cannot be
obtained prior to exploration drilling and the models should be updated once data
become available.
7. A hydraulic fracture propagation model should be used to predict the initiation and
propagation of hydrofractures. This should be continually revised as new information
comes available, using observations of micro-seismic monitoring during stimulation
to improve the model of hydraulic fracture growth.
8. Regulation should include an independent assessment of all available data, their
applicability, and observations of operations. Hydraulic fracture stimulation
predictions should be scrutinised and an assessment be made of the likely breaching
of sealing units. A thorough appraisal should be made of differences between that
predicted and that observed by microseismic monitoring in real time during
operations. The independent observer should have discretionary power to halt
operations if the deviation from prediction is above a set threshold.
9. All data obtained during exploration and stimulation should be lodged with the
regulator, or national geological survey, and openly shared so as to create a publically
available definitive database on shale properties.
10. It has to be acknowledged that the level of detailed require to accurately predict the
full extent of hydraulic fractures at up to 3 km depth is exceptionally difficult to
obtain. New downhole logging tools should be developed to assess in situ conditions
surrounding the injection borehole.
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