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[bookmark: _Toc49428849]Abstract
Fracture interaction between hydraulic and natural fractures can affect the fracture conductivity, which causes the variation of production. The property of a shale reservoir, Preston New Road, is applied in a validated 3D finite element-based fracture mechanics model to investigate interaction effect. Fracture apertures, interaction maps and fracture pressure are utilised to qualify and quantify this effect. Natural fracture apertures will be dilated compared with isolated natural fracture when hydraulic and natural fractures are in a stacked configuration, and it will be closed in a coplanar configuration. The seismicity of Preston New Road during hydraulic fracturing likely results from fracture interactions. This effect is less obvious for higher matrix permeability and with larger distances between two fractures. From interaction maps, higher interaction effects are near the tip of hydraulic fracture. Increasing matrix permeability obtain bigger Ci and smaller Mi.  shows fully amplified at stacked configuration. In terms of different injection rates, the relative values of Ci and  are not variable with flow rates, but the magnitude of absolute values of stress intensity factors are different. The interaction effect can also have bigger impact on pressure in the natural fracture than that in the hydraulic fracture. When natural fracture is in a coplanar case, the interaction effect increases the pressure of natural fracture, and it is opposite in a stacked case. More fluid leak-off from the hydraulic fracture to matrix in a higher matrix permeability reduces hydraulic fracture growth, and increases pore pressure, which causes higher pressure in the natural fracture. In reality, the network which hydraulic fractures intersecting the natural fractures will obtain more production compared to an isolated natural fracture or hydraulic fracture. Moreover, the fluid leak-off between fracture and matrix can also open new path for fluid from porous media to wellbore to enhance production. When two fractures are stacked and close, it is easier for natural fracture to create heterogeneity network in a lower matrix permeability. This could lead to increase production significantly at the initial stage, but it is hard to keep it stable for a long time.
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[bookmark: _Toc49428858]Abstract
Fracture interaction between hydraulic and natural fractures can affect the fracture conductivity, which causes the variation of production. The property of a shale reservoir, Preston New Road, is applied in a validated 3D finite element-based fracture mechanics model to investigate interaction effect. Fracture apertures, interaction maps and fracture pressure are utilised to qualify and quantify this effect. Natural fracture apertures will be dilated compared with isolated natural fracture when hydraulic and natural fractures are in a stacked configuration, and it will be closed in a coplanar configuration. The seismicity of Preston New Road during hydraulic fracturing likely results from fracture interactions. This effect is less obvious for higher matrix permeability and with larger distances between two fractures. From interaction maps, higher interaction effects are near the tip of hydraulic fracture. Increasing matrix permeability obtain bigger Ci and smaller Mi.  shows fully amplified at stacked configuration. In terms of different injection rates, the relative values of Ci and  are not variable with flow rates, but the magnitude of absolute values of stress intensity factors are different. The interaction effect can also have bigger impact on pressure in the natural fracture than that in the hydraulic fracture. When natural fracture is in a coplanar case, the interaction effect increases the pressure of natural fracture, and it is opposite in a stacked case. More fluid leak-off from the hydraulic fracture to matrix in a higher matrix permeability reduces hydraulic fracture growth, and increases pore pressure, which causes higher pressure in the natural fracture. In reality, the network which hydraulic fractures intersecting the natural fractures will obtain more production compared to an isolated natural fracture or hydraulic fracture. Moreover, the fluid leak-off between fracture and matrix can also open new path for fluid from porous media to wellbore to enhance production. When two fractures are stacked and close, it is easier for natural fracture to create heterogeneity network in a lower matrix permeability. This could lead to increase production significantly at the initial stage, but it is hard to keep it stable for a long time.
[bookmark: _Toc49428859]1. Introduction
Hydraulic fracturing has been widely used in the oil and gas industry since the 1940s (Zhang, Dontsov and Mack, 2017). It can enhance the permeability of the rock and improve recovery from both conventional and unconventional reservoirs, especially in shale formations. CO2 storage (Fu et al., 2017) and geothermal energy production (Thomas, Paluszny and Zimmerman, 2020a) also require an understanding of the dynamics of fluid-filled fractures. More recently, the induced seismicity caused by hydraulic fracturing has raised attention among governments, citizens and operators (Kettlety et al., 2019). In particular, the UK Oil and Gas authority found that hydraulic fracturing operations at the PNR1Z well at Preston New Road induced several large earthquakes (OGA, 2019).

It is already known that the behaviour of hydraulic fracture growth and propagation determine fracture complexity, which also affects production. In addition, fracture interaction between created and pre-existing fractures, anisotropy, the in situ stress ratio, and properties of fluid and natural fracture are the main factors that dominate fracture growth (Rueda Cordero et al. 2019; Zhang, Dontsov, and Mack 2017). A variety of research on hydraulic fracture geometries have been done through laboratory experiments, analytical solutions and numerical simulations. Modeling reservoirs with static properties and single fractures is mostly well understood (Adachi et al., 2007), however, multiple fracture interaction is more complex, because the stress field is altered by the fractures, and poroelastic effects and fracture growth cause convergence problems (Salimzadeh et al., 2017). 

In the recent years, studies have significantly improved 2D and 3D numerical modeling for simulating the fracture behaviour. For instance, the qualitive interaction between hydraulic and natural fractures, arresting, opening, and crossing, was investigated in tensile and compressive stress (Rueda Cordero et al., 2019). More quantitative analysis, interaction parameters and maps, were also obtained through observing the stress changes at the fracture tip (Thomas, Paluszny and Zimmerman, 2017). 

Increasing fracture connectivity can enhance the well production, however, over-simplified planar fractures lead to overestimating well productivity if a complex fracture network is created (Lin et al., 2015). The fracture interaction between hydraulic and natural fractures could increase the fracture conductivity (Wang et al., 2018), so it is important to do the further study on fracture interaction with advanced models to improve the production during hydraulic fracturing. In this work, I will continue to further study on quantifying fracture interaction based on a validated 3D finite element-based fracture mechanics model (Thomas, Paluszny and Zimmerman, 2017). A pre-existing natural fracture is created, and different matrix permeability, injection rate, total injection volume and fluid viscosity will be tested to investigate the changes in stress intensity factors (SIFs) at the tip of fracture. I will also use the simulation data to find the correlation between matrix permeability and SIF perturbation. At the same time, well performance will be compared in different scenarios. Through observing the fracture geometry after fracture interaction, it will improve our understanding of how fracture interaction changes productivity.
[bookmark: _Toc49428860]2. Literature Review
In the 1950s, the first simple theoretical model of hydraulic fracture was created, which illustrated the relationship between mechanical theories of rock stress and fracture dimensions (Harrison, Kieschnick, and McGuire 1954, Adachi et al. 2007). In the following years, Khristianovich and Zheltov (1955), Greetsma and de Klerk (1969) independently created the KGD model. They predicted the fracture width and radius in particular shapes with highly viscous fracturing fluid. Nordgren (1972) incorporated Perkin and Kern (1961)’s model PK to create the PKN model that added the effects of fluid loss and fracture volume change. These two models are the most widely used  2D hydraulic fracture propagation models (Kolawole and Ispas, 2020). After the great influence of natural fractures on hydraulic fracture behavior was observed (Taheri-Shakib et al., 2018), a variety of models focused on interaction between hydraulic and natural fracture were introduced. 

Initially, it was understood that interaction between hydraulic fractures and natural fractures occurred when they intersected each other. Blanton (1982) performed hydraulic fracturing experiments under triaxial states of stress to find that hydraulic fractures were prone to cross natural fractures only under high stress ratios and high approach angles. Bahorich, Olson, and Holder  (2012) used experiments to confirm that hydraulic fracture intersections with cemented natural fractures were complex. Bypass, separation of weakly bonded interfaces, diversion, and mixed mode extension were all found. This was also consistent with the results of microseismic monitoring, when Fisher et al. (2005) investigated the fracture network during hydraulic fracturing in the Barnet Shale. In terms of analytical solutions, Gu et al. (2012) developed a criterion to determine whether a hydraulic fracture crosses a pre-existing fracture at nonorthogonal angles. Chuprakov et al. (2014) considered fluid leak-off into natural fractures and angles of interaction to develop a new analytical model and observed that the properties of the natural fracture and fluid injection parameters could control fracture interaction. 

In recent years, more numerical models have been used to analyze fracture interaction. Ren et al. (2015) used the discrete element method (DEM) to simulate natural fracture network permeability. They found that changes of intersection angle between hydraulic and natural fractures could affect the characteristics of permeability anisotropy. Jaber et al. (2018) used the distinct-element method to confirm that increasing the fracture length and aperture could fluctuate the production rate. Zhang (2017) combined the discrete and continuum numerical together to study hydraulic fractures crossing natural fractures, and proposed that besides the intersection angle, material inhomogeneity could also affect crossing behaviour. On a fully coupled 2D finite element methodology (FEM), Rueda Cordero et al. (2019) plotted diagrams of interaction between hydraulic and frictional natural fractures as a function of approach angle, stress ratio and natural fracture friction angle, and found that low approach angles and low friction angles increase slippage along the natural fracture. 

Compared with 2D modelling, 3D modeling is more complete way to represent fracture growth and geometry. Mejia et al. (2020) improved the model of Rueda Cordero et al. (2019), changing it into a 3D zero-thickness interface element model with a damage constitutive model, and observed fracture interaction that could not be captured by a 2D model. They highlighted that in-situ stress and approach angles between hydraulic and natural fractures were the most important parameters to affect fracture interaction. Paluszny and Zimmerman (2013) created a robust and validated three-dimensional model, which took fracture flow, matrix flow, fracture propagation and poroelastic deformation into consideration, and used the displacement correlation method to calculate the stress intensity factors to govern fracture growth. Salimzadeh et al. (2017) used this model to simulate simultaneous and sequential fracturing, finding that the hydraulic fractures tend to go apart from each other as a result of surrounding fractures. Thomas et al. (2017) extended the analysis of fracture interaction by quantifying the spatial of SIF changes in three model of fracture tip deformation. Almulhim et al. (2019) presented how the approach angle and fluid leak-off to the porous rock matrix affected the fracture interaction. They also demonstrated that the natural fracture could open before the hydraulic fracture intersected it.
[bookmark: _Toc49428861]3. Methodology
In this work, a 3D fracture model is used, based on the Imperial College Geomechanics Toolkit (ICGT), which is specifically introduced by Paluszny and Zimmerman (2013). Fractures are defined as circular disc shapes with discretized meshes. Matrix and fractures are represented by two different types of elements, isoparametric quadratic tetrahedra and quadratic triangles respectively. Fractures regions are discretized as a 2D surface surrounded by a 3D rock volume (Thomas, Paluszny and Zimmerman, 2020b). It assumes that each fracture has two surface elements and fracture tips are the shared edges when two elements connect (fracture terminates) (Figure 1). In order to describe fracture growth explicitly, the fracture tips are divided into several tip nodes. Under deformation, fracture tips grow, which creates new tip nodes. We can observe the changes of tip stress intensity factors to predict the length and direction of fracture growth (Thomas, Paluszny and Zimmerman, 2020b). In the present work, I use stress intensity factors (SIFs) at each tip node as a parameter to quantify fracture growth. SIFs are the function of stress and displacement along fracture tips, and represent the energy release. SIFs are calculated by disk method which is more accurate than the displacement correlation approach (Nejati, Paluszny and Zimmerman, 2015). 

The matrix is assumed to be linear-elastic and homogeneous, and the finite element method is used to calculate stress and deformation (Cook, 2007). The model also considers flows within the matrix, fractures, poroelastic deformation, and leak-off between the fractures and the matrix. Along the fractures, fluid flow is laminar flow, and is calculated based on lubrication theory incorporated hydraulic loading on the fracture surfaces. In addition, Darcy flow within matrix is related with mechanical deformation model, and it determines the size of fracture aperture. The porous medium is stress equilibrium, filled with single phase flow in the initial state. When the pressure loaded at the fracture wall exceeds critical stress, fluid change will occur between fracture and matrix (Salimzadeh et al., 2017).

The model has been validated against experimental and analytical conclusions. Salimzadeh et al. (2017a) compared asymptotic analytical solutions in penny-shaped fracture with simulation results to show the model is accurate in different regimes of fracture growth. Then they used this model to study the propagation of simultaneous and sequential fractures in different stress, which was consistent with analytical solutions (Salimzadeh et al., 2017). Thomas, Paluszny and Zimmerman (2020a) demonstrated it described multiple fracture growth in a 3D model compared with experimental cases. 
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[bookmark: _Toc49116894][bookmark: _Toc49117228][bookmark: _Toc49420689][bookmark: _Ref49431213]Figure 1. Fracture geometry A: Dics-shaped fracture model. The radius of fracture is 1m and the fracture tip is divided into 60 tip nodes.  B: Schematic of fracture surface element shared edges
[bookmark: _Toc49428862]3.1 Stress Intensity Factors
[bookmark: OLE_LINK2][bookmark: OLE_LINK3]In the present work, the interaction between hydraulic and natural fractures is quantified by stress intensity factors (SIFs). These factors represent the energy release of fracture tips when the fracture deforms, and the deformation of fracture tips is showed in three modes, opening (mode I), in-plane shear (mode II), and out-of-plane shear (mode III) (Figure 2) (Thomas, Paluszny and Zimmerman, 2017). Additionally, SIFs are affected by geomechanical parameters, fracture size, fracture separation, and fracture properties (Kamaya, 2008). By computing SIFs at different steady states, I can obtain how the interaction impacts facture growth. In this work, SIFs are calculated twice at every state, which are two fractures () and only one fracture () in the domain. I consider the difference between  and  only due to interaction effects of hydraulic and natural fractures.
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[bookmark: _Toc43236856][bookmark: _Toc43237301][bookmark: _Toc49116895][bookmark: _Toc49117229][bookmark: _Toc49420690][bookmark: _Ref49431243]Figure 2. Fracture tip deformation modes: mode I represents opening; mode II represents in-plane shear; mode III represents out-of-plane shear. From (Thomas, Paluszny and Zimmerman, 2017)
Comparing  and  can only quantify interaction effects at individual tip nodes of fractures. When considering a single value to summarise the interaction effects on a fracture, I use three methods: circumferential SIF perturbation (C), maximum SIF perturbation (Mi), and amplification to shielding ratio (). These methods are detailed by Thomas, Paluszny and Zimmerman (2017). The equations are as follows:

                                                 C =,                                                 (3.1)

where C is the total value of circumferential SIF perturbation for three modes. I, II and III are the three deformation modes at the fracture tips. and are the SIFs of isolated and interacting fractures, and  is the length of each fracture. For each mode,

                                                Ci =，i=I, II, III.                                            (3.2)

The value of C quantifies how surrounding factures affect one facture in the whole modes. The higher values illustrate the more effect by fracture interaction. Each fracture separation is calculated one C, which could be compared to obtain the relation between interaction effect and fracture separation. Ci offers the effect on each mode. As these values describe the entire fracture, they do not have any directions.

Maximum SIF perturbation (Mi) is defined as

                                                         Mi = max (|-|), i=I, II, III.                                                (3.3)

This value is focused on one specific location of fracture tip on each mode. It is the maximum difference at the fracture tip, and each mode has a unique value. Mi represents the greatest change caused by fracture interaction, which could also describe the magnitude of interaction effect at different fracture separation. The amplification to shielding ratio () is calculated as

                                                       = , i=I, II, III.                                                    (3.4)

where  is the total areas of tips where SIFs are only amplified due to interaction effects and  is the total areas where shielded. From the definition, when  equals -1, the fracture is totally shield and when it equals 1, the fracture is amplified. If  is between -1 and 1, parts of the fracture tips are amplified and the others are shielded. It means when the fracture is amplified, it is prone to growth. When  is equal to zero, equal parts of the fracture are amplified and shielded.

The variation of interaction measures with fracture location can be plotted in space as a map, known as an interaction map which are introduced by Thomas, Paluszny and Zimmerman (2017). In this map, the location of hydraulic fracture is fixed, and when natural fracture moves along X–Z plane, different SIFs will be recorded. We use the location of natural fracture as the X and Z coordinates, and Ci and  as values to plot the interaction maps. Based on these maps, we can also change the properties of fracture or matrix to plot other interaction maps to see how different properties affect the interaction behaviour.

[bookmark: _Toc49428863]3.2 Model Validation
[bookmark: OLE_LINK1]In this model, any geometries of fractures can be created. In order to simplify analysis, disk shape fractures are assigned in a 2020 20 m box. The applied tensile stress is 1x106 Pa; the inclination of the fracture plane relative to the load is 45°; the Poisson’s ratio of the medium is 0.2; Young’s modulus is 20x109 Pa. To validate the model, computing values are also compared with analytical solutions provided by Kassir and Sih (Kassir and Sih, 1975):

                                                        KI = 2                                                      (3.5)

                                                                KII =                                                           (3.6)

                                                           KIII =                                                       (3.7)

where K is the stress intensity factor, I, II and III are the three deformation modes at the fracture tips;  is applied tensile stress;  is the fracture radius, which is calculated by the distance between the center of fracture and each node; b is the inclination of the fracture plane relative to the load direction;  is the Poisson’s ratio; is the angle around fracture, which is calculated by using the dot product between a reference vector (an arbitrary direction, in this case towards the top of the fracture) and each tip vector, where both vectors start from the center of the fracture.

The stress intensity factors are computed on fractures with 20, 40, 60, 80, 100 tip nodes, both in simulation and analytical methods. The higher number of tip nodes means the meshes in fracture tips are denser. The solutions of the analytical and numerical methods match well, and increasing the number of tip nodes improves match. In this case, 100 tip nodes is shown to have the best accuracy (Figure 3).

[image: ]
[bookmark: _Ref49076510][bookmark: _Toc49116896][bookmark: _Toc49117230][bookmark: _Toc49420691]Figure 3. Stress intensity factors at 100 tip nodes match between simulation results and analytical solutions
To quantify the error between simulation and analytical solutions, we use the total error for all three modes proposed by (Nejati et al. 2015a): 

[bookmark: OLE_LINK4][bookmark: OLE_LINK5]                                                          e =                                                      (3.8)

where  is three deformation modes, which has been introduced previously, Lf is the fracture circumference,  is the stress intensity factor of analytical solution at three modes,  is the stress intensity factor of simulation results,  is the length of each fracture. After calculation, the error value of 100 tip nodes is the smallest, 1.59%. The largest value is 2.91% at 20 tip nodes (Figure 4). From the computing results, it is easy to find that increasing number of tip nodes shows more accuracy of stress intensity factors. Taken computing time and accuracy into consideration, 20 tip nodes is the best for our analysis, with an error of 2.95%.
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[bookmark: _Ref49081832][bookmark: _Toc49116897][bookmark: _Toc49117231][bookmark: _Toc49420692]Figure 4. Error in stress intensity factors corresponding to number of tip nodes
[bookmark: _Toc49428864]4. Experiment Setup
I use hydraulic fracturing to enhance production in most unconventional reservoirs. In order to make this analysis have wide application in oil and gas industry, the properties of model are based on Preston New Road, Lancashire, which is a shale reservoir. This field is regarded as the research subject of hydraulic fracturing inducing seismicity by the UK government (Kettlety et al., 2019), therefore, there is a large amount of experimental and analytical data we can obtain to study on.

[bookmark: OLE_LINK6][bookmark: OLE_LINK7][bookmark: OLE_LINK12][bookmark: OLE_LINK13]The model is a 9090 60 m volume. It contains a 4 m radius disc-shaped hydraulic fracture and the same shape natural fracture with 1 m radius. The orientation of two fractures are perpendicular. The property of reservoir is based on the depth of 2300 m in Preston New Road. The load pressure to model is 1106 Pa from the top, which is the order of magnitude of the in situ stress, and the values are different depending on the direction. The other properties of model are listed in Table 1. In this experiment, I chose matrix permeability, injection rate, total injection volume and fluid viscosity as variable parameters to observe how these properties affect the fracture growth. Then I focus on the permeability of matrix to do further analysis. I am more interested in the permeability of matrix because it is a more sensitive parameter and it can also give good advice for permeability enhancement needed of fracturing work in the future. I use 6.28×10-19 m2 (Preese Hall-1), 6.28×10-15 m2, 6.28×10-13 m2 as variable parameters of matrix permeability, and the other parameters are constant. In each step, the location of hydraulic fracture is fixed as the natural fracture moves around hydraulic fracture. By comparing stress intensity factors at isolated fracture and fracture interactions, I plot the interaction maps at three different permeability of matrix. Finally, these maps quantify the fraction interaction effect. In addition, the pressure of fractures, displacement and aperture of fractures are the other properties which explain the fracture interaction. 

[bookmark: _Ref45226533][bookmark: _Toc49117070][bookmark: _Toc49117765]Table 1 Properties in the model
	Property
	Value
	Unit

	Depth (TVD)
	2300
	m

	Fracture tip nodes
	40
	

	[bookmark: OLE_LINK10][bookmark: OLE_LINK11]Young’s modulus
	25
	GPa

	Poisson's ratio
	0.25
	

	Porosity
	5.55
	%

	Permeability (Matrix)
	6.28×10-19
	m2

	Bulk modulus (rock skeleton)
	31.5
	GPa

	Compressibility
	10-6
	Pa-1 (Westwood et al., 2017)

	Aperture (Natural fracture)
	0.5
	mm

	Friction coefficient (Natural fracture)
	0.4
	

	friction angle
	25.17
	° (Westwood et al., 2017)

	Cohesion stress
	0.05
	MPa

	Fluid Viscosity
	0.001
	MPa.s

	Injection rate
	0.07
	m3/s

	Minimum horizontal stress
	43.6
	MPa (de Pater and Baisch, 2011)

	Maximum horizontal stress
	73.4
	MPa (de Pater and Baisch, 2011)

	Vertical stress
	54.3
	MPa (de Pater and Baisch, 2011)

	Pore pressure
	3.6×107
	Pa

	Critical intensity factor
	6.5×106
	Pa.m-1/2 (Liu, Ostadhassan and Bubach, 2016)



[bookmark: _Toc49428865]5. Results and Discussion
According to variable experiments setup, the results are received from numerical simulations. It is easy to find that there are negative KI values, which means the fracture will remain closed if it is an initially closed fracture. But for the finite element perspective, it means the two sides of the fracture are inter-penetrating, which is technically non-physical. In reality, when fracture is closed, the friction and force from the other side of the fracture keep the sides from penetrating. This will change the values of SIFs. In order to avoid this issue, I impose a 108 Pa magnitude of stress on the natural fracture’s surfaces, which acts like a fluid pressure, forcing the initial natural fracture open at the isolated state. The magnitude of this stress is 10 times more than the maximum horizontal stress, but it is a small force in the domain compared to the stress acting on the boundaries. When the hydraulic fracture is present, the interaction effect may force natural fracture closing, which becomes shear effects instead. Because of this, the simulation results probably overestimate KI, and underestimate the slip effects. In the following section, the results will be discussed from three perspectives.

[bookmark: _Toc49428866]5.1 Fracture aperture
The interaction effect can change the sizes of hydraulic and natural fracture aperture. In this work, the hydraulic fracture is fixed, and the location of natural fracture is moved. Two specific fracture configurations, stacked and coplanar (Figure 5.a), show different response to the fracture effect. There are no big differences of hydraulic fracture apertures between different steps of two configurations at the same matrix permeability (Appendix D, Figure I, II). For the isolated hydraulic fracture, the aperture is bigger at lower matrix permeability due to less liquid leak-off from hydraulic fracture to matrix. In terms of natural fracture aperture, I compare it along the Y direction (Figure 5.b). From Figure 5.c and d, we can easily find that when natural fracture is stacked, it will be dilated. In contrast, it will be closed at the coplanar configuration. With increasing the distance between hydraulic fracture and natural fracture, this effect decreases. Additionally, aperture sizes of natural fracture will increase with lower matrix permeability, which is similar to isolated hydraulic fracture case. In this experiment, if matrix permeability decreases six orders of magnitude, the natural fracture aperture will be opened 2.5 times larger than the original one. It is already known that Preston New Road experienced several earthquakes during hydraulic fracturing (Kettlety et al., 2019). From above analysis, these earthquakes could result from fracture interaction greatly increasing natural fracture aperture in a stacked configuration, which controls the magnitude of induced seismicity.

[image: A picture containing dark, light

Description automatically generated][image: A picture containing dark, view, looking, seen

Description automatically generated] [image: ]
                                       (a)                                                 (b)
[image: A close up of a logo

Description automatically generated][image: A screenshot of a cell phone

Description automatically generated]
                                     (c)	                        (d)
[bookmark: _Toc49116898][bookmark: _Toc49117232][bookmark: _Toc49420693][bookmark: _Ref49430974]Figure 5. The changes of fracture aperture in two configurations. a. Stacked and Coplanar configuration. b. Natural fracture aperture at matrix permeability of 6.28×10-13 m2. c , d. Sizes of natural aperture along the in situ stress direction at matrix permeability of 6.28×10-13 m2and 6.28×10-19 m2. NF3-6 and represents natural fracture moves from close to far away from hydraulic fracture in coplanar and stacked configuration respectively.  Solid line represents coplanar configuration and dash line represents stacked configuration.
[bookmark: _Toc49428867]5.2 Interaction maps
Based on the property of Preston New Road, three matrix permeabilities are examined. Figure 6 and Figure 7 present interaction maps for two matrix permeabilities. In this work, I ignore the region of fracture overlapping, which is the most perturbed (Thomas, Paluszny and Zimmerman, 2017). CII and CIII are more perturbed than CI, and the most perturbed region is along z=4. This result indicates that higher interaction effect is near the tip of hydraulic fracture. When the matrix permeability decreases, it shows a lower magnitude of the interaction effect. In terms of Mi, its distribution presents completely different result compared with Ci. MI is bigger than MII and MIII, and the value is the biggest when two fractures are close. With the matrix permeability decreasing, the Mi becomes bigger.  shows that the distributions of amplifying and shielding are caused by interaction effect. It is obvious that in the majority of cases, hydraulic fractures are amplified by interaction effect, especially in the fully stacked case in mode I. In mode II and III, natural fractures at z=4 and x=0 present a shielded zone. When matrix permeability changes, the distribution of amplified and shielded zones are also altered in three modes. In a lower matrix permeability, the scale of amplified zone becomes bigger in mode III, and the magnitude of amplifying in mode II tends to be smaller. 

In order to find when fractures do not feel an effect from one another, I calculated C under coplanar and stacked configurations for a permeability of 6.28×10-19 m2. From Figure 8, when the distance between two fracture centers is above 6m under stacked case and 4 m under coplanar case, the C value will be below 0.002. This value is small enough that can neglect fractures effect.
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[bookmark: _Toc49116899][bookmark: _Toc49117233][bookmark: _Toc49420694][bookmark: _Ref49431314]Figure 6. Interaction maps of Ci , Mi and ϵi for a matrix permeability of 6.28×10-13m2
[bookmark: OLE_LINK8][bookmark: OLE_LINK9]If I regard injection rates as a variable property, Ci and  are not variable with flow rates in the interaction maps (Appendix D, Figure III, IV). It is because that these values in the interaction maps are relative, which interacting SIFs are compared to SIFs at the tip of isolated fracture for the entire fractures. Each absolute value of fracture tip is increased with increasing injection rate, and the curves of SIFs are the same, but the magnitude of SIFs is different (Figure 9). This also demonstrates that higher injection rate causes bigger deformation of fractures. Mi describes the maximum difference between interacting and isolated SIFs at one location of fracture tips, which is an absolute value, so its interaction maps are different with variable flow rates.
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[bookmark: _Toc49116901][bookmark: _Toc49117235][bookmark: _Toc49420695][bookmark: _Ref49431317]Figure 7. Interaction maps of Ci ,Mi and ϵi for a matrix permeability of 6.28×10-19m2
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[bookmark: _Ref49118969][bookmark: _Toc49116902][bookmark: _Toc49117236][bookmark: _Toc49420696]Figure 8. Variation of C with fracture separation
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[bookmark: _Ref49118862][bookmark: _Ref47965742][bookmark: _Toc49116903][bookmark: _Toc49117237][bookmark: _Toc49420697]Figure 9. SIFs of isolated fracture and interacting state at 0.1 m3/s and 0.3m3/s injection rates
[bookmark: _Toc49428868]5.3 Pressure of fractures
The interaction effect can also have impact on both pressure of hydraulic and natural fractures. From Figure 10, I can observe that when natural fracture is in a coplanar case, the interaction effect will increase the pressure of natural fracture, and it is opposite in a stacked case.  Additionally, the interaction effect will decrease with bigger distance between hydraulic and natural fractures. In my experiment, the maximum NF pressure increase of interaction effect will be 109 order of magnitude compared to isolated NF. In terms of hydraulic fracture, both the coplanar and stacked configurations will decrease the pressure of hydraulic fracture. This means the interaction effect will increase the liquid leak-off from hydraulic fracture to matrix, and less liquid in the hydraulic fracture leads to lower pressure, which is similar to the scenario of increasing matrix permeability. The magnitude of interaction effect on coplanar case is bigger than stacked case. But it is so small, within 10 order of magnitude, compared to natural fracture. In addition, more liquid in the matrix causes higher pore pressure, and this will increase the pressure in the natural fracture. 
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[bookmark: _Ref49118833][bookmark: _Toc49116904][bookmark: _Toc49117238][bookmark: _Toc49420698]Figure 10. Interaction effect on pressure of fractures. Interaction effect on pressure of fractures. a. The changes of NF pressure in coplanar and stacked cases. b. The changes of HF pressure in coplanar and stacked cases. c. Pressure of isolated NF at two matrix permeability. d. Pressure of isolated HF at two matrix permeability.
[bookmark: _Toc49428869]5.4 Interaction effect on production
In reality, the connectivity of fractures significantly contributes to production. The network which hydraulic fractures intersecting the natural fractures will obtain more production compared to an isolated natural fracture or hydraulic fracture. Moreover, the fluid leak-off between fracture and matrix can also open new path for fluid from porous media to wellbore to enhance production (Makedonska et al., 2020).

In this work, I demonstrated that interaction effects could affect fracture aperture. For higher variability of fracture aperture, the initial production is better, but the decline is fast. More uniform fracture aperture leads to steady production rates (Karra et al., 2015). Based on interaction effect between hydraulic and natural fractures, when two fractures are stacked and close, it is easier for natural fracture to create heterogeneity network at lower matrix permeability. This could lead to increase production significantly at the initial stage, but it is hard to keep it stable for a long time.

Even though there is no big difference between Ci and  in the interaction maps, increasing the injection rate or total injection volume can increase the possibility of deformation at the fracture tips from higher value of SIFs. When SIFs exceed the critical stress intensity factor, the fractures tend to propagate, which could increase the connectivity of reservoir to enhance production. In this work, I simulated a static state, and the pressure in the interacting hydraulic fracture is smaller than the isolated one. This is due to fluid leak-off from hydraulic fracture to matrix, and it is consistent with the result of fracture propagation.
[bookmark: _Toc49428870]6. Conclusions
In this work, I analyzed interaction effects between hydraulic and natural fractures using a 3D finite element method based on the ICGT. I fixed the location of a hydraulic fracture and moved the natural fracture to observe the difference in fracture behaviour. The stress intensity factors at the fracture tip are used to quantify this effect. Three types of interaction map, Ci, Mi and , are plotted to predict the relation between interaction effect and fracture location. The fracture aperture and pressure at steady state also show changes caused by interaction effects. 

Through the simulation, the results show that natural fracture apertures will be dilated compared with isolated natural fracture when hydraulic and natural fractures are in a stacked configuration, and it will be closed in a coplanar configuration. This interaction effect could also explain the seismicity of Preston New Road during hydraulic fracturing. In addition, this effect will be less obvious for higher matrix permeability and with larger distances between two fractures. In terms of fracture pressure, higher matrix permeability leads to more fluid leak-off from the hydraulic fracture to matrix, which will tend to reduce hydraulic fracture growth. For natural fracture, when it is closed, its pressure will be greatly increased. This scenario promotes fracture network growth. On the contrary, when natural fracture aperture becomes bigger, it is positive for fracture growth. 

From interaction maps, I find that higher interaction effects are near the tip of hydraulic fracture. Increasing matrix permeability will obtain bigger Ci and smaller Mi.  shows the distributions of amplifying and shielding zones for a hydraulic fracture. In mode I, it is entirely amplified at stacked configuration. In a lower matrix permeability, the scale of amplified zone becomes bigger in mode III, and it tends to be smaller in mode II. When considering different injection rates, we find that the relative values of Ci and  are not variable with flow rates, but the magnitude of absolute values of SIFs is different.

The interaction effect can affect fracture growth significantly. In order to enhance the production, it is necessary to create an effective network. This work ignored the heterogeneity of reservoir. In reality, plenty of reservoirs are over 1 108 m3 volume, and composite of different bedding planes. These planes cause variation of geological materials, which creates heterogeneity of material properties in the medium, such as Poisson’s ratio, Young’s modulus. These properties could greatly affect fracture growth. When taking this into consideration, we need to know fracture effect and heterogeneity affect fracture growth simultaneously. 

[bookmark: _Toc49428871]Nomenclature
[bookmark: OLE_LINK14][bookmark: OLE_LINK15]C =      Total value of circumferential SIF perturbation for the whole mode
Ci =      Total value of circumferential SIF for each mode
DEM =      discrete element method
FEM =      finite element methodology
HF =      Hydraulic fracture
ICGT =      Imperial College Geomechanics Toolkit
Mi =      Maximum SIF perturbation 
NF =      Natural fracture
SIFs =      Stress intensity fractors
 =      amplification to shielding ratio
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[bookmark: _Toc49428873]Appendix A: Critical literature Review-Milestones 

	Time

	Papers
	Authors
	Contributions

	1954
	The Mechanics of Fracture Induction and Extension
	Harrison, E., Kieschnick, W. F. and McGuire, W. J. 
	First simple theoretical model of hydraulic fracture was created, which illustrated the relationship between mechanical theories of rock stress and fracture dimensions 

	1969
	Rapid Method of Predicting Width and Extent of Hydraulically Induced Fractures
	Greetsma and de Klerk
	They created the KGD model, and predicted the fracture width and radius in particular shapes with highly viscous fracturing fluid

	1972
	Propagation of a Vertical Hydraulic Fracture
	Nordgren, R. P
	He incorporated Perkin and Kern (1961)’s model PK to create the PKN model that added the effects of fluid loss and fracture volume change

	1982
	An experimental study of interaction between hydraulically induced and pre-existing fractures
	Blanton, T. L.
	He performed hydraulic fracturing experiments under triaxial states of stress to find that hydraulic fractures were prone to cross natural fractures only under high stress ratios and high approach angles

	2012
	Examining the effect of cemented natural fractures on hydraulic fracture propagation in hydrostone block experiments
	Bahorich, Olson, and Holder
	They used experiments to confirm that hydraulic fracture intersections with cemented natural fractures They were complex. Bypass, separation of weakly bonded interfaces, diversion, and mixed mode extension were all found.

	2013
	Paluszny, A. and Zimmerman, R. W.
	Paluszny and Zimmerman 
	They created a robust and validated three-dimensional model, which took fracture flow, matrix flow, fracture propagation and poroelastic deformation into consideration, and used the displacement correlation method to calculate the stress intensity factors to govern fracture growth.

	2014
	Injection-sensitive mechanics of hydraulic fracture interaction with discontinuities
	Chuprakov, D., Melchaeva, O. and Prioul, R.
	They considered fluid leak-off into natural fractures and angles of interaction to develop a new analytical model and observed that the properties of the natural fracture and fluid injection parameters could control fracture interaction. 

	2017
	Quantification of Fracture Interaction Using Stress Intensity Factor Variation Maps
	Thomas, R. N., Paluszny, A. and Zimmerman, R. W. 
	They extended the analysis of fracture interaction by quantifying the spatial of SIF changes in three model of fracture tip deformation. 

	2019
	Fully-coupled three-dimensional finite element simulations of the interaction between a hydraulic fracture and a pre-existing natural fracture
	Almulhim, O. A. et al. 
	They demonstrated that the natural fracture could open before the hydraulic fracture intersected it.
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Quantification of Fracture Interaction Using Stress Intensity Factor Variation Maps
Robin N. Thomas1, Adriana Paluszny1 , and Robert W. Zimmerman1 
1Department of Earth Science and Engineering, Imperial College London, London, UK

Thomas et al. used a 3D finite element method fracture model to study the fracture interaction between hydraulic and natural fractures. The model was created by Paluszny and Zimmerman (2013), and it considered the mechanical deformation with leak-off fluid between fracture and matrix. In order to describe fracture growth explicitly, the fracture tips are divided into several tip nodes. The model is validated against experimental and analytical solutions (Salimzadeh, Paluszny and Zimmerman, 2017).

In this paper, the interaction between hydraulic and natural fractures is quantified by stress intensity factors (SIFs). These factors represent the energy release of fracture tips when the fracture deforms, and the deformation of fracture tips is showed in three modes, opening (mode I), in-plane shear (mode II), and out-of-plane shear (mode III). SIFs are calculated twice at every state, which are two fractures () and only one fracture () in the domain. It considers the difference between  and  only due to interaction effects of hydraulic and natural fractures. There are three measurements of fracture interaction, circumferential SIF perturbation (C), maximum SIF perturbation (M) and amplification to shielding ratio (). The C and  compute the entire fracture, while M represent a point of fracture.

The variation of interaction measures with fracture location can be plotted in space as a map, known as an interaction map. In this map, the location of hydraulic fracture is fixed, and when natural fracture moves along X–Z plane, different SIFs will be recorded. It uses the location of natural fracture as the X and Z coordinates, and Ci and  as values to plot the interaction maps. Based on these maps, the fracture interaction can be showed in relation with fracture distance.

By interaction maps, the C values in stacked geometries show higher magnitude of interaction than coplanar geometries. When the two fractures overlap, it has a highly perturbed region. All the three interaction measures show the feature that mode I perturbation is higher than mode II and III. In addition, when one fracture is inclined toward the other fracture, the interaction becomes smaller compared with flat fractures. M shows the similar trend to C, except that M is the highest in partially overlap, not in fully overlap.  demonstrates that when fracture is stacked orientation,  equals to -1, which represent the interaction is shielded. When fractures are coplanar orientation,  equals to 1, and it means the interaction is amplified. If  is between -1 and 1, parts of fractures are amplified and the others are shield.

The interaction maps offer a good way to quantify the fracture interaction, while heterogeneity in the medium always makes the results complex. It is a good idea to compute two versions of   , one from variations and the other from constant of field properties. Then compare  with these two , the effect of heterogeneity in the medium can be observed.



﻿


Three-dimensional poroelastic effects during hydraulic fracturing in permeable rocks
Saeed Salimzadeh a, b, Adriana Paluszny a, Robert W. Zimmermana 
a Department of Earth Science and Engineering, Imperial College, London, UK 
b Centre for Oil and Gas, Technical University of Denmark, Lyngby, Denmark

This paper presented a 3D model with fully coupled finite element method for hydraulic fracturing. The matrix is assumed to be linear-elastic and homogeneous, and the finite element method is used to calculate stress and deformation (Cook, 2007). The model also considers flows within the matrix, fractures, poroelastic deformation, and leak-off between the fractures and the matrix. Along the fractures, fluid flow is laminar flow, and is calculated based on lubrication theory incorporated hydraulic loading on the fracture surfaces. In addition, Darcy flow within matrix is related with mechanical deformation model, and it determines the size of fracture aperture. The porous medium is stress equilibrium, filled with single phase flow at the initial condition. When the pressure loaded at the fracture wall exceeds critical stress, fluid change will occur between fracture and matrix (Salimzadeh et al., 2017).

It represented fracture surface with 2D and located in a 3D domain. It used stress intensity factors at fracture tips to observe the fracture growth. The stress intensity factors take into account the fluid pressure and field properties, which is more accurate to predict the fracture growth. Once the stress intensity factors exceed the material toughness, the fracture growth can be calculated with angle and size (Paluszny and Zimmerman, 2013).

This method is also validated against analytical solutions in a penny-shaped hydraulic fracture. Asymptotic solutions can be used in this geometry of fracture under storage regimes, which can validate the simulation result. The model assumes the fracture is in a permeable matrix, which can be compared with the asymptotic solutions under leak-off regime to observe the effects of poroelasticity on the fracture growth.

In storage regimes, the permeability of matrix is neglected, and in leak-off regimes, it gives the variable permeability of matrix. Then the injection pressure, fracture aperture and radius are studied at these different environments. From the asymptotic solutions of an impermeable material, it gives an upper bound of fracture apertures and radius, and a lower bound of fracture pressure. While in leak-off regimes, the asymptotic solutions failed to calculate upper bound and lower bound of fracture properties, because of neglecting flow parallel to the fracture wall. The intermediate regimes where are the most similar to the real reservoir, asymptotic solutions are not available. 

By comparing the simulation results with asymptotic solutions, their data agreed with each other. They all showed that the increasing of matrix permeability would lead to more fluid leak-off, higher injection pressure, lower fracture aperture and radius, and then this phenomenon cause dilation of the matrix. But when the simulation model considers the poroelasticity and multiple direction flow with matrix, the simulation results are lower than asymptotic solution. This is because asymptotic solutions neglect poroelastic effects.

This work validated the model against analytical asymptotic solutions. It can be used for more geometries of fractures.


	
Permeability of Three-Dimensional Numerically Grown Geomechanical Discrete Fracture Networks with Evolving Geometry and Mechanical Apertures
Robin N. Thomas1, Adriana Paluszny1 , and Robert W. Zimmerman1 
1Department of Earth Science and Engineering, Imperial College London, London, UK

In previous work, the discrete fracture network (DFN) provided widespread applications in hydraulic fracture analysis. But it used  stochastic methods to generate fracture networks (Leung and Zimmerman, 2012), which can not well described the realistic fracture networks.
In this paper, the authors proposed a DFNs model, which is taken mechanical deformation of  the rock into consideration to observe fracture growth. The analysis of fracture growth was based on a 3D geomechanical finite element model (Paluszny and Zimmerman, 2013), and it observed six fractures growth under different fracture geometries. In addition, it illustrated when considering the geomechanical properties, the fracture networks were different from the results of stochastic methods model.

In this model, fractures are defined as circular disc shapes with discretized meshes. Matrix and fractures are represented by two different types of elements, isoparametric quadratic tetrahedra and quadratic triangles respectively. Fractures regions are discretized as a 2D surface surrounded by a 3D rock volume (Thomas, Paluszny and Zimmerman, 2020). It assumes that each fracture has two surface elements and fracture tips are the shared edges when two elements connect (fracture terminates). Each fracture tip is divided into several tip nodes. When fracture growth, new tip nodes are generated far apart from existing nodes. 

The matrix is assumed to be linear-elastic and homogeneous, and the finite element method is used to calculate stress and deformation (Cook, 2007). The stress intensity factors are regarded as a failure criterion to determine the behavouir of fracture growth. When the stress state and interaction effects cause stress intensity factors above the critical intensity factor, the fracture will grow. The paper used three criteria to describe the fracture growth, which are comparative stress intensity, extend angle and fracture extension lengths.

There were six data sets to be simulated in this paper. They had the same stress and material properties, and the distribution and numbers of initial fractures were different. All six patterns of fractures had the similar geometries at the end of simulation. It demonstrated that the fractures’ distribution and numbers have little effect on fracture networks. The critical factors which impact on fracture networks are material properties, fracture interactions and fracture mechanical properties. Compared with stochastic methods model, the fracture networks are more anisotropic in geomechanical method, and it can better represent the real fracture networks. The results are more affected by stress situations and fracture interaction effects. Fluid flow is more likely to channeled in the fewer fractures domain, and it is consistent with the experiment and simulation results.










Element Modeling of Hydraulic Fracture Interaction with Natural Fractures in Discrete Shale Formations
Yildirim, B., Cao, W., Shi J-Q., Durucan, S., Korre, A.
Department of Earth Science and Engineering, Royal School of Mines, Imperial College London, London SW7 2AZ, United Kingdom

Most of shale reservoirs need hydraulic fracturing during production due to their low permeability. This paper uses discrete element method to create a fracture model, and improved the understanding of hydraulic and natural fracture interaction based on both deterministic and stochastic methods in 2D Particle Flow Code. Then the author used this model to observe how approach angle, differential stress, and mechanical properties of fractures affect the fractures interaction.

The data of this model is from Hoper Cement Works shale in Derbyshire, UK. 2D Particle Flow Code is round particles connected with each other and the wall, and caused a force to support these state. Between particles, it is breakable bonds. The fluid model considered particles and fluid domains based on Navier-Stokes equation. Additionally, fluid flow incorporated geomechanical deformation of rock, which well described the real fracture networks. 

In the early stage, the effects of approach angle, differential horizontal stress, stiffness ratio and friction coefficient were simulated in a deterministic discrete fracture network. From the results, it demonstrated that differential horizontal stress is the most significant factor to control fracture growth. The higher differential horizontal stress will lead to larger planar fracture growth with crossing. The high approach angle causes the hydraulic fracture crossing the natural fracture, while the low value limits hydraulic fracture growth. In terms of stiffness ratio, higher value results in favouring hydraulic fracture growth crossing natural fracture, and lower stiffness ratio lead to branching in fracture growth. When friction angle is close to that of intact rock matrix, it will favour crossing mechanism.

Compared with the deterministic model, the stochastic model represented that with increasing the number of natural fractures, the fracture networks become more complex. In addition, the growth of hydraulic fracture along the nearest natural fracture will have significant effect on fracture networks. On the other hand, stiffness ratio is also an important factor to control the fracture growth.

Contrasting to the results of deterministic model, the stochastic model was thought to be more proper to represent the real reservoir.











﻿Hydro-mechanical modeling of hydraulic fracture propagation and its interactions with frictional natural fractures
Julio Alberto Rueda Corderoa,b,⁎, Eleazar Cristian Mejia Sancheza,⁎ , Deane Roehla,b, Leonardo Cabral Pereirac
a Tecgraf Institute, Pontifical Catholic University of Rio de Janeiro, 22451-000 RJ, Brazil1 
b Department of Civil and Environmental Engineering, Pontifical Catholic University of Rio de Janeiro, Rua Marquês de São Vicente, 225, Gávea, 22453-900 RJ, Brasil2 
c Petrobras – Petróleo Brasileiro S.A, Brazil

This paper used the finite element method to research on interaction effect between hydraulic and natural fractures. A new mesh configuration was created to simulate the fracture growth in any directions. The model took into account the hydromechanical property, and combined the Mohr-Coulomb criterion with tension cutoff to study the frictional performance of natural fractures. At the final stage, approach angle between hydraulic and natural fractures, the stress ratio and friction angle of the natural fracture were analysed to observe how these factors affected the fracture behavouir. Subsequently, a representative diagram was proposed to improve the estimate of fracture interaction.

In general, when hydraulic fracture approaches to the natural fracture, it appears certain phenomenon, like opening of natural fracture, hydraulic fracture fully or partly crossing natural fracture, hydraulic fracture branching at intersecting natural fracture, and arrested by natural fracture. In this paper, the author used a coupled 2D finite element method to describe the fracture growth.  It also observed mechanical deformation of the rock, fluid in the fracture, fracture growth in the matrix domain, fluid leak-off between fracture and matrix, and fracture interaction. 

In order to overcome the defect of cohesive zone model failing to represent the direction of fracture propagation, a new mesh was created. This mesh inserted 6 nodes interface elements at the edge of the quadrilateral elements. It combined with Voronoi cells and Delaunay triangulation to describe heterogeneity of model. The model was validated against experimental results (Blanton, 1982).

From the simulation results, horizontal stress ratio, approach angle and friction angle of natural fracture are the key factors to control fracture propagation. Low approach angle and friction angle induce more likely slippage along natural fracture. Because of that, the aperture of hydraulic fracture would be decreased, which is called stress shadowing effect. In addition, low differentiate horizontal stress ratio causes opening of natural fracture. In this situation, a small change of material property could lead to great impact on fracture interaction. 

Subsequently, the diagram of fractures interaction was plot based on a formula of approach angle and stress ratio. From the diagram, we could observe that big approach angle (60°-90°) is more likely to induce the hydraulic fracture crossing natural fracture. Under the high stress ratio with low approach angle, the natural fracture is prone to open. With increasing the approach angle, the tendency will decrease. The opening of natural fracture is determined by stress ratio and approach angle.
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Figure I. Sizes of hydraulic aperture along the in situ stress direction at matrix permeability of 6.28×10-13 m2
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Figure II. Sizes of hydraulic aperture along the in situ stress direction at matrix permeability of 6.28×10-19 m2
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Figure III. Interaction maps of Ci ,Mi and ϵi for a flow rate of 0.1m3/s
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Figure IV. Interaction maps of Ci ,Mi and ϵi for a flow rate of 0.2m3/s
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