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Hydraulic fracture modelling is a key component of a shale reservoir well placement strategy as it
provides an indication of the typical lengths and heights of stimulated fractures and of the changes to the
stress environment in which these are propagating. However, spatial and stratigraphic variations in the
stress and geomechanical properties of shales make accurate modelling a challenging task. For the UK
Bowland Shale, stacked horizontal wells targeting multiple stratigraphic intervals could be used to avoid
large offset faults in a geologically complex area. However, it is not known how these intervals may
respond to hydraulic fracturing and predicting the height and length of hydraulic fractures is necessary in
order to assess the likelihood of vertical fracture interference across landing zones or propagation to-
wards major faults. In the case of the former, intervals of high effective stress may be key to containing
fractures within their desired target. Using a planar hydraulic fracture simulator, and a 3D geomechanical
model incorporating dipping stratigraphy, the issue of predicting hydraulic fracture geometry in the
Bowland Shale was assessed through a series of modelling exercises using well Preese Hall-1 and hor-
izontal pseudo-wells. When pre-defined landing zones were targeted, narrow and long transverse
fractures around 1 km from the well were simulated. When the simulation design mimicked perforation
clusters placed at 12 m intervals along horizontal pseudo-wells, the effects of stress shadowing were
acute and resulted in irregular fracture geometries. Furthermore, high effective stress intervals per-
formed efficiently as barriers to vertical hydraulic fracture propagation, reinforcing the feasibility of using
stacked production for the Bowland Shale. The modelling results were then used to discuss the possible
placement of horizontal wells in a mapped, 100 km2 region around well Preese Hall-1, where up to 13
sites could be positioned, with a horizontal well length of around 1.5 km. Finally, by drawing on a well-
established analogue for the Bowland Shale, it was estimated that up to 195 Bcf of gas could be produced
from the 13 locations in the area if three stratigraphic intervals are produced from one location.
© 2022 Sinopec Petroleum Exploration and Production Research Institute. Publishing services by Elsevier
B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The use of hydraulic fracturing to exploit unconventional re-
sources from tight shales or others, has transformed the global
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energy industry in the early 21st Century.Whilst the technology has
been deployedmost successfully in the USA, several other countries
have also sought to enhance their domestic hydrocarbon produc-
tion similarly, including China, Canada and Argentina. In the UK, the
Mississippian Bowland Shale Formation of north England is the
most prospective shale gas target (Smith et al., 2010), though es-
timates of the precise size of the resource vary considerably
(Andrews, 2013; Whitelaw et al., 2019). In the Craven Basin, where
exploration has focused thus far, the formation displays good
reservoir properties (Clarke et al., 2014a, 2018; de Jonge-Anderson
et al., 2021a) ; however, it also exhibits acute sedimentological
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(Emmings et al., 2020) and microtextural (Fauchille et al., 2017)
heterogeneity and is locatedwithin a complex structural setting (de
Jonge-Anderson and Underhill, 2020). A full test of the producibility
of the formation is yet to be conducted, with early attempts being
suspended prematurely due to elevated levels of induced seismicity
(Clarke et al., 2014b, 2019b; Verdon et al., 2019, 2020). The struc-
tural complexity and the levels of induced seismicity observed
during hydraulic fracturing, have led to some questions if drilling
long horizontal wells is an appropriate strategy for the Bowland
Shale (de Jonge-Anderson and Underhill, 2020).

This paper is the second of a two-part series that proposes an
alternative well placement strategy for the Bowland Shale, specif-
ically assessing the constraints of faulting and heterogeneous rock
properties on hydraulic fracture propagation. In Part 1 (de Jonge-
Anderson et al., 2021b), a series of wireline log-derived models
were used to form a classification of the geomechanical units
within the Bowland Shale at well Preese Hall-1 (PH-1), drilled in
the Craven Basin (Fig. 1) in 2010. A cluster model was used to
identify the intervals that held the best geomechanical properties,
of which three were proposed as good candidates for landing
horizontal wells.

The second paper continues with a modelling study of the
fracture characteristics of the Bowland Shale. A series of fracture
Fig. 1. Two-way time-structure map for the Lower Bowland Shale in an area of the Craven
Anderson and Underhill, 2020). Also shown are the locations of Figs. 2, 14 and 15. Note: E
RW. Roseacre Wood.
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simulations were designed, both along the vertical well PH-1 itself
and along horizontal pseudo-wells targeting the three landing
zones. The simulations were designed to answer a series of
important questions about the well placement strategy for pro-
ducing gas from the shale. Firstly, what geometries could be ex-
pected from hydraulic fractures generated in the shale? Secondly,
are fracture barriers (zones of high effective stress) present within
the stratigraphic section? Thirdly, what length of horizontal well
could be drilled and stimulated without the modelled hydraulic
fractures and the wellbore itself encountering seismic-scale faults
and finally, what are the consequences of these observations for the
extractable resources?

2. Background

2.1. Constraints imposed by geological structure

Mapping of the Carboniferous sequences around well PH-1
(including the Lower Bowland Shale) was undertaken by de
Jonge-Anderson and Underhill (2020) using a 3D seismic dataset.
The quality of this dataset was variable, and while it allowed for the
main, large-offset faults to be recognised, these were often mapped
using an absence of clear seismic reflectivity rather than offset of
Basin highlighting well PH-1, additional wells and interpreted faults (after de Jonge-
l-1. Elswick-1; GH-1Z. Grange Hill-1Z; Th-1. Thistleton-1; PNR. Preston New Road-1;
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the seismic reflectors (de Jonge-Anderson and Underhill, 2020),
resulting in some uncertainty regarding their precise position. The
study concluded that the area around well PH-1 is characterised by
steep reverse faults and folded strata that in turn, compartmen-
talise and deform the Bowland Shale (Fig. 1) (de Jonge-Anderson
and Underhill, 2020). As a consequence, if horizontal wells are to
be drilled along the direction of minimum horizontal stress, the
maximum length that may be achieved within each fault block is
typically less than 2 km (de Jonge-Anderson and Underhill, 2020).

However, a further challenge is posed by the geometrical
mismatch between the orientation of major faults and the
maximum horizontal stress orientation, along which hydraulic
fractures will be likely to propagate. The minimum horizontal
stress is oriented along an azimuth of ~080� (Clarke et al., 2014a),
which is represented as a black line extending fromwell PH-1, east,
towards the Moor Hey Fault in Fig. 2. The well was drilled on the
western edge of theWeeton Block, bound by the Summerer Fault to
the north-west and the Moor Hey Fault to the south-east (Fig. 1).
The width of this block along the minimum horizontal stress
orientation is ~3 km, and if a lateral section was side-tracked from
well PH-1 along this azimuth, a length of ~2.5 km could be achieved
before the Moor Hey Fault was encountered.

However, as the maximum horizontal stress orientation and the
strike of the major faults are not parallel as estimated (de Jonge-
Anderson and Underhill, 2020), there is a risk of hydraulic frac-
tures interacting with these faults at the heel and toe of such a
hypothetical well. Near the heel, there is a risk of hydraulic frac-
tures propagating north and interacting with the Summerer Fault,
whereas near the toe of the well, there is a risk of hydraulic frac-
tures propagating south and interacting with the Moor Hey Fault
(Fig. 2). Assessing the risks and emplacing completion stages
accordingly will require knowledge of the expected fracture prop-
agation lengths. Naturally, the risk of causing induced seismicity
depends on whether the associated faults are critically stressed.
However, even if this were not the case, hydraulic fractures inter-
fering with such structures may still ultimately deflect the imposed
Fig. 2. Lower Bowland Shale time structure map near well PH-1 (after de Jonge-Anderson an
drawn from well PH-1, along the azimuth of minimum horizontal stress up to the Moor Hey
strike is not parallel to maximum horizontal stress orientation. If a well is drilled near the
interfering with those block-defining faults.
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energy from fracturing the desired matrix around the wellbore and
would be detrimental to production.

2.2. Well PNR-1Z

While this work focuses onwell PH-1, treatment data relating to
the hydraulic fracturing of an adjacent well, well PNR-1Z, was used
to design a typical horizontal well for simulation. well PNR-1Z is a
horizontal well side-tracked from the semi-vertical well PNR-1,
both drilled by Cuadrilla Resources over a period between
September 2017 and April 2018. The site is located ~4 km south of
well PH-1 (Fig. 1) but also within the Weeton fault block (de Jonge-
Anderson and Underhill, 2020). It comprises a 782 m horizontal
section targeting the Lower Bowland Shale that was subsequently
stimulated between October and December 2018. High levels of
induced seismicity were encountered during hydraulic fracturing
operations, resulting in only part of the full treatment schedule
completed (Clarke et al., 2019b).

Because of the induced seismicity at well PNR-1Z, a compre-
hensive dataset relating to the hydraulic fracturing operations was
made publicly available by the North Sea Transition Authority
(North Sea Transition Authority, 2019). The dataset consists of daily
operation reports, fracture sleeve depths, fluid and proppant
pumping schedules and recorded microseismic activities. For this
work, data relating to the well trajectory, completion setup and
pumping schedules from well PNR-1Z were used to design repre-
sentative pseudo-wells at well PH-1 for simulation.

2.3. Fracture barriers

Stacked horizontal drilling may form a viable production strat-
egy for the Bowland Shale (Clarke et al., 2014a, 2018), and analysis
presented in Part 1 of this series (de Jonge-Anderson et al., 2021b)
concluded that multiple intervals exist within the stratigraphic
section in Well PH-1 that exhibit excellent geomechanical proper-
ties (low effective stress, low fracture toughness and high
d Underhill, 2020), the location of which is shown in Fig. 1. A hypothetical lateral well is
Fault. The image exemplifies the geometrical problem posed by mapped faults whose
edge of a fault block (as the case at well PH-1), there is a risk of hydraulic fractures
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brittleness). However, barriers to fracture propagation including
high effective-stress intervals (Simonson et al., 1978; Jeffrey and
Bunger, 2009) and rock property contrasts (Xu et al., 2019) are
also key components of a successful shale play as these play a role
in containing hydraulic fractures within the desired interval.

Tight limestones have proven successful fracture barriers in
effective shale plays in the US, such as the Tully and Onandaga
Limestones bounding the Marcellus Shale (Zhang, 2019) and the
Viola/Simpson and Marble Falls Limestones bounding the Bar-
nett Shale (Bowker, 2003; Pollastro et al., 2007). Similarly, the
Wolfcamp Formation in the Permian Basin, which is targeted
using stacked horizontal wells, contains several thinner lime-
stones that form barriers to vertical hydraulic fracture growth
(Parsegov et al., 2018; Rutledge et al., 2018; Stegent and Candler,
2018). But conversely, clay-rich intervals can also form efficient
fracture barriers (Mullen, 2010). This suggests that identifying
fracture barriers cannot be performed using lithology alone, and
further analysis of stress and geomechanical properties is
necessary.

In Part 1 of this series (de Jonge-Anderson et al., 2021b), geo-
mechanical characteristics were used to highlight high effective-
stress zones of the shale that may be suitable barriers to fracture
growth. Whether these zones are of adequate thickness or
magnitude to prevent well interference is a question further
addressed in this paper.

2.4. Hydraulic fracture models

To model the propagation of transverse and longitudinal frac-
tures within the Bowland Shale, a numerical 3D hydraulic fracture
modelling software package, GOHFER (Grid Oriented Hydraulic
Fracture Extension Replicator), was used. Fracture models such as
GOHFER take physical laws relating to fluid, solid, fracture and
thermal mechanics to simulate fracture geometry. These can be
crudely classified into three categories with computational
complexity increased: 2D models, pseudo-3D models, and planar-
3D models. The background theory to such models can be found
in the comprehensive reviews of Warpinski et al. (1993a) and Mack
and Warpinski (2000). GOHFER is a planar-3D-type fracture model
that was developed by Barree (1983a, 1983b) and its ability to
handle a 3D input grid of geomechanical properties has made it a
popular tool for predicting complex hydraulic fracture geometries.

2.5. Stress shadowing theory

The drive to increase the productivity of shale plays has resulted
in operators drilling increasingly long horizontal wells with
numerous perforation clusters along their lateral sections, ensuring
maximum stimulation of the target reservoir. However, field ob-
servations including analysis of treatment pressure responses
(Simpson et al., 2016; Skomorowski et al., 2015) and microseismic
patterns (Fisher et al., 2004; Nagel and Sanchez-Nagel, 2011) sug-
gest that hydraulic fractures alter the subsurface stress state to such
a degree that subsequent fracturing stages can perform less effi-
ciently. Numerical studies focusing on the changing stress state
around a hydraulic fracture (Morrill and Miskimins, 2012; Nagel
et al., 2013a, 2013b; Nagel and Sanchez-Nagel, 2011; Rios et al.,
2013) suggest that the inter-fracture region experiences an in-
crease in minimum horizontal stress, which then, in turn, makes
that area more resistant to subsequent hydraulic fracturing. The
increase in minimum horizontal stress owing to the stress shadow
effect can be expressed as ‘transmitted’ stress from one fracture
plane to another (Barree, 2015). In the GOHFER simulator,
Boussinesq (1885)’s stress solution is used to consider the decay in
stress with distance around a propagating fracture with the rate of
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decay controlled by the transverse exponent (t). The equation for
transmitted stress (s) then becomes (Barree, 2015):

s ¼ wE
12Zt

(1)

Where w is the fracture width of adjacent planar fracture, E is the
Young’s modulus of the rock and Z is the distance from the adjacent
planar fracture. The transverse exponent (t) typically ranges from
1.2 (plane strain case and strong fracture interference) to 2 (point
load case and no fracture interference) (Barree, 2015).

3. Methodology

3.1. Input data

The primary input to GOHFER is the fracture closure stress (the
stress that needs to be overcome to initiate the opening of a frac-
ture) of the rock. Provided the tectonic setting is not one of
compression, the fracture closure stress, minimum horizontal
stress, and least principal stress are considered equivalent, which
are often used interchangeably. The model is designed to handle
well logs and implements the same equation for minimum hori-
zontal stress as used in Part 1 of this series (de Jonge-Anderson
et al., 2021b).

In addition to the fracture closure stress, the net pressure (also
referred to as process-zone stress, PZS) is another important
parameter to consider when determining the fracture characteris-
tics of a material. It is equivalent to the net pressure above closure
stress (Ramurthy and Hendrickson, 2007) required for the fracture
to propagate (Belyadi et al., 2017). To estimate PZS, results from
mini-frac analysis (De Pater and Pellicer, 2011; courtesy of Cuadrilla
Resources) at well PH-1 were first added to the calibration dataset
for stages 1e3, which is outlined in Table 1.

Following this, a continuous log of PZS was calculated using a
linear transform of effective porosity, calibrated to the measured
PZS value (Halliburton, 2019):

PZS ¼ PZSMax þ PHIE*k (2)

Where:

k ¼ �ðPZSContrast*PZSMaxÞ=PHIEMax (3)

Referring to the PZS calibration points in Table 1, it was found
that PZSMax set to 8 MPa whilst keeping PZSContrast and PHIEMax at
their default values (1 and 0.25 respectively), could produce a
reasonable fit to the data (Fig. 3).

3.2. Gridding and upscaling of log properties

GOHFER simulates a 3D planar fracture propagating within a 3D
geological model. Such a geological model is referred to as a grid; a
series of cells that contain upscaled stress and rock properties are
derived from the input data.

3.2.1. Orientation and structure of the grid
The grid can be described as consisting of a longitudinal axis (A-

A’; Fig. 4a and b) which is in parallel to the orientation of minimum
horizontal stress, and a transverse axis (BeB’; Fig. 4a and c) which is
parallel to the orientation of maximum horizontal stress. In sub-
sequent sections, whilst describing the simulation setup, simulated
fractures are described as either longitudinal or transverse, in
alignment with these orientations, accordingly. The limits of the
grid in the transverse direction were set to be 2000 m away from
the well, and in the plots presented in later sections of the paper,



Table 1
Pore pressure, closure stress and process zone stress values from minifrac tests conducted across three stages of well PH-1 and collated from De Pater and Pellicer (2011) and
Clarke et al. (2019a). The depths quoted are the arithmetic average taken over the complete stage interval which can be up to 70 m in size.

Stage Depth (MD-M) Pore Pressure (MPa) Closure Stress (MPa) Process Zone Stress (MPa)

3 2577 35.1 44.5 6.4
2 2661 37.9 49.8 7.7
1 2711 37.3 44.1 6.4

Fig. 3. Log display illustrating the input logs used for the hydraulic fracturing simulation. From left to right, YMES is Static Young’s modulus, PR is Poisson’s ratio, PHIE is effective
porosity, Pp is pore pressure, Pc is closure pressure, and PZS is process zone stress. The black curves represent the wireline logs used as inputs to the simulations. The blocky red logs
represent the equivalent logs, upscaled to 5 m vertical grid size and the green dots represent the calibration points shown in Table 1.
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the x-axis refers to this distance, expressed either as positive
(where the fracture propagates to the north) or negative (where the
fracture propagates to the south) figures.

For all simulations, the grid size was set to be 5 m in the X, Yand
Z directions. As a result, the wireline log-derived input data (black
curves in Fig. 3) were upscaled to this resolution (red, blocky curves
in Fig. 3) and extrapolated away from the well in 3D space. Whilst
the simulations presented in Section 4 used a layer-cake geological
grid consisting of flat-lying stratigraphy, the simulations presented
in Section 5 used a tilted grid (Fig. 4b and c) to reflect the highly-
dipping beds east of well PH-1 (de Jonge-Anderson and Underhill,
2020).
3.3. Pumping schedule

The increase in fluid pressure which drives the propagation of
fractures within the hydraulic fracture software is achieved by
simulating a hydraulic fracturing treatment at the appropriate
completion interval. For this work, slickwater hydraulic fracturing
treatments similar to that conducted at well PNR-1Z were
simulated.

The key elements of a slickwater hydraulic fracturing job are the
pumping rate of the fluid (water and chemicals) and the proppant
concentration. A typical job will include a steady pump rate, but
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with the proppant concentration progressively increased (‘ram-
ped’) either smoothly or in steps. At well PNR-1Z, where the first
multi-stage slickwater hydraulic fracturing in the Bowland Shale
was undertaken, the operations were designed such that 400 m3 of
fluid and 50 t of proppant were to be pumped into each stage
(North Sea Transition Authority, 2019).

For this work, a single treatment schedule was designed and
used within all simulations (Fig. 5). The total volumes of fluid and
proppant injected were designed to match those planned at well
PNR-1Z (400 m3 and 50 t respectively). The slurry rate was set to
4 m3/min (again, similar to that used at well PNR-1Z), which results
in the desired 400m3 of fluid being injectedwithin 100min (Fig. 5).
The proppant concentration was ramped from 0 to 250 kg/m3

(Fig. 5: proppant concentration), with stepped increases about
every 10 min which resulted in the desired 50 t (50,000 kg) of
proppant being injected at the end of the treatment (Fig. 5: cu-
mulative slurry).
3.4. Horizontal well design

For the lateral simulations, three horizontal pseudo-wells were
side-tracked from the main well PH-1; targeting the three landing
zones defined in Part 1 of this series (de Jonge-Anderson et al.,
2021b). The pseudo-wells were simplistic in design, with the kick-



Fig. 4. Illustrations of the GOHFER grid for the lateral simulations where angled, horizontal wells are used, and beds are dipping. (a) Map view showing the extent of the transverse
and longitudinal grids relative to a horizontal well trajectory shown in red. (b) Plane view along the longitudinal axis showing the upscaled and gridded total stress and an inclined,
horizontal well. (c) Plane view along the transverse axis. Note that (c) is vertically exaggerated by four times, accentuating the angle of dip.

Fig. 5. Illustration of the pumping schedule used for all hydraulic fracture simulations. The schedule was designed based on the planned treatments at well PNR-1Z whereby 400 m3

of fluid and 50 t of proppant were pumped into each completion stage. Proppant concentration ramps from 0 to 250 kg/m3 with the slurry rate fixed at 4 m3/min.
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off point taken at the depth of the relevant landing zone and then
the horizontal section angled immediately at 20� to follow the
bedding orientation. Such a design created a sharp angle with the
vertical wellbore (e.g., Fig. 4b) that is unrealistic for any drilling
scenario, but all perforation clusters were placed away from this
section of the well. Following this, 41 perforation clusters were
placed at 12 m intervals along the well (Fig. 6) to mimic the sliding-
sleeve design used at PNR-1Z. For the vertical simulations, the same
treatment schedule, perforation interval and densities were used;
however, clusters were placed at different stratigraphic intervals.

4. Results: vertical simulations

4.1. Testing a selection of geomechanical intervals

A series of simulations were undertaken to model hydraulic
fractures within different geomechanical intervals at well PH-1. The
first simulation involved modelling perforation clusters at different
stratigraphic interval within the Upper Bowland Shale (UBS)
(Fig. 7). Perforations were simulated at three possible landing zones
(de Jonge-Anderson et al., 2021b), two possible fracture barriers
and an intermediate zone of poor completion quality (CQ). An in-
terval with poor CQ exhibits high effective stress, high fracture
toughness and low brittleness index (de Jonge-Anderson et al.,
2021b). The plot also presents logs of upscaled effective stress and
crack density (a proxy for the density of natural fractures; please
refer to de Jonge-Anderson et al. (2021a) for further information on
calculating crack density).

Hydraulic fractures of varying complexity were simulated and
their geometry is highly sensitive to small changes in effective
stress within the vertical section. The hydraulic fracture within
Landing 1 is narrow, long (up to 1500 m) with its height limited by
an interval of slightly elevated effective stress at 2040 m. By
contrast, only narrow fractures were simulated at Barriers 1 and 2
and the main fractures instead switched to nearby zones of low
effective stress. At Barrier 1, while a very high effective-stress in-
terval above the perforations does not fracture, it appears that
stress has transferred across it to form a fracture in the interval
above.

Whilst the hydraulic fracture modelled at Landing 3 exhibited a
similar character to that of Landing 1, Landing 2 exhibited a more
complex geometry. A thin fracture was simulated at the base of the
perforated section. This appeared to correlate well with the highest
crack density value (0.05) in the section, suggesting that this layer is
capable of being fractured. A layer of high effective stress and low/
medium crack density at 2275 m appeared to act as a baffle to
fracture development and a larger fracture was simulated imme-
diately above the perforated interval (within the good CQ interval
that is also accompanied by high, but variable crack densities). The
upper portion of the simulated fracture is shorter than the Landing
1 and 2 fractures, propagating about 600 m away from the well.
Fig. 6. Illustration of the plug-and-perf completion design for each pseudo well, adapted fro
track the bedding dip to the east of well PH-1. For simplicity, no building section was include
clusters were placed along the horizontal section, each of 5 m long and with 12 m interva
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These simulations provided an insight into the heterogeneity in
hydraulic fracture behaviour across the Bowland Shale section at
well PH-1. These suggest that the intervals picked for Landings 1
and 3 are producing a good response, characterised by simple,
contained fractures; meanwhile, the position of Landing 2 needs to
be re-evaluated and moved up to the interval at 2260 mwhich was
modelled to fracture more readily compared with the original
target at 2285 m.

4.2. Presence of stress barriers

Effective-stress barriers are key in containing hydraulic frac-
tures and avoiding well-to-well interference in a placement strat-
egy involving stacked horizontal wells. The extent to which high
stress intervals within the Bowland Shale can limit hydraulic frac-
ture propagation was tested in two further simulations (Figs. 8 and
9). In each case, a series of perforations were modelled at 20 m
separations covering the interval above the fracture barrier, the
barrier itself, and the interval below the barrier.

The modelling results suggested that both intervals tested
would likely form a barrier to fracture propagation. Tall fractures
were modelled within the perforated intervals located above the
first fracture barrier (Figs. 8 and 9). Where perforations were
modelled at the top of the fracture barriers, no fracture formed in
the barrier itself and the fracture instead propagated in adjacent
intervals. Where the intervals below the barriers were perforated,
the main fractures formed in the region of the perforation, with few
growing up into the barrier.

5. Results: lateral simulations

The following section describes the results of simulations per-
formed along horizontal pseudo-wells that targets three landing
zoneswithinwell PH-1.While hydraulic fractures were simulated for
all 41 clusters; in many cases only the first five are shown. The
geological grid used as input was tilted to create a scenario more
representative of the dipping stratigraphy east of well PH-1 (Fig. 4).
The simulations were designed to assess the impact of stress shad-
owing along the horizontal pseudo-well, the modelled transverse
fracture geometry and the spatial extent of modelled fractures.

5.1. Stress shadowing

A simulation was first designed to investigate the impact of
stress shadowing on two perforation clusters placed 12 m apart,
whilst testing a range of transverse exponent values between 1.2
and 2 (Fig. 10). The results suggest that the stress shadowing effect
has a significant impact on hydraulic fracture geometry for perfo-
ration clusters placed 12 m apart and stimulated consecutively.
Whilst using a transverse exponent of 2 leads to a negligible dif-
ference in modelled fracture geometry between Cluster 1 and
m the sliding sleeve design used at PNR-1Z. The pseudo-wells were inclined to 20� to
d and the lateral kicked-off at a sharp angle from the main vertical well. 41 perforation
l.



Fig. 7. Results of a vertical hydraulic fracture simulation plotted next to a selection of input logs for a section of the UBS between 2000 and 2500 m in depth. Six intervals were
tested: three landing zones, two potential barriers and an interval of poor Completion Quality. Completion Quality (CQ) and Reservoir Quality (RQ) intervals were defined in de
Jonge-Anderson et al. (2021a) and de Jonge-Anderson et al. (2021b), respectively. The perforated interval is shown as the white box with a black circle outline. While Landings
1 and Landings 3 exhibit simple fracture geometry, Landing 2 exhibits a more complex fracture consisting of two individual fractures. For the remaining perforations, fractures are
poorly developed within the perforated zone, as expected. Effective stress, shown in track 1, is calculated as closure stress minus pore pressure and inverted crack density is shown
in track 2. Both are upscaled to the simulation grid scale.

Fig. 8. Results of a vertical hydraulic fracture simulation designed to test the containment of hydraulic fractures by a potential fracture barrier highlighted at 2150 m. In each case,
the perforated interval is shown as a white box with a black circle outline. The depth of each interval is highlighted at the top of the corresponding panel. The results suggest that
the interval is efficient in halting hydraulic fracture propagation as there is almost no propagation within the highly stressed zone. There is, however, a small fracture that develops
at the base of the interval (e.g., at the 2160 m perforation). Effective stress, shown in track 1, is calculated as closure stress minus pore pressure and inverted crack density is shown
in track 2. Both are upscaled to the simulation grid scale.
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Cluster 2 (Fig. 10; top row), decreasing the exponent led to an in-
crease in the minimum horizontal stress region around the second
cluster, and in extreme cases, led to the Cluster 2 hydraulic frac-
turing propagating in a different orientation to that in Cluster 1
(Fig. 10; bottom two rows).
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These models suggest that the stress shadowing effect is pro-
foundwhen perforation clusters are placed 12m apart within a unit
of geomechanical properties representative of the Bowland Shale.
This observation is supported by some field evidence collected
during the hydraulic fracturing of well PNR-2 whereby a switch in



Fig. 9. Results of a vertical hydraulic fracture simulation designed to test the containment of hydraulic fractures by a potential fracture barrier highlighted at 2325 m. In each case,
the perforated interval is shown as a white box with a black circle outline. The depth of each interval is highlighted at the top of the corresponding panel. The results suggest that
this interval is also efficient in halting hydraulic fracture propagation as there is almost no propagation within the highly stressed zone. Effective stress, shown in track 1, is
calculated as closure stress minus pore pressure and inverted crack density is shown in track 2. Both are upscaled to the simulation grid scale.
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hydraulic fracture propagation direction between adjacent stages
has been linked to the effects of stress shadowing (Verdon et al.,
2020).

5.2. Fracture geometry

Multi-stage simulations were then conducted along each hori-
zontal pseudo-well to determine the fracture height, length and
proppant distribution of each stage. For Landing 1 (Fig. 11), narrow
and long fractures were modelled. All fractures were dipping;
tracking the dipping beds and geological grid used as input to the
simulations. A high effective stress layer contained the fractures in all
cases, with the main fracture forming between the perforations and
this barrier. In several instances (stages 1, 2, 4 and 5), the fracture
appeared to formas twoseparate fractures separatedbya small baffle,
whereas in stage 3 a fracture only developed in the upper zone.

The effect of stress shadowing on simulated fracture geometry
was also observed. While the stage 1 fracture propagated south,
stage 2 propagated north. Both stage 2 and stage 3 propagated
north, and seemingly the stress increase owed to the hydraulic
fracture width in this region served to limit fracture development
in that region by stage 4. This asymmetric pattern created complex
fracture patterns that if observed in the field, would not be
desirable.

The simulated fractures from Landing 2 (Fig. 12) exhibits more
consistent geometry. The main fracture propagated up from the
perforations and then laterally within a unit of lower effective
stress than surrounding layers. In all instances, the simulated
fracture was more symmetrical than observed in Landing 1, though
the fracture did extend farther south than north. The stress shadow
effect did not appear to significantly alter the fracture geometry,
though a more irregular proppant distribution was observed in
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later clusters (i.e., 2, 3, 4 and 5) compared to Cluster 1. Themodelled
fractures were narrow, appearing to be contained by the high
effective stress unit 25 m above the perforations, and propagating
around 1000 m from the well.

The simulated fractures from Landing 3 (Fig. 13) exhibited
complex geometry as a result of stress shadowing. While Cluster 1
simulated a simple fracture that propagated upwards from the
perforations and then laterally, as confined by the high effective
stress layer about 30 m above, the fractures within subsequent
clusters are more complex. For Clusters 2 and 3, several intervals
formed baffles to fracture development, the modelled fractures in
stacked, smaller pattern were observed in contrast to the single
fracture modelled in Cluster 1. By Cluster 4 the main fracture
appeared to propagate south, followed by no fracture development
in this area by Cluster 5.

The results of the above simulations are also shown for all 41
perforation clusters in map view (Fig. 14). Most modelled fractures
were about 600m in half-length for all landings, but the longest (up
to 1100 m) were observed within Landing 3. Hydraulic fractures
simulated at this landing ranged from 375 m to 1100 m in half-
length and the longest fractures appeared to be simulated nearest
to the heel of the well. Landings 1 and 2 showed similar ranges of
fracture extent and were shorter than those observed in Landing 3.
The fracture half-lengths at Landing 1 ranged between 410 m and
700 m and those of Landing 2 between 448 and 738 m. Differences
in the distribution of proppant within each landing zone were also
observed. In Landing 2, most of the proppant was placed within an
interval near to the well (<100m); while in Landing 3 the proppant
was even more widely distributed, with high concentrations up to
500 m away from the well.

The total formation area covered by all the fractures was also
determined. A simplistic approach was followed whereby the



Fig. 10. A series of transverse fracture simulations highlighting the impact of the transverse exponent on the stress shadow effect between two closely spaced perforation clusters.
Each row of panels represents a simulation using a given transverse exponent. The background blue shading shows the minimum horizontal stress of the rock in which the hy-
draulic fracture is propagating. The simulated fracture in the left panel shows the geometry of the Cluster 1 transverse fracture, coloured by its transmitted stress. The simulated
fracture in the right panel shows the Cluster 2 fracture, accounting for the stress shadow from Cluster 1 and with shading corresponding to proppant concentration.
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fracture length wasmultiplied by the grid size (5m) to calculate the
area covered per fracture. These were then summed to produce a
final area stimulated per fracture. Following this approach, the
fracture areas for Landings 1, 2 and 3 were determined to be
0.227 km2, 0.240 km2 and 0.245 km2, respectively. Table 2 sum-
marises the fracture half-lengths and areas above in addition to
quoting them using a 2 kg/m2 proppant cut-off for comparison.
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5.3. Fracture extents and major faults

The results of the simulations described previously can be used
to further understand the limits placed by the structural features
described by de Jonge-Anderson and Underhill (2020). This can be
assessed in two parts; firstly, addressing how close a completion
stage can be placed near to a major fault without risk of interfering



Fig. 11. Modelled transverse fractures for five perforation clusters along Landing 1. For each cluster, the effective stress grid (left) and modelled proppant distribution within the
fractures (right) are shown. Each row represents a cluster (the first five clusters) and for each cluster, the simulated proppant distribution within that fracture is shown on the right
column. In each case, a transverse fracture is shown along the plane of maximum horizontal stress (the transverse grid, shown in Fig. 4), centred on the perforation and with north
to the right.
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hydraulic fractures with said fault; and secondly, studying where
within the 100 km2 study area there is potential for other wells to
be drilled.

5.3.1. Positioning stages
Toquantify the distance frommajor faults that completion stages

can be placed for the Bowland Shale in this area, two scenarios are
envisaged. Each scenario corresponds to adifferent effective fracture
length, determined by taking a cut-off as to the maximum concen-
tration of proppant within the fracture. Proppant placement within
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a fracture is considered a proxy for the likelihood of it generating
microseismic events at that location. Some studies suggested that
microseismic activity peaks at the onset of proppant placement in a
stimulation (McKenna, 2014); however, it is challenging to deter-
mine atwhat concentration a fracture is sufficiently pressurised and
propped to pose a risk to geological structures. To attempt to express
this uncertainty, two cut-offs of proppant concentrationwere taken,
which in turn correspond to two effective fracture lengths.

In the first scenario (Scenario A), an effective fracture is
considered where proppant concentrations exceed 1 kg/m2.



Fig. 12. Modelled transverse fractures for five perforation clusters along Landing 2. For each cluster, the effective stress grid (left) and modelled proppant distribution within the
fractures (right) are shown. Each row represents a cluster (the first five clusters) and for each cluster, the simulated proppant distribution within that fracture is shown on the right
column. In each case, a transverse fracture is shown along the plane of maximum horizontal stress (the transverse grid, shown in Fig. 4), centred on the perforation and with north
to the right.
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Observing the maximum fracture lengths for this cut-off (Fig. 14;
Table 2) reveals that Landing 3 holds the longest maximum fracture
half-length (1100 m), which is significantly greater than the other
landings (about 750 m of maximum half-lengths). In the second
scenario (Scenario B), an effective fracture is considered whereby
proppant concentrations only exceed 2 kg/m2. Where the
maximum length measured accounts for this cut-off (Table 2),
Landing 3 again holds the longest maximum fracture half-length
(545 m), though it is substantially smaller than for Scenario A.

A simplified version of the map presented in Fig. 2 is presented
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for both scenarios (A-upper and B-lower) (Fig. 15). A lateral well
was side-tracked from well PH-1 along the azimuth of minimum
horizontal stress as far as the Moor Hey Fault. In Scenario A, no
stages can be placed along 1800 m of the lateral well without the
risk of the northward-propagating fractures interfering with the
Summerer Fault. Similarly, no stages can be placed within the last
1230 m of the horizontal section without the risk of southward-
propagating fractures interfering with the Moor Hey Fault. Conse-
quently, there is a 400 m section of the lateral well (shaded in red)
where hydraulic fracture stages could be placed with minimal risk.



Fig. 13. Modelled transverse fractures for five perforation clusters along Landing 3. For each cluster, the effective stress grid (left) and modelled proppant distribution within the
fractures (right) are shown. Each row represents a cluster (the first five clusters) and for each cluster, the simulated proppant distribution within that fracture is shown on the right
column. In each case, a transverse fracture is shown along the plane of maximum horizontal stress (the transverse grid, shown in Fig. 4), centred on the perforation and with north
to the right.
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This suggests that using this scenario, drilling pilot wells at the edge
of the fault blocks may not be the optimal approach as over 1800 m
of deviated section is needed before a hydraulic fracturing stage can
be placed. Instead, thewells should be placedmore centrally within
the block and with short horizontal sections. Smaller faults such as
that to the immediately south-east of well PH-1 and that to the
west of the Moor Hey Fault are not considered in this part of the
analysis.

In Scenario B, a 1900 m section of the lateral well can be stim-
ulated (red shading) without risk of the shorter effective fractures
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encountering the Summerer andMoor Hey Faults. Near the heel, no
stages can be paced in the first 870 m without risking northward
interference with the Summerer Fault, and likewise, no stages can
be placed within the last 615 m of the well, near the toe. In this
scenario, a well placed near the edge of the block can still provide a
useful vertical well from which to side-track horizontal sections,
however, a deviated section of around 500e1000 m is needed
before hydraulic fracturing stages can be placed on the horizontal
section.



Fig. 14. Maps illustrating the spatial extent of modelled fractures and a line graph showing the maximum and minimum length (assuming a proppant concentration of 1 kg/m2) of
modelled fractures for each well. In the map views, the maximum proppant concentration (for all depths) was calculated for each XeY location along the fracture and is represented
as a single colour value. Note that the X and Y scales are not equal and so the azimuths of well trajectory and fracture propagation may not reflect their true orientations. The
location of the map is shown in Fig. 1.

Table 2
A summary of fracture half-lengths and areas for the three landing zones and quoted using both a 1 kg/m2 proppant concentration cut-off and a 2 kg/m2 cut-off. These are
referred to as Scenarios A and B.

Landing 1 Landing 2 Landing 3

1 kg/m2 cut-off Min. half-length (m) 410 448 375
Max. half-length (m) 700 738 1100
Area (km2) 0.227 0.240 0.245

2 kg/m2 cut-off Min. half-length (m) 5 5 15
Max. half-length (m) 428 368 545
Area (km2) 0.082 0.053 0.093
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5.3.2. Well placements in the area
The final objective of the study is to consider the implications of

these typical fracture geometry not just for the region near well PH-
1, but for the region mapped using the Bowland-12 seismic survey
(Fig. 2). Specifically, it seeks to determine where lateral wells could
be emplaced without hydraulic fractures interfering either with
fractures from adjacent wells or significant structural features such
as faults.

For this, it was assumed that all fractures are symmetrical, with
the lateral well forming the axis of symmetry and with all fractures
the same length. As a result, the overall footprint then becomes a
248
rectangle, centred on the lateral well and rotated such that the well
trajectory is parallel tominimum horizontal stress. The trajectory of
the well is not explicitly considered, and the heel could be
emplaced in the ENE or WSW of the lateral section. Two scenarios
are considered, corresponding to 1 kg/m2 and 2 kg/m2 proppant
cut-offs (Figs. 16 and 17 respectively). The placements are made
based solely on the subsurface information contained in the map;
though in reality, surface constraints such as environmental con-
cerns and other subsurface constraints such as good quality seismic
reflectivity will also guide well placement.



Fig. 15. Maps illustrating the distance frommajor faults that need to be kept to avoid hydraulic fractures interfering with said faults. The location of the maps is shown in Fig. 1. Two
scenarios corresponding to two different fracture lengths are presented. In the upper map (Scenario A), an effective fracture is considered where the proppant concentration is
greater than 1 kg/m2 and thus the maximum fracture half-length is 1100 m. In the lower map (Scenario B), an effective fracture is considered where the proppant concentration is
greater than 2 kg/m2 and thus the maximum fracture half-length is 545 m.
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Using a 1100 m half-length, few sites can accommodate a lateral
well without fractures intersecting significant (seismic scale) faults
(Fig. 16). The Poulton Block in the NW corner can accommodate a
1.3 km long lateral well, though approaches the limit of the
Bowland-12 3D survey. The Singleton Block is too narrow to
accommodate a well without fractures intersecting either the
Haves Ho or Summerer Fault. TheWeeton Block is the widest in the
region to the immediately south of well PH-1 and near the PNR
wells. In this area, a 0.9 km long lateral can be achieved. The tra-
jectory is placed slightly further north than the current PNR loca-
tion to avoid south-propagating fractures interfering with the
Anna’s Road Fault. Between this location and well PH-1, a shorter,
0.7 km lateral can be achieved, but its easterly limit is restricted by a
series of small reverse faults near to the larger Moor Hey Fault. As
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the Weeton Block narrows to the north of well PH-1, it becomes
impossible to accommodate a lateral well using this cut-off without
intersecting either the Summerer Fault or the aforementioned
reverse fault zone immediately west of the Moor Hey Fault. While
the focus of this work has been in the footwall to the Thistleton
Fault, where the overlying Permo-Triassic sequences are less
developed, two lateral wells were placed in the Elswick Graben
hanging-wall. Two longer wells (1.4 km and 1.2 km in length) can
be achieved; however, a caveat in emplacingwells in this location is
the uncertainty in the mapping of the Carboniferous sequences
beneath the thicker Permo-Triassic succession (de Jonge-Anderson
and Underhill, 2020). The total area covered by this configuration
(calculated as lateral length multiplied by fracture length) is
12.1 km2.



Fig. 16. Map highlighting the areas within the Bowland-12 survey that lateral wells could be emplaced without hydraulic fractures interfering with major faults or with hydraulic
fractures from adjacent wells. The 1100 m predicted half-length of the hydraulic fractures is taken using a proppant cut-off of 1 kg/m2. The underlying contour map is the Lower
Bowland Shale contoured in two-way time (in milliseconds) (de Jonge-Anderson and Underhill, 2020). The black lines represent the lateral well drilled along minimum horizontal
stress orientation and the hydraulic fractures represented as red lines. The brown shading is added where steep dips associated with faulting and folding, or a lack of seismic
reflectivity would inhibit drilling.
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When the maximum hydraulic fracture length for a 2 kg/m2

proppant concentration is considered, many more lateral sections
can be achievedwithin the survey area (Fig.17). In the Poulton Block,
the stage closest to the east can be moved closer to the Haves Ho
Fault, thus allowing the lateral section to increase in length from 1.3
to 2.3 km before reaching the end of the survey. A further two
shorter wells of 1.5 km and 0.7 km in length can be emplaced in the
further south of the block. A small lateral of 0.8 km long can now be
achieved within the narrow Singleton Block. The Weeton Block can
accommodate more lateral wells around well PH-1. These wells are
generally short (<1 km in length) as longer oneswould risk hydraulic
fractures interferingwith either the Summerer Fault or the fault zone
around the Moor Hey Fault. In the south-west area, the lateral well
emplaced north of the current wells PNR -1Z and 2 can reach 1.8 km
in length and another well can be set adjacent to this site (1.6 km in
length). In the Elswick Graben, four wells can be drilled, reaching
2 km in length, though the caveat to this area discussed earlier re-
mains. The total area covered by this configuration (calculated as
lateral length multiplied by fracture length) is 18.9 km2.

6. Discussion

6.1. Uncertainties in fracture lengths

This work presents forward models for predicting hydraulic
fracture geometry using a calibrated geological model for the state
of stress in the subsurface, before drilling and stimulating hori-
zontal productionwells. Planar fracture models are popular tools in
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the unconventional industry but are a simplistic representation of
how hydraulic fractures propagate in the subsurface and this
drawback is becoming increasingly supported by field studies of
stimulated unconventional reservoirs. Studies of the Eagle Ford
Shale stimulated rock volume have demonstrated that hydraulic
fracture propagation is heterogeneous, with many forming in
swarms and branching at bedding surfaces (Raterman et al., 2017,
2018, 2019). Analysis of core samples at the Midland Basin Hy-
draulic Fracture Test Site also revealed complex fracture geometry
of diverse types, which are sensitive to the presence of natural
fractures (Ciezobka et al., 2018; Gale et al., 2018).

However, inmost instances,microseismic events are the onlyfield
data available to validate hydraulic fracture characteristics. For the
Bowland Shale, such field data has been released for an adjacent well
(well PNR-1Z) (North Sea Transition Authority, 2019), and reports
discussing the relationship between geomechanical conditions and
hydraulic fracture/microseismic behaviour have been published for
wells PNR-1Z (Verdon et al., 2019) and PNR-2 (Verdon et al., 2020).

Accurate calibration of fracture models using such data from the
wells PNR-1Z and PNR-2 would have required a separate geological
model describing the stress and rock properties at that site, and the
data required to construct such a model were not available for this
study. However, the need to scrutinise the modelling results with
field datawas also recognised. To that extent, the key findings of the
hydraulic fracturing at these sites were discussed, in addition to the
implications for the modelling results at well PH-1.

The microseismicity observed following hydraulic fracturing of
wells PNR-1Z and PNR-2 has been well documented. In each case,



Fig. 17. Map highlighting the areas within the Bowland-12 survey that lateral wells could be emplaced without hydraulic fractures interfering with major faults or with hydraulic
fractures from adjacent wells. The 545 m predicted half-length of the hydraulic fractures is taken using a proppant cut-off of 2 kg/m2. The underlying contour map is the Lower
Bowland Shale contoured in two-way time (in milliseconds) (de Jonge-Anderson and Underhill, 2020). The black lines represent the lateral well drilled along minimum horizontal
stress orientation and the hydraulic fractures represented as red lines. The brown shading is added where steep dips associated with faulting and folding, or a lack of seismic
reflectivity would inhibit drilling.
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events were monitored using a combination of surface sensors
(seismometers and geophones) and subsurface geophones placed
in the adjacent well. At well PNR-1Z, whilst the surface network of
sensors identified 54 events, the borehole geophones identified
39,000 events which extended about 200 m north of their corre-
sponding sleeve and around 150 m above and below the well
(Clarke et al., 2019b; Verdon et al., 2019). At well PNR-2, signifi-
cantly more microseismic events were recorded (120 events iden-
tified from the surface array and 55,000 events identified using
borehole geophones), and the locations of some of those events
suggested a hydraulic fracture system extending 350m north of the
well (Verdon et al., 2020). This variability in microseismic pattern
and inferred hydraulic fracture character between two adjacent
wells suggests a complex subsurface state.

However, in both cases, the microseismic distribution and
magnitude was related to the geomechanical failure of faults very
near the wells. Clarke et al. (2019b) used the microseismic event
distribution at well PNR-1Z to identify a small, sub-seismic-scale
fault and Verdon et al. (2020) subsequently identified a separate
structure uponwhich the largest events were recorded at well PNR-
2. Such weak geomechanical units will fail readily and strongly
influence hydraulic fracture geometry, but this aspect has not been
considered in this modelling work, which assumes homogeneous
geomechanical properties away from well PH-1.

Validating the fracture lengths modelled during this work is a
challenging task as a horizontal drilling and hydraulic fracturing
campaign were not conducted at well PH-1. However, some
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previous hydraulic fracturingmodelling has been conducted at well
PH-1; notably, Gilbert (2012)’s study which also used GOHFER
software to pressure match a single stage from the vertical multi-
stage test. Their modelled fracture extends about 1220 m from
the well, with most of the proppant emplaced within the 760 m of
the well which is comparable with the result presented herein.

The differences in fracture lengths between models here-in
(>500 m), Gilbert (2012)’s model (>1000 m), and the microseismic
event distribution atwells PNR-1Z and PNR-2 (<350m) is evidence of
the degree of uncertainty regarding hydraulic fracture simulations.
Short hydraulic fracturesmeasured in thefieldmaybe a consequence
of weaker and/or low stress intervals within the overburden (such as
naturally fractured or under-pressured intervals) that favour vertical
hydraulic fracture propagation over lateral propagation. But short
fractures could also be explained by the presence of geomechanically
weak zones near the well, such as naturally fractured intervals or
faults, that dissipate the injected energy.

The long, simulated hydraulic fractures observed herein may be
a consequence of the vertical heterogeneity in geomechanical
properties used in the model; serving to restrict vertical fracture
growth and instead, forcing hydraulic fractures over large distances
within zones of uniform geomechanical properties. Furthermore,
the upscaling and gridding process undertaken before simulations
may also accentuate this by adding artificial boundaries between
adjacent grid blocks. Fundamentally, while many very important
insights can be drawn from such simulations, the precise numbers
derived from these should be treated with caution.
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6.2. Limitations in accounting for natural fractures

The simulations presented in this paper consider the propaga-
tion of a hydraulic, planar fracture within an intact medium. Each
input grid cell contains parameters related to the strength of the
rock (mainly geomechanical and stress properties) which are used
in the simulation; however, the influence of a pre-existing natural
fracture network on simulated hydraulic fractures are not consid-
ered. Moreover, some authors have documented the presence of
natural fractures in the Bowland Shale for core and micro-imagery
log data (Clarke et al., 2018; Fauchille et al., 2017).

Failure to account for natural fractures is acknowledged as a key
limitation in this work. Natural fractures have been proven to have
direct implications on hydraulic fracture development. As pre-
existing planes of weakness, these will readily absorb energy asso-
ciated with a hydraulic fracturing job, resulting in the shale matrix
remaining un-fractured. Field experiments, includingmine-back and
core-through studies (Gale et al., 2018; Jeffrey et al., 2009; Jeffrey and
Weber, 1994; Raterman et al., 2017; Warpinski et al., 1993b;
Warpinski and Teufel, 1987) demonstrated that natural fractures
cause branching and offset of hydraulic fractures and Weng (2015)
summarised the complex ways in which a hydraulic fracture can
interact with a natural fracture. Representing such a suite of in-
teractions in a model can be challenging and many studies have
presented models to address this (Dershowitz et al., 2010; Fu et al.,
2011; McClure, 2012; Meyer and Bazan, 2011; Nagel et al., 2011;
Savitski et al., 2013; Weng et al., 2011; Wu and Olson, 2013; Xu et al.,
2009), many of which rely on simplifying assumptions that limit
their applicability to specific conditions (Weng, 2015).

6.3. Implications for production potential

Assessment of the production potential of the Bowland Shale,
across the UK, is still at an early stage. Probabilistic modelling of
well rates conducted by NCS Reservoir Strategies (formerly
Anderson Thompson Reservoir Strategies) suggests that a single,
2.5 km long well in the Bowland Shale could deliver 6.5 billion
cubic feet (Bcf) of gas over 30 years, with initial 30-day production
rates of about 15 million standard cubic feet per day (MMscf/day)
(Edison Investment Research, 2018), though the approach to
building such a model is un-published. The first production results
for the shale were reported by Cuadrilla Resources following the
hydraulic stimulation and partial gas flow testing of two and six
stages of wells PNR-1Z and PNR-2, respectively. While only two
stages were tested at well PNR-1Z, stable flow rates of 0.1 MMscf/
day were reported (Cuadrilla Resources, 2019a). At well PNR-2, six
stages were gas flow test, and rates between 0.06 and 0.1 MMscf/
day were reported (Cuadrilla Resources, 2019b). Upscaling of these
results to a 2.5 km long well would provide potential initial flow
rates between 3 and 8 MMscf/day (Cuadrilla Resources, 2019b);
approximately half that originally considered in the NCS Reservoir
Strategies study.

Determining the potential gas resource of a shale play requires
analysis of production data from numerous wells for a considerable
period and forecasting using well-established methods (Bello and
Wattenbarger, 2010; Cipolla et al., 2009; Terminiello et al., 2020).
With the limited data available currently it is difficult to model the
resource for the Bowland Shale in this manner, but an approximate
insight can be ascertained from drawing on typical well production
from the Marcellus Shale; an appropriate analogue play for the
Bowland Shale (Harrison et al., 2019). Assuming that 13 wells
(Fig. 17) with an average length of 1500 m can be drilled within this
study area and taking an average gas resource of 5 Bcf for that well
length (Harrison et al., 2019), the area may have the potential to
produce around 65 Bcf of gas.
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6.4. Stacked well potential

The modelling results presented herein suggest that there are at
least two intervals in the UBS which are sufficiently stressed and
thick to impede fracture height growth from overlying or under-
lying units. The two intervals tested lie between Landings 1 and 2
and Landings 2 and 3, which suggests that these target zones could
be drilled and produced from at the same site, using stacked multi-
lateral wells. As this work has only considered the rock properties
at well PH-1, this model assumed homogeneous geology in the
horizontal plane.

If production from three stacked horizontal wells can be ach-
ieved, the 65 Bcf quoted above can bemultiplied by three to 195 Bcf.
However, this simplistic case may not be true for actual production.
The complex relationship between rock properties, hydraulic
fracture propagation and fluid flowmeans that vertical interference
is common in stacked reservoirs, evenwhen apparent barriers exist
(Shin and Popovich, 2017). The impact of productionwells drilled in
proximity to each other is exemplified by the growing problem of
parent-child well interactions, now a common problem in mature
US unconventional plays such as the Permian Basin. As operators
are increasingly drilling infill (child) wells near pre-existing
(parent) wells to maximise recovery, drastic variations in produc-
tion are being observed. Reservoir depletion, hydraulic fracture
communication (sometimes also referred to as “fracture hit”), and
reservoir heterogeneity can all drive to reduce the productivity of
child wells (Lindsay et al., 2018) and these limitations could apply
to stacked horizontal wells too.While this specific problemmay not
be true if all three stacked UBS intervals are brought online at the
same time it serves as a reminder of the further work that is needed
to characterise the precise production strategy moving forward.

7. Conclusions

This work used hydraulic fracture modelling to design a well
placement strategy for the Bowland Shale, in the region near well
PH-1. The formation is situated in a geological basin that is highly
faulted and folded, which causes problems relating to well place-
ment, targeting a compartmentalised gas resource and avoiding
induced seismic events. In Part 1 of this series (de Jonge-Anderson
et al., 2021b), a series of geomechanical models were presented at
well PH-1 and these were used to propose three landing zones
within the Bowland Shale for stacked production. Stacked pro-
duction might be a feasible production strategy due to the thick-
ness of the formation, and might be crucial to ensuring the shale is
commercially viable if the structural setting dictates the need for
shorter horizontal wells to be drilled.

The results of hydraulic fracture simulations suggest that
stacked well production is possible within the Bowland Shale and
that high effective stress barriersmay serve to limit vertical fracture
growth and associated well interference. Simulations targeting
different geomechanical intervals within well PH-1 suggest that
potential fracture barriers are efficient in containing hydraulic
fractures: a key concept in the stacked well production strategy.
Zones of better geomechanical properties (low effective stress, low
fracture toughness and high brittleness index) produced narrow
and long fractures under simulation that propagate over large
distances and subtle vertical changes in effective stress, since the
shale’s heterogeneity appeared to limit fracture development
vertically.

When horizontal pseudo-wells targeting pre-defined landing
zones and a tilted, 3D geomechanical model were used, modelled
hydraulic fractures propagated over large lateral distances (about
1 km), with most of the proppant placed within 500e700 m of the
well. This does limit wherewells could be emplaced with respect to
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major, mapped faults in the area. Up to 13 well locations were
identified (within a 100 km2 area covered by 3D seismic) where
laterals with length greater than 500 m could be emplaced without
the modelled hydraulic fractures, or the horizontal well itself,
intersecting mapped faults. Using production data from the Mar-
cellus Shale (considered as a reasonable analogue for the Bowland
Shale), it was estimated that up to 195 Bcf of gas could be produced
from the area for this configuration of well placement by stacked
production.
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