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A B S T R A C T   

Hydraulic fracturing in shale formations containing natural fractures can lead to complex and branched fracture 
networks which may fail to efficiently access hydrocarbons deep in the formation away from the well. In this 
study, to minimise the negative effects of natural fractures, the orientation of hydraulically fractured wells in 
such formations is investigated with the focus on the effects of in-situ differential stresses and toughness of 
natural fractures. To explore the impact of geomechanical properties on gas production from hydraulically 
fractured wells, fractures were first up scaled and then gas production from the reservoir was investigated. The 
results show that low natural fracture toughness and differential in-situ stress both increase the tendency of 
propagating hydraulic fractures to exploit natural fractures. Under these conditions, it was found that drilling the 
well in a modified orientation could result in a higher recovery factor compared to the wells drilled parallel to the 
direction of minimum horizontal stress. This is due to the larger stimulated reservoir volume through a synergy 
between the hydraulic and natural fractures. However, high differential in-situ stress and fracture toughness both 
lead to a transition from this tendency, in which hydraulic fractures cross natural fractures rather than exploiting 
them. As a result, changing the well orientation in these scenarios are less efficient than the industry standard. 
The results of this study demonstrate a window of geomechanical scenarios in which changing well orientation is 
beneficial, can be produced as a fast-screening method for engineers to determine the optimised well orientation.   

1. Introduction 

Hydraulic fracturing technique provides an opportunity to produce 
hydrocarbons from low permeability formations. However, hydraulic 
fracturing process is expensive, and it requires emerging technologies 
and advanced analyses to increase the efficiency of the well stimulation 
to keep the development of such resources economically viable. Hy-
draulic fractures extend in a direction where the least energy is required 
to open the rock when the formation is homogeneous. The stress in the 
vertical direction in most shale formations has the higher magnitude. As 
a result, hydraulic fractures tend to orientate themselves in vertical 
plane and parallel to the maximum horizontal stress, σh,max. Therefore, to 
maximise gas recovery drilling should be in the direction of the mini-
mum horizontal stress, σh,min.23 This can lead to a larger reservoir 
stimulated volume around the well. Therefore, to develop large shale gas 
prospects drilling a large number of wells with very similar designs is 
plausible, and efficient recovery is dependent on achieving uniform 
fracture propagation along and between the wells. Zhang et al.30 con-
ducted a laboratory investigation on hydraulic fracturing process using 

rock samples from different fields. The outcomes of their study high-
lighted that the differential horizontal stress and formation leak-off 
coefficient significantly affect the hydraulic fracture pattern. On the 
other hand, their findings revealed that the differential horizontal stress 
has no remarkable effect on the stimulated reservoir volume, but their 
models did not have heterogeneities such as natural fractures. Never-
theless, they highlighted that permeability has the most significant ef-
fect on the stimulated reservoir volume, and hence upon the presence of 
natural fractures this could lead to different results in shale plays. 

Natural fractures are key aspects to consider in designing hydraulic 
fracturing process.12,13,19,20 Experimentally it has been shown that the 
orientation of natural fractures and the magnitude of differential hori-
zontal stress could have a significant impact on the propagation of hy-
draulic fractures.2,25,3 Warpinski and Tefuel reported that hydraulic 
fractures are more likely to cross natural fractures at differential stresses 
exceeding 10 MPa where the natural fracture make angles greater than 
60 degrees with the hydraulic fracture. Determining if hydraulic frac-
tures will propagate along, or cross natural fractures is key to deter-
mining their impact on fracture propagation and gas production. 
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Experimental investigations of hydraulic fracturing and natural 
fractures shows that natural fractures open under low differential 
stress.9 Guo et al.’s study also demonstrated that the interaction of hy-
draulic and natural fractures is linked to the injection rate, as the in-
jection rate increases hydraulic fractures may be more likely to cross 
natural fractures. Also, it has been considered advantageous to open 
natural fractures during stimulation to increase recovery.14 To achieve 
this, the implementation of temporary plugging during hydraulic frac-
turing is considered.14 However, complex fracture networks also lead to 
complex proppant distribution creating another uncertainty.27 If prop-
pant distribution is not consistent, production from parts of the fracture 
network may be poor especially once pressure declines. 

Dahi-Taleghani and Olson conducted modelling studies on the 
interaction of hydraulic and natural fractures, and reported that the 
magnitude of the anisotropy of in-situ stress is a significant contributor 
to the complexity of hydraulic fracture patterns.5 They also concluded 
that fracture-path complexity and width restriction distributions in 
complex fracture networks are an integral part of predicting well per-
formance in naturally fractured reservoirs.21 3D models have also 
demonstrated that stress contrasts, injection rates and natural fracture 
properties influence the effective contact area of hydraulic fracture 
networks warranting careful consideration when planning stimula-
tion.24 Significantly, fracture height growth is better contained when the 
stress contrast is higher which is key when considering the integrity of 
reservoir seals. These models have also been used to determine the most 
efficient stimulation designs such as number of fractures per stage.28 In a 
recent study by Li et al.12 the effects of heterogeneities on the hydraulic 
fracture propagation were investigated. Different synthetic patterns of 
joints (natural fractures) were included in their model, and it was found 
that both the joints and rock matrix properties significantly influenced 
the hydraulic fracture propagation. 

Research in this field has focussed heavily on the mechanics of 
propagating fractures. But for production and reservoir engineers it is 
not as easy to interpret what effect this will have on recovery. In other 
words, when developing shale resources what impact do the natural 
fractures have on recovery as a result of complexities that can occur for 
hydraulic fractures? 

To maximise the efficiency of hydraulic fracturing process, studies 
were conducted to explore potential modifications on the hydraulic 
fracturing design that could lead to a better outcome than the standard 
practice for hydraulic fracturing.15,20,22 In a study by Michael, it was 
found that achieving a desirable orientation for fracture planes during 
hydraulic fracturing process (transverse hydraulic fracture) depends on 
the formation breakdown pressure and tensile strength. It was suggested 
that transverse hydraulic fractures can be initiated by investigating the 
near wellbore geomechanical properties in each shale formation and 
modifying the perforation direction in the well.15 Sherratt et al. devel-
oped a method of capturing complex fracture networks in conventional 
reservoir simulators.19 They demonstrated that hydraulic fractures 
exploit the weak planes of natural fractures which in turn impact on the 
reservoir stimulated volume. It was shown that at large angles between 
the strike of the natural fractures and the maximum horizontal stress, 
the interactions between propagating hydraulic and natural fractures 
become predominant. In their study the natural fractures were all weak 
and led to a highly complex hydraulic fracture networks with lateral 
extensions to the well instead of deeper into the formation. 

These geomechanical properties of shale formations, led to the hy-
pothesis that a change in well orientation could achieve more successful 
hydraulic fracturing by penetrating fractures deeper into the formation 
instead of laterally along the well.20 They reported that rather than 
drilling wells in shale formations in a standard orientation, changing the 
well direction, could result in a larger stimulated reservoir volume 
which in turn increases the gas recovery. It was shown that such 
modification can lead to the potential benefits of increasing NPV by 
reducing the number of required wells, and decreasing the time for NPV 
to become positive and therefore de-risks the investment.20 

The previous investigations have only considered a single geo-
mechanical case where natural fractures are very weak, and the differ-
ential horizontal stress is also very low. When hydraulic fractures 
intersect natural fractures, the opposing component of the maximum 
horizontal stress is not large enough to stop their propagation along the 
weak natural fractures. This creates hydraulic fracture networks that are 
complex and have a large component of the extension in the direction of 
natural fractures instead of perpendicular to the well. 

As hydraulic fractures extend along the natural fracture planes, they 
open against a force associated with the maximum horizontal stress. 
Nevertheless, the magnitude of this force opposing the reopening or 
dilation of natural fractures depends on a few characteristics of the 
formation. Firstly, it depends on the orientation of the natural fracture 
with respect to state of the in-situ stresses. This becomes more complex 
as the stress-state during fracturing is altered by stress shadow effects of 
previous fracturing stages.26 The stress state varies even more complexly 
when there are interactions between different wells.22,4 Secondly, the 
magnitude of the differential horizontal stress is critical for the propa-
gation of fractures. Previous fracture modelling studies have shown that 
the crack properties such as aperture and flow rate increase with 
far-field differential stress state.16 In addition, the natural fracture 
toughness opposes the tip of propagation. The complex behaviour of 
interacting hydraulic and natural fractures have been investigated to 
determine the crossing behaviour under different fracture toughness 
conditions concluding it can change the interaction from crossing to 
slipping.31 However, this outcome is abstract to a production engineer 
and the impact on gas recovery and required well spacing is not 
specified. 

Therefore, in this study, we aim to explore the effects of differential 
in-situ horizontal stress and the toughness of natural fracture on the 
hydraulic fracture patterns. Although the effect of in-situ stresses on the 
hydraulic fracture patterns is well understood, their effect in the pres-
ence of natural fractures is less well studied. As the differential stress 
gets larger, there is a larger force opposing the opening of hydraulic 
fractures along existing natural fractures with a component of the 
maximum horizontal stress on them. Under different fracture toughness 
conditions propagating along existing natural fractures will also require 
more or less energy. Therefore, as these conditions change it will alter 
the interaction of hydraulic and natural fractures. This study will help to 
identify operational windows within which drilling wells in a modified 
orientation can increase the stimulated reservoir volume. 

2. Method 

In this study we used the unconventional fracture model (UFM) 
which is available as part of the Kinetix software to model hydraulic 
fracture propagation in the presence of natural fractures.18 Then to 
upscale the fracture network for flow modelling purposes we used the 
Fracture Upscaling Method (FUM) that was introduced by19. 

In our study, a reservoir volume between the two parallel horizontal 
wells in the formation with a constant well spacing of 300 m can be 
considered for the numerical analysis, this will be referred to as the 
Production Volume as shown as the orange zone in Fig. 1. The recovery 

Fig. 1. Region of investigation for both the hydraulic fracture modelling and 
gas production. 
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from the formation between 250 m long sections of the wells can give an 
indication of the recovery from the region between two full wells while 
reducing the computational time for the purpose of this study. These 
both reduce the computational expense of simulations and speed up the 
simulation time. This is important as the natural fracture distributions 
are generated using a statistical distribution which requires multiple 
realisations to be generated, to create an average production profile. 

The well orientation, θw, is the angle between the direction of 
maximum horizontal stress and the well. Hydraulic fractures should 
ideally extend perpendicular to the well therefore, hydraulic fractures 
create a zone between the neighbouring wells shown as the Production 
Volume in Fig. 1. For example, when considering well 1 (W1), hydraulic 
fractures propagate towards well 2 (W2) as well as in the opposite di-
rection away from W2. Hydraulic fracturing is modelled over a larger 
area than the production volume up to the Simulation Boundary as 
shown in Fig. 1 to account for this, and the simulation boundary is far 
from the tips of hydraulic fractures. Shale resources are typically 
developed using arrays of many parallel wells. As a result, the recovery 
from just the area between the two wells can be considered and multi-
plied by the area of a field to predict field recovery. 

It is assumed that natural fractures intersect the full depth of the 
shale formation in a vertical plane. The natural fractures are represented 
in this study by synthetic realisations created and distributed using a 
deterministic method. Each realisation of natural fractures can be 
defined by the mean natural fracture length, Lnf , the mean natural 
fracture spacing, Snf , and the mean orientation, θnf , which is the angle 
between the natural fractures and the direction of σhmax. Each realisation 
of natural fractures is unique and therefore multiple realisations were 
generated for each scenario, and executed through the stimulation, 
upscaling, and production simulation workflow to find an average gas 
recovery. 

In this study the natural fracture orientation θnf = 80◦ is used 
because in a previous study it was shown this orientation results in 
highly complex fracture networks which results in reduced recovery.20 

This orientation was also previously demonstrated to be an ideal 
candidate for changing the well orientation. Natural fracture spacing 
could increase the impact of hydraulic fracture propagation as spacing 
decreases. Small fracture spacing and large fracture length have a sig-
nificant impact on hydraulic fracture patterns, therefore we used Lnf =

30m and Snf = 10m in this study. 
Firstly, the impact of the differential horizontal stress and fracture 

toughness on hydraulic fractures propagation and production from these 
fracture networks will be studied independently. The impact of both 
together will also be tested to determine the impact on hydraulic frac-
ture propagation under different geological conditions. Finally, chang-
ing the well orientation under different conditions will be tested to 
determine the range of differential horizontal stress and fracture 
toughness over which changing the well orientation is beneficial. 

2.1. Hydraulic fracture propagation modelling 

Through using hydraulic fracture modelling software (Kinetix) we 
can capture the interactions between hydraulic and natural fractures 
which is the core aim of this study. 

To create the hydraulic fracture networks for our study, we used the 
well and stimulation designs that are from a field case study from North 
American as input to Kinetix, these details are shown in Table 1.29 The 
reservoir properties that are required in the hydraulic fracture propa-
gation modelling are provided in Table 2 and the reservoir is assumed to 
be homogenous. 

2.2. Fracture upscaling 

Conventional reservoir simulation software represents the reservoir 
commonly as a grid composed of regular rectangular cells with 

permeability defined in each of the axis directions orthogonal to cell 
faces with neighbouring cells. Representing the effect of complex hy-
draulic fractures modelled using the unconventional fracture model 
previously discussed within this reservoir simulation grid to simulate 
production represents a challenge. The Fracture Upscaling Method was 
used in this study, it alters the properties of a dual permeability reservoir 
simulation grid using a given discrete fracture network.19 

The fracture permeability in a cell, kf is given by the equation below. 
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This equation calculates the cell permeability based on the fracture 
aperture, wf , the average plane normal vector n̂f and fracture area on 
each cell faces Afx,Afy and Afz. An α = 2 × 10− 5 is used to account for 
the presence of proppant in the fractures which blocks some of the 
fractures and therefore reduces permeability.29 The other terms in this 
equation represent grid properties. The cell face areas are given by Ax,

Ay and Az and the grid axis unit vectors are given by ex, ey and ez (more 
details can be found in 19). 

In our study a single layer thickness grid was considered. The results 
are output as a simulation grid ready to be used in a conventional 
reservoir simulator. The discrete fracture models produced using Kinetix 
are no longer needed as they are captured in the altered reservoir 
simulation grid. 

2.3. Production modelling 

To model the production of gas from the simulation grid produced 
using the simulation grid output by the fracture upscaling method a 
reservoir simulation software is required. The commercial reservoir 

Table 1 
Well and stimulation design based on.29  

Property Value 

Well section length (m) 250 
Hydraulic fracture stages per well 3 
Fracture stage spacing (m) 47 
Perforation clusters per stage 4 
Perforation cluster spacing (m) 16 
Volume of injected slickwater per well (m3) 1300 
Mass of proppant injected per well (kg) 198,000 
Injection rate (m3/min) 47  

Table 2 
Properties of the reservoir used for propagation modelling of hydraulic 
fracturing.20  

Property Value 

Permeability (mD) 0.0008 
Porosity 0.12 
Formation thickness (m) 25 
Maximum Horizontal Stress (kPa) 51,200 
Minimum Horizontal Stress (kPa) 48,263 
Initial Reservoir Pressure (kPa) 31,026 
Poisson Ratio 0.23 
Young’s Modulus (kPa) 2.06× 107 

Natural Fracture Coefficient of Fraction (-) 0.6 

Natural Fracture Toughness (kPa.m
1
2) 

550 

Shale Gas Composition CH4  
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simulator CMG-GEM is used to model production as it can represent 
many different complexities of hydrocarbon transport phenomena in 
shale formations. Some of the reservoir properties used to model fluid 
flow such as permeability and porosity have already been defined when 
modelling fracture propagation and are detailed in Table 2. 

Shale formations exhibit a pressure dependant permeability and 
therefore a permeability modulus is used to modify the permeabilities.17 

km = kmie− γm(Pmi − Pm) (2)  

kf = kfie− γf (Pfi − Pf ) (3) 

These relationships alter the matrix and fracture permeabilities, km 

and kf respectively, from their original values kmi and kfi at the initial 
pressure of the reservoir. and γm and γf are the permeability moduli. Gas 
flow in fractures also requires a non-Darcy modifier to be applied. To 
account for non-Darcy flow in fractures, the Forchheimer correction is 
used, and non-Darcy parameters are given in Table 3.7,8 

To account for slip flow of the gas in the matrix, a Klinkenberg 
correction, Pkr is used.11 Also, gas desorption is modelled by using a 
Langmuir isotherm with the details provided in Table 3.1,10 The values 
provided in this table, are based on the outcome from a history matched 
model.20 

Gas production is controlled by a bottom hole pressure (BHP) 
schedule adapted from a field case29 in both wells and it is illustrated in  
Fig. 2. The relative permeabilities for matrix and fracture in this study 
are shown in Fig. 3. 

The simulation gird consists of a total of 125 × 150 × 1 cells with 
dimensions of 2 m × 2 m × 25 m. Sensitivity tests on the dimensions 
showed that these dimensions provide accurate results.19,20 All simula-
tions were performed on a desktop computer with 6 CPU cores (Intel 
Xeon E5645) at 2.40 GHz, and 64 Gb of RAM. Computational time for 
each case of hydraulic fracture propagation was around half an hour, 
and the modelling of 5000 days of gas production using the upscaled 
grid took between half an hour to one hour using CMG-GEM. 

3. Results and discussion 

3.1. Effect of differential horizontal stress 

To explore the effect of the differential horizontal stress on hydraulic 
fracture patterns, hydraulic fracture propagation was modelled for 
different in-situ stress states. Therefore, minimum horizontal stresses 
ranging from σh,min = 40,000kPa to 56,000kPa were used with the dif-
ferential horizontal stress varying from Δσh = 4,137kPa up to a 
maximum of Δσh = 20,685kPa. The well orientation is kept in the same 
direction as the minimum horizontal stress (θw = 90◦). A constant nat-
ural fracture strength of 550kPa • m1/2 is used representing a partially 
cemented natural fracture. The hydraulic fracture patterns are shown in  
Fig. 4 under both high and low differential horizontal stresses. 

This shows that under high differential horizontal stress, hydraulic 
fractures extend perpendicular to the well and cross natural fractures 
instead of reorienting and following the plane of natural fractures. While 
in the low differential stress case, hydraulic fracture networks are highly 
complex and branched, this results in poor connectivity with the for-
mation deepest between the two wells. As a result, Fig. 5a shows that the 
pressure deep in the formation after 2000 days is still nearly 30,000 kPa 
and almost unchanged since the start of production. Nevertheless, at the 
high differential stress the pressure is reduced everywhere in the 
formation. 

This process can be shown in Fig. 6 which illustrates hydraulic 
fractures initiate in the same direction as the maximum horizontal stress 
(Fig. 6i) and they continue propagating in this direction until they 
intersect a natural fracture (Fig. 6 ii). What happens next depends on 
what is most efficient. The hydraulic fractures can either propagate 
along the natural fractures (iii) or cross them (iv). This has been studied 
extensively in previous fracture modelling and can be captured in 
fracture modelling software.31 Crossing the natural fractures results in 
simple fractures that extend deeper into the formation perpendicular to 
the direction of the well. However, if hydraulic fractures reorient and 
follow the plane of natural fractures, then complex fracture networks 
will be created with a component of the extension parallel to the di-
rection of the well. 

This means that at higher differential horizontal stress, a higher 
maximum horizontal stress is exerted on the natural fracture opposing 
the hydraulic fracture propagating along it. This results in hydraulic 
fractures that propagate mainly perpendicularly to the well into the 
formation instead of laterally along the well. The gas production as a 
function of differential horizontal stress for different minimum 

Table 3 
Reservoir and fluid properties.20  

Property Value 

Matrix permeability modulus, γm (kPa− 1)  4.35× 10− 6 

Fracture permeability modulus, γf (kPa− 1)  4.35× 10− 5 

Maximum adsorbed gas,qCH4,max (mol/kg)  0.23 
Langmuir isotherm(CH4) (kPa− 1)  2.9× 10− 4 

Pkr (kPa)  500 
Non − Darcy modifierαg(m− 1) 4.76× 109 

Non − Darcy modifier N1g (-)  1.021 
Initial water saturation in fracture (-)  1.0 
Initial water Saturation in matrix (-)  0.10 
Shale density (kg.m− 3)  1992 
Fracture porosity (-)  0.001 
Reservoir Temperature (℃)  55  

Fig. 2. Bottom hole pressure (BHP) schedule in production wells (adopted from 
Sherratt et al. 20). 

Fig. 3. Relative permeability curves for the matrix and fracture in shale 
formations.6 
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horizontal stress conditions is shown in Fig. 7 after 500, 1000 and 2000 
days. In Fig. 8, we compared the gas production after 2000 days under 
different minimum horizontal stresses and differential horizontal 
stresses. 

This shows that for all cases, as the differential stress increases re-
covery also eventually increases significantly. However, they all show a 
trend of recovery reducing initially as the differential stress increases. 
This may be explained as the small increase still results in hydraulic 
fractures propagating along natural fractures but the increased resis-
tance results in less extensive fracture networks with reduced aperture 
limiting the ability of gas to flow back to the well. For all cases after 

2000 days with Δσh = 4137kPa gas production is less than 2.75 ×

107sm3 which increases to a cumulative volume between 3.25 × 107sm3 

and 4.5 × 107sm3 as differential horizontal stress increased up to Δσh =

20,685kPa. It also shows that a larger increase in differential stress is 
required to change the behaviour as σh,min increases. 

Fig. 7 and Fig. 8 also show that there is a small decrease in recovery 
for small increases in Δσh. This is most likely a result of the increased 
opposition to hydraulic fractures propagating along natural fractures. In 
other words, there is a transition for the dominance of differential hor-
izontal stress over the natural fracture effects, it is still easier for frac-
tures to reorient and follow the plane of natural fractures rather than 
crossing them resulting in interacting rather than crossing behaviour. 

To summarise, these results show that when hydraulically fracturing 
the naturally fractured formations under low differential horizontal 
stress, highly complex hydraulic fracture networks are created that do 
not propagate deep into the formation. This will have an impact on the 
field development of naturally fractured shale formations as low dif-
ferential horizontal stresses will require tighter well spacing than an 
identical formation under greater differential horizontal stress. Thus, 
under a high differential horizontal stress, the effect of natural fractures 
is insignificant and could be ignored when designing the hydraulic 
fracturing process. 

3.2. Effect of natural fracture toughness 

The toughness of natural fractures represents the resistance of the 
natural fracture when hydraulic fractures propagate along them. This 
shows the difference between an open natural fracture which would 
have 0 fracture toughness, and a sealed fracture with very high fracture 
toughness and everything in between. To explore the impact of tough-
ness of natural fractures on the hydraulic fracture patterns a range of 
toughnesses from 0kPa • m1/2 to 3500kPa • m1/2 with σh,min = 44000kPa 
and different values of differential horizontal stress Δσh were consid-
ered. 

Fig. 9 shows the fracture networks that are developed for two cases of 
high fracture toughness of 3500kPa • m1/2 and low fracture toughness of 
1000kPa • m1/2 with Δσh = 4137kPa. 

This shows that as fracture toughness increases, the resistance of 
hydraulic fractures propagating along the plane of natural fractures 
increases, and therefore they cross the natural fractures rather than 
propagating along their direction. This leads to hydraulic fractures that 
extend into the formation instead of propagating along laterally along 
the well, which in turn increase the recovery from the reservoir. The 
effect of fracture toughnesses on the cumulative gas production is shown 
in Fig. 10. 

Fig. 4. Hydraulic fracture propagation under σh,min = 44000kPa and a) Δσh = 4137kPa and b) Δσh = 16458kPa.  

Fig. 5. Reservoir pressure after 2000 days of production under under σh,min =

44000kPa and a) Δσh = 4137kPa and b) Δσh = 16458kPa. 

Fig. 6. Schematic showing both interacting and crossing hydraulic fracture 
behaviour with natural fractures. 
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This shows that under a low natural fracture toughness the recovery 
is low and less than 3 × 107 sm3 after 2000 days production for all 
cases. As fracture toughness increases there is an increasing trend for gas 
production that reaches to above4 × 107 sm3 after 2000 days of pro-
duction for all cases. The gas production after 1000 days for all cases is 
shown in Fig. 11. 

It demonstrates the fracture toughness range over which the 
increasing gas production occurs. This indicates the values of fracture 
toughness for different values of differential horizontal stress with a 
minimum horizontal stress of σh,min = 44000kPa. As the differential 

horizontal stress increases, the crossing phenomena of hydraulic frac-
tures through natural fractures starts becoming dominant at lower 
values of differential horizontal stress. 

These outcomes demonstrate that the natural fracture toughness 
must be considered when planning hydraulic fracturing in naturally 
fractured shale formations. Low natural fracture toughness is more 
likely to lead to the development of highly complex hydraulic fracture 
networks that will require smaller well spacing to achieve efficient re-
covery from the formation. However, high natural fracture toughness 
will result in more crossing behaviour and therefore they will have less 
of an impact on hydraulic fracture propagation. 

Fig. 7. Cumulative gas production after 500, 1000 and 2000 days under different differential horizontal stresses and minimum horizontal stresses.  

Fig. 8. Cumulative gas production after 2000 days under different stress conditions.  
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3.3. Effect of changing well orientation 

It was previously reported that drilling wells in a different orienta-
tion than the standard practice could increase the stimulated reservoir 

volume in hydraulic fractured wells.20 However, the maximum hori-
zontal stress in such cases is not large enough to impose resistance 
against opening the planes of natural fractures by hydraulic fractures. 

The results presented in our study so far have shown that increasing 
both the differential horizontal stress and the natural fracture toughness 
have the effect of increasing the resistance against fractures propagating 
along natural fractures. Therefore, under different geological and geo-
mechanical conditions hydraulic fractures may not exploit the plane of 
natural fractures and the orientation of hydraulic fractures is mainly 
controlled by the direction of maximum horizontal stress. This means 
that changing the orientation of the well in naturally fracture formations 
will be favourable in some geological and geomechanical conditions. 

To test the impact of both parameters on hydraulic fracture propa-
gation, simulations were run using the industry standard well orienta-
tion (θw = 90◦), with differential horizontal stresses from 
Δσh = 1000kPa to Δσh = 10000kPa and natural fracture toughness from 
0 to 4000 kPa • m1/2. Fig. 12 shows the cumulative production after a) 
500 days, b) 1000 days and c) 2000 days under a variety of fracture 
strengths and differential stresses. The minimum stress in all cases is 
σh,min = 48263kPa.. 

This shows that recovery is greatest when differential stress and 
fracture toughness are both high. This is a result of the hydraulic frac-
tures displaying crossing tendencies rather than interacting with the 
natural fractures and propagating along them as demonstrated in 

Fig. 9. Hydraulic fracture propagation with a) high natural fracture toughness 3500kPa • m1/2 and b) low natural fracture strength 1000kPa • m1/2 with σh,min =

44000kPa and Δσh = 4137kPa. 

Fig. 10. Cumulative gas production with different natural fracture toughness 
and a) Δσh = 4137kPa, b) Δσh = 6205kPa and c) Δσh = 8274kPa and σh,min =

44000kPa. 

Fig. 11. Cumulative gas production after 1000 days for different fracture 
toughnesses and differential horizontal stress Δσh with σh,min = 44000kPa. 
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Sections 3.1 and 3.2. This demonstrates the range of natural fracture 
toughnesses and differential horizontal stresses under which the natural 
fractures have the largest effect on recovery. In the regions where re-
covery is high, this suggests that natural fractures are having limited 
impact on the propagation of hydraulic fractures and therefore their 
characteristics are less important as they do not interfere with hydraulic 
fracturing process. On the other hand, in the region where recovery is 
very low this suggests that the natural fractures will have a remarkable 
influence on the propagation of hydraulic fractures and therefore more 
attention should be paid in properly defining them. 

To understand the role of changing the well orientation, simulations 
were conducted for the same scenarios but with a well orientation of θw 
= 70◦. This is a 20◦ change from the industry standard practice which 
was suggested by Sherratt et al. 20 The cumulative recovery is shown in  
Fig. 13 and displays a similar trend as in Fig. 12 where the standard well 
orientation was used. As the differential stress and fracture toughness 
increase, the gas recovery also increases. 

Fig. 14 shows the difference between the recovery with the new well 
orientation θw = 70◦ (Fig. 13) and the standard orientation (θw = 90◦) 
(Fig. 12). This illustrates the conditions in which the change in well 
orientation increases recovery (red colour) and the cases which lead to a 
decrease in recovery (blue colour). 

Fig. 14 shows that the stimulated reservoir volume and consequently 
recovery can be increased by drilling wells in a modified direction when 
both the differential horizontal stress and fracture toughness are low. 
The results suggest that when fracture toughness is under 1000 kPa •

m1/2 with a differential horizontal stress up to 8000 kPa, a modified well 
orientation leads to higher recovery compared to a well that is drilled in 
a standard direction. Furthermore, with a differential horizontal stress 
under 2000 kPa a change in orientation is beneficial for all fracture 
toughnesses. These regions that show an increase in recovery are shown 
in Fig. 15 as the orange region. 

The window of differential horizontal stress and natural fracture 

toughness that represents the greatest opportunity for increasing re-
covery by changing the well orientation is characterised by low differ-
ential horizontal stresses and low fracture toughness. This suggests that 
in this orange region the hydraulic fractures are interacting with natural 
fractures within the reservoir. But outside of this region, the geo-
mechanical properties in the reservoir are opposing hydraulic fractures 
extending along the plane of natural fractures. Thus, the natural frac-
tures have a large impact on the resulting trend of the orientation of the 
hydraulic fractures. 

Fig. 12. Cumulative gas production as a function of differential stresses and fracture toughnesses after a) 500 days, b) 1000 days and c) 2000 days using the standard 
well orientation and σh,min = 48263kPa. 

Fig. 13. Cumulative gas production as a function of differential stresses and fracture toughnesses after a) 500 days, b) 1000 days and c) 2000 days using a well 
orientation of 70 degrees. 

Fig. 14. The change in cumulative production between the standard well 
orientation and the deviated well with different differential stresses and frac-
ture toughnesses after 2000 days. 
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The outcome of this study shows that drilling wells in a modified 
direction should only be considered if the hydraulic fractures are ex-
pected to exploit natural fractures when differential horizontal stress or 
fracture toughness are low. 

In our study, a single natural fracture geometry in terms of orienta-
tion, spacing and length is considered. The behaviour of hydraulic 
fractures interacting with natural fractures is also impacted by the di-
rection of natural fractures and hence different orientation may have a 
different window over which well orientation change is beneficial. In 
addition, larger fracture length and smaller spacing can magnify their 
effect of natural fracture on the propagation of hydraulic fractures. The 
strength of the unfractured formation may also have a similar impact. 
Furthermore, the stimulation scheme can be optimised under different 
geological conditions including the injection rate, volumes, and prop-
pant types. The effects of these variables were not investigated in this 
study and are important to consider when determining economic 
viability. 

4. Conclusions 

This study explored the effects of differential in situ stress and nat-
ural fracture toughness on the propagation of hydraulic fractures in 
naturally fractured formations. It was found that hydraulic fractures 
only reorient and follow the plane of existing natural fractures when the 
differential horizontal stress and fracture toughness are low. At larger 
differential horizontal stress and fracture toughness values, the fracture 
networks become simpler as the propagating hydraulic fractures extend 
across natural fractures rather than being influenced by the direction of 
natural fractures. Therefore, there is a window of natural fracture 
toughness and in situ differential horizontal stress where a well orien-
tation change is beneficial. This means we can achieve a favourable 
hydraulic fracture networks that extend deep into the formation and 
provide a larger stimulated reservoir volume and consequently an 
increased recovery. Therefore, it is recommended that modifying the 
direction of drilling wells should be investigated carefully considering 
the reservoir geomechanical properties. 
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