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Abstract

Hydraulic fracturing is one of the standard techniques adopted by oil and gas industries to

enhance production in unconventional reservoirs. Reservoir properties and treatment designs

have a significant influence on the effectiveness of hydraulic fracturing treatments. Extensive

studies on the mechanism of hydraulic fracturing have been conducted to optimize the hydraulic

fracturing design. Recent advances in fracture diagnostic technology have brought new insights

to the complex fracture geometry. Numerical simulation is an economical approach to

investigate the generation of fracture geometry and its effect on post-treatment production

enhancement. This work proposes a workflow to study the fracture complexity through coupling

the geomechanical simulator Irazu and the reservoir simulator CMG. The geo-mechanical

simulator is devised to simulate the hydraulic fracturing process employing the hybrid finite-

discrete element method while the reservoir simulator CMG is used for the reservoir post-

treatment production forecast.
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Chapter 1
Introduction

1.1. Background

With the increasing interest in developing low permeability reservoirs such as tight sand or shale,

various well stimulation treatments have been experimented to enhance production. As a massive

amount of horizontal wells being drilled over recent years, hydraulic fracturing technology has

gained the most attention in the industry (Britt & Smith, 2009; Cramer, 2008; Warpinski et al.,

2009). Extensive studies have been conducted through laboratory and field experiments as well

as computer modeling to understand the mechanism of hydraulic fracturing in order to provide

valuable guidance on the treatment design.

Conventionally, for the purpose of studying the mechanism of hydraulic fracturing, the geometry

of the fracture in rock mass has been assumed symmetric, planar, and bi-wing (Adachi et al.,

2007). This simplification applies to most tight gas sand reservoirs and helped with the early

rapid development of the HF technology. However, emerging evidence from fracture mapping

technologies (such as microseismic and tiltmeter mapping) has shown that for most shale gas

reservoirs the fracture geometry is in fact quite complex due to several factors including low

stress contrast, low viscosity fracturing fluid, and pre-existing rock discontinuities (Fisher et al.,

2002, 2004; Warpinski et al., 2005). This complex fracture geometry tends to have long and

wide fracture "fairways", creating large surface areas in the formation such as that shown in

Figure 1-1.
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Figure 1-1 Plan view fracture mapping data of typical uncemented Barnett shale treatment with complex

fracture structure illustrated using fairway "length" and "width" (Fisher et al., 2004).

To account for these new discoveries, complex fracture geometry has been incorporated into

models, as illustrated in Figure 1-2.

Figure 1-2 Simple to extremely complex fracture geometry. a) simple fracture; b) complex fracture; c)

extremely complex fracture observed in shale gas formation after HF treatments (Fisher et al., 2004).

Conventional industry practices often correlate the success of hydraulic fracturing to total fluid

volume pumped or the fracture half-length based on the simple planar fracture geometry

assumption. However, advanced fracture mapping technology tells a different story. The fracture

mapping results not only reveal the existence of fracture geometry complexity but also provide

insights on the effectiveness of hydraulic fracturing by correlating the post-treatment production

enhancement with fracture complexity. Field results suggest that the EUR (estimated ultimate

recovery) is correlated to the complexity of the fracture network as opposed to the fracture half-

length as conventionally interpreted in the simple bi-wing planar fracture geometry (Fan et al.,
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2010; Fisher et al., 2004). In light of this discovery, unconventional reservoir developers started

focusing on how to generate complex fracture geometry and what is its effect on post-treatment

performance.

Although there have been continuous studies on mapping the complex fracture geometry through

field diagnostic tools or through laboratory imaging techniques such as micro-CT (De Kock et al.,

2015; Ramandi et al., 2016), a direct measure of the fracture geometry during hydraulic

fracturing is not always economically viable. In comparison, reliable numerical simulation can

serve as a more efficient solution to study the questions proposed above.

This research proposes a workflow to couple the geomechanical simulator and the reservoir

simulator, which are capable of modeling the complex fracture geometry and its effect on

production enhancement, respectively.

1.2. Thesis structure

This thesis is divided into five chapters, proposing a workflow to couple the geomechanical

simulator and the reservoir simulator with the ultimate goal of providing support to hydraulic

fracturing treatment design.

Chapter 1 provides a brief literature review on the numerical modeling of hydraulic fracturing

and their limitation on studying the complex fracture geometry. The advantages of using the

hybrid finite-discrete element modeling (FDEM) technique over the previously developed

methods are stated.

Chapter 2 further demonstrates the capability of FDEM to simulate the hydraulic fracturing

process and provides interpretations of the complex induced fracture geometry in terms of the

local permeability tensor.

Comparisons are made for these models and similar parameters used in the reservoir simulator

CMG IMEX in Chapter 3.

Chapter 4 provides an example explaining the detailed workflow to couple the two simulators.

The above discussions are summarized in Chapter 5 with future research directions proposed.
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1.3. Hydraulic fracturing models

1.3.1. Analytical models

With a successful numerical simulation of the treatment, its result would provide valuable

guidance on the treatment design and long-term performance forecasting. This section provides a

brief review of the history of numerical simulation techniques used for hydraulic fracturing.

Initially, there is no modeling involved in the treatment design in industry practice in the early

1930s. The fracturing fluid is just pumped with slurry to "open" the formation as production

enhancement was profitable enough via this kind of simple treatments. The need to use modeling

to aid with treatment design was not significant until about a decade later, when significant

premature "screen-outs" of proppants have been seen in the treatments causing economic loss

(Adachi et al., 2007). To minimize the economic loss, simple 2-D fracture models were utilized

in the treatment design calculations, as described below.

KGD model (Geertsma J; & F, 1969; Khristianovic & Zheltov, 1955) assumes plane strain

condition for fracture in the horizontal plane. The fracture height is pre-determined and fixed

while the fracture width is constant along the vertical direction as illustrated in Figure 1-3. This

model advances in analyzing fracture geometry in "open-hole" stress state where the fractures are

typically short, with the length-to-height ratio smaller than one so that the fixed-width

approximation can be deemed valid.

Figure 1-3 KGD model of fracture geometry (Wu, 2014).



5

PKN model (Nordgren, 1972; Perkins & Kern, 1961) assumes plane strain for a fracture in the

vertical plane as in Figure 1-4. Same as KGD model, this model also assumes fixed fracture

height while fracture width varies at different fracture height, with an elliptical vertical fracture

cross-section, making it suitable for modeling fractures which are long with limited height.

Figure 1-4 PKN model of fracture geometry with a vertical wellbore (Wu, 2014).

Abe (1976) solves for a penny-shaped, or radial-shaped crack propagation criterion under plane

strain condition based on the elasticity theory proposed by Sneddon (1946). The model assumes

constant loading (fluid pressure or far-field stress) throughout the fracture, applicable for the

homogeneous reservoir which can be considered infinite compared to the size of the fracture.

Figure 1-5 Penny-shaped radial fracture geometry (Adachi et al., 2007).

As it became more profitable to massively develop the low permeability reservoirs with the

increasing oil price in the late 1970s, hydraulic treatments started targeting larger reservoir

volumes across layers. Models with the incorporation of discretized fracture geometry emerged

with the need to account for varying rock properties across the large stimulation zone. Pseudo-

3D models allow for variation of fracture length and width at different height of the fracturing, as
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it accounts for the heterogeneity in different layers of the rock (Figure 1-6) (Advani & Lee, 1982;

Fung et al., 1987; Settari & Cleary, 1986; Simonson et al., 1978).

Figure 1-6 Pseudo 3D fracture geometry (Adachi et al., 2007).

Planar-3D models developed from 1980 to 2000 (Advani et al., 1990; Siebrits & Peirce, 2002)

allow the rock property values in question to vary on a discretized 2-D geometry to calculate the

crack aperture change as a response to the fluid pressure. Numerical solvers are used to compute

the deformation on the rock mass as a continuum surrounding the fracture. However, the

direction of the fracture growth is still restricted to one specific plane perpendicular to the

minimum principal stress 3.

Giving the need to calculate 3-D fracture geometry, fully 3-D models (Lam et al., 1986; Sousa et

al., 1993; Vandamme & Curran, 1989) were introduced, accounting for the heterogeneity and

anisotropy of the rock mechanical properties.

The analytical models above can calculate the geometry of the fracture generated as a response

to different hydraulic loading conditions. This calculation plays an important role as a measure to

directly provide estimates for the critical operation parameters needed to achieve the desired

fracture penetration (Adachi et al., 2007).

However, if the physical processes involved in hydraulic fracturing are taken under closer

examination, there are limitations by making the respective assumptions and simplifications in

the above models. There are three main stages of physical processes that need to be described

during the hydraulic fracturing: fracture initiation in the intact rock under the excessive hydraulic

pressure, fluid flow in the fracture channel, and the fracture growth due to the fluid pressure

applied on the fracture surface.
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The above mathematical solutions for the fracture geometry calculations are based on a few

assumptions and simplifications: rock mass is assumed linear elastic, homogenous, and isotropic.

Mode II or III crack (shearing or tearing mode) are not considered for fracture mechanics.

Therefore, these models are unable to simulate fracture propagation in the rock mass under

complex in-situ stress where heterogeneity and anisotropy exists. The interaction between the

hydraulically induced fracture and the pre-existing discontinuities in the rock mass or the

interaction between the hydraulic fracture—which are proven substantial in both laboratory

testing and field monitoring (Dahi-Taleghani & Olson, 2011; Warpinski & Teufel, 1987)—could

not be captured.

1.3.2 Continuum and discontinuum numerical models

As a natural next step on the evolution of numerically simulating hydraulic fracturing, partially

discretized models are proposed to reduce the assumptions and simplifications made for the

models introduced above. By directly incorporating a fluid solver in a DFN (discrete fracture

network) and then coupling with the surrounding elastic rock continuum, these models can better

describe the heterogeneity and anisotropy nature of the rock mass (Dershowitz et al., 2010; Du et

al., 2010; Rogers et al., 2011). However, these models lack the capacity to simulate the new

fractures generated on or propagate to the surrounding elastic rock mass. Consequently, these

models cannot capture the interaction between the fractures. To overcome this limitation, fully

discretized models are proposed to couple with the fluid solver. These models can be divided

into continuum and discontinuum modeling techniques as introduced below.

The continuum-based modeling approaches consider the entire rock mass to be a continuum

body. However, when it is needed to simulate discontinuity, continuum models cannot capture

the strain localization (De Borst et al., 1993).To remedy this shortcoming, re-meshing before the

fracture tip combining discrete joint model is proposed to couple with finite volume method

(FVM) solving for flow in the DFN (Fu et al., 2013). Methods based on extended FEM (XFEM)

are proposed (Budyn et al., 2004; Chen, 2013; Dahi-Taleghani & Olson, 2011; Keshavarzi et al.,

2012; Moës et al., 1999) where re-meshing is not needed and thus saving computation costs.

XFEM methods also possess the advantage that the generated fracture path is independent of the

mesh configuration.
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When simulating hydraulic fracturing, discontinuum-based methods or discrete modeling

techniques treat the rock mass as separate bodies. Among the approaches that solve the equations

of motion using an explicit time domain integration scheme, PFC (Potyondy, 2012) and UDEC

(Itasca, 1996) are commonly used in the industry design. PFC divides the continuum into non-

deformable particles with varying diameters and contact/parallel bonding between particles.

UDEC uses polygonal blocks which resembles more to the grain structure in the rock mass.

Extensive reviews of discrete modeling methods have been conducted (Hattori et al., 2017;

Lisjak & Grasselli, 2014).

The hybrid continuum-discontinuum technique inherits the advantage of the continuum-based

methods on calculating the internal force and failure criterion implementation while adopting the

ability of explicitly modeling discontinuities both pre-existing and induced during hydraulic

fracturing in the rock mass.

Among the hybrid methods, the modeling technique adopted in this research uses the3-D hybrid

finite-discrete element modeling (FDEM) technique (Lisjak et al., 2015; Mahabadi et al., 2012;

Munjiza, 2004; Munjiza et al., 1995). The tetrahedral elements are used to discretize the initial

continuum rock mass while the softening and breakage of cohesive crack elements are used to

explicitly capture the fracturing process. Shearing behaviors caused by pre-existing weak planes

in the rock can be simulated by incorporating Mode II and III failures calculating the opening

and the slip between the tetrahedral elements (Lisjak et al., 2014). A detailed explanation of the

calculation of the internal forces and the failure criterion implemented is provided in later

chapters.
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Chapter 2
Hydraulic fracturing simulations using Hybrid Finite-

Discrete Element method

2.1. Introduction

Upon the discussion carried out in Chapter 1, a complex geometry of fluid-induced fracture is

usually observed in laboratory testing through micro-CT imaging technique and also confirmed

by micro-seismic data obtained in the field.

In order to better understand the hydraulic fracturing process by investigating the roles of various

operating parameters during hydraulic fracturing, a realistic numerical simulation of the process

is necessary. In this chapter, the simulation of hydraulic fracturing using the hybrid finite-

discrete element method (FDEM) is presented, and its capacity to simulate the complex fracture

geometry is demonstrated. Validation of the model is also provided by examining the geometry

of the fracture generated.

In most cases, the effect of hydraulic fracturing treatment is recognized by the vast increase of

the permeability of the originally tight rock mass. The calculation of the local permeability of the

simulated fractured rock mass is presented.

2.2. Numerical simulation of the hydraulic fracturing process

2.2.1. Hybrid finite-discrete element method

The simulation is conducted using the FDEM, inheriting the advantage of the finite element

continuum meshing while combining the advantage of the discrete element method of using the

cohesive crack element to capture fracturing behavior and solid interaction. The 3-D FDEM

model utilizes an unstructured tetrahedral FEM mesh to discretize the intact rock mass. The

tetrahedral constant-strain finite elements based on the classic elastic continuum simulate the

elastic behavior of the rock mass. Whereas the cohesive crack elements (CCE) connecting the

tetrahedral elements are able to capture the yielding, plastic deformation, and the post-fracturing

behavior explicitly as shown in Figure 2-1. This combination realizes a more accurate simulation
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of the fracturing process of the rock mass. The concept of non-linear fracture mechanics

(Barenblatt, 1962; Dugdale, 1960) is utilized to capture the strain-softening process in order to

better describe the fracture initiation and propagation stages, as further illustrated below.

Figure 2-1 Fracture model implemented in 3-D. a) Mode I: tensile failure (opening mode); b) Mode II or

III: shearing or tearing mode (out-of-plane shearing); and c) Mixed-mode failure. (Geomechanica Inc.,

2018)

I) Failure mode I: opening mode

The cohesive crack element (CCE) between the constant-strain finite element pair deforms

elastically until the opening O between two elements reaches critical value op corresponding to

the tensile strength ft on the stress-strain relationship as shown in Figure 2-1. When the normal

stress acting on the CCE exceeds the critical value ft, the opening between the two elements

exceeds the critical value op as well, then the crack element undergoes plastic deformation

governed by the energy-based constitutive relationship (Figure 2-1), the normal stress reduces as

the CCE keeps yielding until it breaks where the opening of the crack element reaches the

residue value or (Hillerborg et al., 1976; Geomechanica Inc., 2018).

II) Failure mode II or III: shearing or tearing

When the tangential bonding force is applied between the contacting element pair, it can be

expressed as a function of the slip displacement and the normal stress based on a slip-weakening

model (Ida, 1972). The slip s between the two elements keep increasing upon reaching a critical

value sp corresponding to the cohesive shear strength of the rock, fs as in equation (1). While the
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tangential force gradually decreases as the slip reaches the maximum value sr before the cohesive

element is considered broken.

fs = c + σn ∙ tanφi (1)

Where c is the internal cohesion, φi is the intact material friction angle, and σn is the normal stress

acting across the crack element.

III)Mixed failure mode

When both slipping and opening are occurring between two contacting elements, the failure of

the CCE is categorized as the mixed-mode with the criterion equation (2)

(
O−Op
Or−Op

)2 + (
S−Sp
Sr−Sp

)2 ≥ 1 (2)

IV)Failure mode calculation in Irazu

The failure mode, m, of a crack element is computed as follows:

1.0 if o > or & s < sr (i.e., Mode I),

m = 1.0 + s− sp
sr− sp

if o < or& s < sr (with D = 1) (i.e., mixed Mode),

2.0 if o < or & s – sr (i.e., Mode II or III),
3.0 if o < or & s > sr (i.e., Mode I and II (or III)).

(3)

Where D is a damage coefficient with a value between 0 and 1 calculated respectively for failure

Mode I, II and III as follows:

D =
o−op
or−op

(4)

D =
s−sp
sr−sp

(5)

D = (
o−op
or−op

)2 + (
s−sp
sr−sp

)2 (6)

V) Fracture process zone

As described above, the post-peak strain-softening behavior is captured when the cohesive

elements undergo yielding before breakage, where they can still transfer load. The cohesive

elements that are under plastic deformation forming an area referred to the fracture process zone

at fracture tip. Broken cohesive crack elements (BCCE) are removed upon reaching the residual
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displacement and new fracture surfaces form (Zhao et al., 2014; Zhao, 2017). In this way,

fracture initiation and propagation processes in the rock mass are explicitly captured.

The values of residual slip sr and residual opening or are determined by the values of ft, fs, and the

mode I and II fracture energies given by equation (4) and (5). The values of fracture energy are

equal to the area under the curves in Figure 2-1.

GfI = op

or σ(o)do� (7)

GfII−III = sp

sr τ s − fr ds� (8)

VI)Reduce the influence of the crack elements on material stiffness

As introduced above, there should be zero deformation on the cohesive elements before peak

strength is reached. However, the numerical model needs a finite stiffness value to run

successfully. The solution is to give the crack elements a stiffness value controlled by the

fracture penalty value pf. High fracture penalty values would reduce the influence of the crack

elements on the material stiffness, while higher computation time is required.

2.2.2. Coupling fluid solver to the model

In order to simulate the hydraulic fracturing process, hydraulic calculation and mechanical

calculation need to be coupled in order to demonstrate the fluid flow effect on the geometry of

the fracture and how the complex fracture geometry determines the fluid flow behavior in return.

The below sections illustrate the process of coupling the fluid solver to the mechanical solver,

incorporating the advantage of the introduction of the 6-noded cohesive crack elements into the

model.

I) Flow channel

The flow channel in the 3-D FDEM model is formed by the two triangular surfaces between the

two adjacent tetrahedral finite elements, as shown in Figure 2-2. Fluid flow is allowed from

cavities to cavities through the connecting network connecting them (Lisjak et al., 2016). The

fluid pressure is either determined by the user or calculated from the assigned flow rate. The
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flow rate is calculated based on Darcy's law with the assumption of parallel plate model, for

example, along x-direction:

qx =−
∂P �
∂x

a3

12υf
(9)

Where ∂P �
∂x

is the pressure gradient along x-direction, a is the average aperture calculated as in

equation (7), and υf is the fluid kinematic viscosity.

II) Aperture

The aperture of one fluid flow channel element can be calculated as the average of the aperture at

three adjacent cavities a0, a1, and a2 related to the initial aperture and the opening of the crack

elements (Lisjak et al., 2016), as illustrated in equation (10). Since the opening of crack elements

varies, the aperture value also differs from each flow channel:

a0 = ai + o0 (10)

Where ai is the initial hydraulic aperture set by the user in the model for the rock mass, o0 is the

opening of the crack element at node 0 at this time step calculated by the mechanical solver.

Figure 2-2 Flow channel illustration (Geomechanica Inc., 2018).

III) Coupling of hydraulic and mechanical solver

An iterative coupling regime is achieved through the following process, as illustrated in Figure

2-3. The nodal force at each cavity is calculated in the mechanical solver with the addition of the

fluid pressure applied on to the surface of the flow channel. Given this updated stress field, the
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resulting behavior of the flow channel (cohesive crack element) is calculated in the mechanical

solver based on the constitutive relationship described in Figure 2-1. The aperture of the

corresponding flow channel is then updated using the calculated opening of the cohesive element,

passing on to the fluid solver. The new fluid pressure can then be calculated given the

compressibility of the fluid and the volume change of the fluid in the flow channel due to the

aperture change.

Figure 2-3 Iterative coupling regime of the mechanical and hydraulic solvers (Geomechanica Inc., 2018).

2.3. Numerical simulation example

2.3.1. Single-stage injection

The geomechanical properties for the rock mass in this hydraulic fracturing simulation example

is given below in Table 2-1. Calibration process has been performed to select the optimum

parameters for the microscopic mechanical properties so that the macroscopic mechanical

properties of the rock modeled match the mechanical responses observed during laboratory

testing (Tatone & Grasselli, 2015). The calibration process is omitted here.

A cube with a dimension of 80x80x80 mm3 is used to simulate the reservoir rock. Fluid is

injected from a cavity located at the center of the cube at a constant rate of 0.5 kg/s after the

initial in-situ stress is assigned, for 10000 time steps with the time step size of 1.1*10-6 sec/time

step.
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Table 2-1 Geo-mechanical properties of the rock mass and cohesive crack elements.

Property (unit) Value
Density,  (kg/m3) 2500
Young's modulus, E (GPa) 30
Poisson’s ratio,  (-) 0.2
Internal friction coefficient, µi (-) 0.6
Internal cohesion, c (MPa) 20
Intrinsic tensile strength, ft (MPa) 5
Mode I fracture energy, GIc (J/m2) 10
Mode II fracture energy, GIIc (J/m2) 100

Table 2-2 Initial stress condition for the reservoir.

Property (unit) Value

Initial in-situ horizontal major principal stress xx (MPa) 20

Initial in-situ horizontal minor principal stress yy (MPa) 25

Initial in-situ vertical stress zz (MPa) 30

Initial fluid pressure in the reservoir Po (MPa) 0

2.4. Results and discussion

2.4.1. Fracture geometry and failure modes

The fractured zones are identified by thresholding the failure mode of the broken cohesive crack

elements, and then the coordinates of these elements are exported from the visualization software

Paraview. In the example of this single-stage hydraulic fracturing, 266 elements are identified as

broken joints, as shown below in Figure 2-4, colored with failure mode calculated using equation

(3) above. Most of the BCCEs failed in Mode I – tensile failure, while some BCCEs failed in

mixed mode. Fracture plane is roughly perpendicular to the x-axis, although each BCCE has its

unique orientation deviated from the y-z plane.
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Figure 2-4 Fracture geometry and failure mode of the BCCEs at incremental time step during the fracture

growth, most BCCEs fail in Mode I—tensile failure colored in dark blue, while very few fail in mixed

mode colored in yellow. No pure Mode II or III—pure shearing or tearing failure is observed.
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Figure 2-5 Side view of the fracture "plane".

As can be seen from the side view in Figure 2-5, there are more BCCEs at the center of the

fracture plane compared to the edge. This is probably caused by the higher fluid pressure near

the injection point.

2.4.2. Permeability tensor

Local permeability calculation

The connected flow channels (broken cohesive crack elements), which represent the fractured

zone in the rock mass, can be visualized. As mentioned above, the aperture between the upper

and bottom surfaces varies in every flow channel, where the resulting varying permeability can

be calculated based on the "cubic law" assuming parallel plate model for single-phase fluid flow

(Pyrack-Nolte et al., 1987; Reynolds, 1886; Zimmerman & Bodvarsson, 1994) derived from

Navier-Stokes equations (Stokes, 1905):

K = a2

12
(11)

However, this calculation only gives the absolute magnitude of the permeability, whereas

permeability should be treated as a tensor with values at directions defined. Since the fluid is

only allowed to flow through the flow channel, the magnitude calculated above determines how
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much fluid is allowed within the plane of the crack element. The flow perpendicular to the flow

channel is restricted, which is along the normal vector to the plane of the flow channel, as

illustrated in Figure 2-6. The permeability along this direction has a magnitude of zero.

Figure 2-6 a) Direction of one crack element (flow channel) represented by its normal vector; b) Local

coordinate system of the permeability tensor.

Permeability tensor transformation into the global coordinate system

As can be observed from Figure 2-4 that broken crack elements (BCCE) have various

orientations instead of falling in the same plane. Therefore, defining the direction of the local

permeability is necessary for future fluid flow calculations in the reservoir simulator. In order to

manipulate the permeability of every CCE for future reservoir fluid flow simulation in the global

cartesian coordinates (x, y, and z-direction), the permeability tensor has to be defined in the

global coordinates. To achieve this goal, the permeability tensor can be projected onto the global

cartesian axes. For every BCCE, the following manipulation can be implemented: subtracting the

component in the direction of the normal vector from the component in the direction of the base

vector of that crack element as described in equation (12):

K� =[Kx Ky Kz]= K × [1 1 1]− K × n� (12)

Where K� is the calculated permeability tensor for a BCCE, K is the absolute value (magnitude) of

the permeability of the flow channel as calculated above in equation (11), [1 1 1] is the unit base

vector which has unit magnitude in the x, y, and z-axis directions, and n� is the normal vector in

global coordinates, as shown on above illustration Figure 2-6.

n�

K
y’

K
z’

K
x’

b)a)
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Now permeability tensor is expressed in terms of the global coordinate system for every crack

element. In this way, it can be determined how much flow is allowed in the x, y, and z-direction

respectively when fluid passes through the local fracture channel.

2.4.3. Heterogeneity and anisotropy of the fracture geometry

Heterogeneity of the permeability tensor

The magnitude of permeability for each BCCE can be calculated using equation (12). Taking the

fracture network generated in Irazu in Figure 2-4, the permeability can be mapped, as shown in

Figure 2-7. It can be clearly seen that the permeability at different BCCEs (or flow channels) has

different values. The relatively larger permeability in the centre of the fracture indicates a larger

aperture near the injection point, which validates this model.

Figure 2-7Magnitude of the total permeability at each flow channel or BCCE (broken cohesive crack

element).

Anisotropy of the permeability
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The direction of each flow channel can be represented by its normal vector, as shown in Figure

2-8. Most of the normal vectors are along the x-axis since the fracture plane is approximately

parallel to the y-z plane, as shown in Figure 2-4. For a more intuitive illustration, the angle

between the normal vectors and y-axis projected on the x-z plane is calculated. The distribution

of the angle is plotted in Figure 2-8 b), suggesting most BCCEs have a direction between 0 to 30

degree from the xy-z plane.

Figure 2-8 Illustration of permeability direction at each BCCE. a) normal vector (red) at each BCCE

(turquoise); b) rose diagram of the angle between BCCE and y-z plane.

Since the permeability tensor can be expressed in global coordinates using equation (12), the

anisotropy of the permeability tensor can be further illustrated by plotting the Kx, Ky, and Kz

respectively on each BCCE as shown in Figure 2-9.
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Figure 2-9 Permeability of each flow channel (BCCE) resolved to a) x-axis; b) y-axis; x) z-axis direction;

i.e., Kx, Ky, and Kz.

2.5. Interactions between fracturing stages

Contrary to the intuitive belief that the more fracture is generated, the larger the SRV (stimulated

reservoir volume), there exists a dilemma between fracture spacing and "stress shadow" effect. It

is observed in field treatment that hydraulic fractures that are too closely spaced shed a shadow

on adjacent fracture growth (Cipolla et al., 2010; Fisher et al., 2004; Nagel et al., 2013;

Warpinski et al., 2009; Warpinski & Branagan, 1989). A balance between large SRV and

fracture spacing (cluster spacing or stage spacing) in hydraulic fracturing design is critical to a

successful treatment. The stress shadow describes the in-situ stress disturbance caused by

fracture growth, as illustrated in Figure 2-10.

Figure 2-10 Stress disturbance of adjacent fracture growth (Fisher et al., 2004).

Two simultaneous injections were simulated in Irazu, with an identical injection rate, the

fractures generated in the rock mass are illustrated in Figure 2-11. The height of the left fracture



22

is visibly less than the fracture on the right in the side view, suggesting the inhibition effect of

fracture growth by adjacent fractures.

Figure 2-11 Fracture geometry of two simultaneous injections, the side-view of the fracture planes is

shown here.
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Figure 2-12 Fracture growth of 4 simultaneous injections, side view of the fracture planes is shown here,

a) to d) demonstrate adjacent fracture interaction hinders fracture height growth as injection continues.

2.6. Limitations and future work

This work investigated the complexity caused by in-situ stress contrast and the stress disturbance

between adjacent hydraulic fractures. Besides these two factors, pre-existing discontinuity in the

rock also plays a dominant role in fracture complexity. For future work, natural fractures and

bedding planes could be incorporated in the simulation to study the complex geometry generated.

Although a relatively arbitrary fracture trajectory is allowed to develop thanks to the

unstructured mesh adopted by FDEM, a mesh sensitivity study could be conducted to

quantitively measure the effect of mesh size on the fracture complexity.

2.7. Conclusion
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A numerical simulation of the hydraulic fracturing process is conducted using the 3-D hybrid

finite-discrete element method. The fracture initiation and propagation are explicitly modeled by

implementing the concept of non-linear fracture mechanics using cohesive crack elements. The

complexity of the fracture geometry is evident in terms of heterogeneity and anisotropy of the

permeability of local cracks. In order to analyze the complexity of the fracture geometry, a

method to calculate the local permeability is proposed based on "cubic law" using the aperture of

the flow channel.
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Chapter 3
Fracture geometry in a reservoir simulator

3.1. Problem description

Hydraulic fracturing technology has been widely applied over the past few decades to maximize

the production of unconventional reservoirs with low permeability. The mature horizontal

drilling techniques prompt the development of multi-stage hydraulic fracturing allowing for

stimulating the same producing pad more efficiently.

Prior to the actual fracturing treatment, numerical simulation of the treatment can provide a

prediction on the reservoir response to different injection schemes, allowing for optimization on

the treatment design. As is observed both in field cases and laboratory experiments, a few factors

play crucial roles affecting the production enhancement, such as the complexity of the fracture

network created by the injection. With the capability of the flow simulator CMG, the reservoir

response to the different fracture network generated can be studied.

CMG IMEX is a reservoir simulator that can forecast flow behavior during reservoir activities

such as production, water flooding, hydraulic fracturing, or other reservoir treatments. It employs

an implicit finite difference time integration scheme to calculate reservoir pressure and

temperature, allowing for larger time step size to save the computation cost.

The reservoir rock mass is mostly simulated by models constructed with rectangular grid block

mesh, in Cartesian or orthogonal corner point grid notation, where the users can specify the size

of the grid block to achieve desired resolution for simulating different sizes of reservoir field.

Worth noting is the feature of a logarithmically-spaced, locally-refined grid block where

reservoir properties like permeability can be assigned to a small fraction of the block instead of

the whole grid block. The reservoir field can be simulated by relatively large parent grid blocks

to save computation time while still preserve the detail of the heterogeneity in the rock mass.

Due to the limitations of the fracture mechanics module in CMG, the common practice is to take

the fractured rock mass as an input geometry from a third-party geomechanics simulator. The

network is recognized as a fracture by the significant permeability value assigned to the fractured

grid blocks compared to the surrounding grid blocks, which represent the intact rock matrix.
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Below is a brief summary of the existing methods available for importing fracture geometry into

the CMG reservoir grid.

3.2. Directly define bi-wing fracture plane

3.2.1. Workflow

A simple bi-wing planar fracture is defined in the pre-existing reservoir grid this way. A

universal fracture width is assigned, which determines the permeability of this fracture

throughout the entire fracture plane with no variation along the fracture height and half-length.

Examples of the planar fractures are shown in Figure 3-1.

Figure 3-1 Bi-wing, planar fracture imported into CMG.

A logarithmic, locally refined fracture grid is commonly employed by CMG to represent the

fracture channel in the rock mass. In order to have a larger parent grid block size to save

computation time, a smaller fracture channel can be placed inside the parent block, which is

divided into several refined grid blocks. The width of the refined grid block is determined using

Keffective =
W fracture×K intr insic

Wblock
(13)
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Where Keffective is the effective permeability used in the inner refined grid hydraulic fracture block

by the simulator, Wblock is the inner fracture block width, which is universal throughout the

fracture plane, Kintrinsic is the intrinsic permeability determined by the imported fracture geometry

from the third party geo-mechanical simulator, and Wfracture is the intrinsic width of the fracture,

which is the actual aperture of the fracture channel.

3.2.2. Capabilities

This fracture network definition enables the generation of a simple, planar fracture with a

universal fracture width and homogenous permeability throughout the whole plane at different

half-length and fracture height.

This feature also allows the model to define more than one fracture plane with different

properties hence multi-stages fractures along one well.

3.2.3. Limitations

With the universally assigned fracture width within each fracture stage, this fracture model in

presented is not able to capture the heterogeneity of the complex fracture geometry, resulting in

unrealistic fluid flow calculation, therefore potentially sabotaging the numerical simulation for

post-treatment production.

3.3. Import fracture geometry using templates

Fracture permeability data can be readily exported to excel sheets from third-party geo-

mechanical simulators, and then this data can be imported into CMG using the permeability

template.

3.3.1. Workflow

The fracture geometry can be defined by assigning conductivity values calculated from fracture

width at different location of the fracture. Different conductivity values at different height along

the half-length can be entered. Refinements are applied with logarithmic spacing so that the

blocks get progressively larger when going from the inner fracture block out towards the non-

fractured block.
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The conductivity values are calculated for the fracture channel at different locations using the

intrinsic fracture width and permeability. Then a nominal fracture block width is defined by the

user based on the level of refinement desired to reduce the size of the fracture channel. The

nominal fracture block width is calculated as in equation (13) individually.

3.3.2. Capabilities

This model allows fracture width variation along the half-length and height of the fracture plane;

In this way, heterogeneous permeability can be specified at different locations in the fracture

geometry, as shown in Figure 3-2.

Figure 3-2 Permeability at different fracture length and height.

3.3.3. Limitations

The geometry is still a bi-wing planar model where the half-length does not vary at different

fracture height. The permeability assigned in fractured grid blocks is assumed as isotropic, with

the simplification of the plane of fracture to be completely vertical. This simplification does not

take into account the deviation of the direction of the fracture plane developed under complex in-

situ stress conditions.

The imported fracture geometry inherently has a coarse resolution as it is limited by the mesh

size of the third party geo-mechanical simulator.

3.4. Import fracture geometry from micro-seismic data
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Micro-seismic data can be obtained from acoustic emission data in laboratory HF experiments,

actual field micro-seismic monitoring data, or from geo-mechanical simulator simulating HF.

3.4.1. Workflow

Using the location of the micro-seismic events recorded as fracture location (as shown in Figure

3-3), the event location can be imported through the built-in template feature then a reservoir

grid can be built depending on the reservoir size and the resolution needed.

Fracture width is input by the user, calculated as effective fracture width, uniform throughout the

entire fracture geometry, as shown in Figure 3-4.

3.4.2. Capabilities

This model allows the imported fracture geometry to partially demonstrate the heterogeneity

feature of the permeability property in the complex fracture network due to the complex

geometry.

It can capture exactly the location of each fracture, with varying fracture height along the half-

length of the fracture. Therefore, it presents the fracture as a complex network in the reservoir

grid, showing the irregular geometry compared to the simple bi-wing planar fracture model.

3.4.3. Limitations

One is not allowed to specify the aperture or fracture width at different location of the fracture,

nor take into account the event energy of each seismic event. As a result, the fracture defined has

a uniform fracture width, and therefore a uniform permeability instead of capturing the

diminishing aperture towards the fracture tip. The intrinsic anisotropy feature is also not captured

as all the fractures portraited are facing one direction.

Moreover, the resolution of the grid block employed in the simulation cannot match the

simulation requirement if the frequency of the micro-seismic events occurring becomes too high.
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Figure 3-3Micro-seismic event location in 2-D view, a) axis JK view; b) axis IK view; c) axis IJ views.

Figure 3-4 Fracture network represented in CMG reservoir grid blocks based on micro-seismic event

location. a) 2-D, J-K axis view; b) 3-D view with the arrow annotating wellbore trajectory.

3.5. Summary

This chapter presented existing methods for defining the fracture geometry for the reservoir that

has been hydraulic-fractured prior to conducting flow calculations to assess the treatment in the

reservoir simulator. The geometry of fracture is defined by manually inputting the fracture width,
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height, or by defining the permeability of the fracture generated through other third-party geo-

mechanical simulators. In this way, reservoir production simulation can be performed in order to

assess the hydraulic fracturing treatment designed and simulated in geo-mechanical simulators.

However, all the existing methods addressed above fail to fully capture the complexity of the

fracture geometry as summarized in Table 3-1. While in Chapter 2, the complexity of the

fracture was demonstrated as the heterogeneity and anisotropy of one characteristic attribute –

permeability of the fracture simulated through the proposed FDEM method. This calls for a

method that can better convey the complexity of the fracture geometry from the geo-mechanical

simulator into the reservoir simulator, which is proposed in the next chapter.

Table 3-1 Summary of the existing methods to define fracture geometry in the reservoir simulator CMG.

Method Source of the
fracture
geometry

Heterogeneity Anisotropy

3.2. Directly define
bi-wing fracture
plane

Manually defined
by the user

Fails to capture the
heterogeneity of the
fracture

Fails to capture the
anisotropy of the
fracture

3.3. Import fracture
geometry using
templates3.2.
Directly define bi-
wing fracture plane

Third-party geo-
mechanical
simulator

Inherits the
heterogeneity of the
fracture

Fails to capture any
anisotropy of the
fracture.

3.4. Import fracture
geometry from
micro-seismic data

Third-party geo-
mechanical
simulator Irazu

Inherits the
heterogeneity of the
fracture

Fails to fully-
capture the
anisotropy of the
fracture.



32

Chapter 4
Workflow to import the complex fracture geometry into the

reservoir simulator
This chapter provides a detailed description of the workflow to import the complex fracture

geometry from the geo-mechanical simulator into the reservoir simulator. The hydraulic

fracturing simulation example is described earlier in Chapter 2.

4.1. Model setup for the FDEM simulation

4.1.1. Rock properties, strength, boundary conditions

As demonstrated in Chapter 2, a hydraulic fracturing treatment in a shale reservoir is simulated

as injecting water into the rock with the geo-mechanical properties of the rock as listed in Table

4-1.

Table 4-1Mechanical properties of the reservoir rock.

Property (unit) Value
Density,  (kg/m3) 2500
Young's modulus, E (GPa) 30
Poisson’s ratio,  (-) 0.2
Internal friction coefficient, µi (-) 0.6
Internal cohesion, c (MPa) 20
Intrinsic tensile strength, ft (MPa) 5
Mode I fracture energy, GIc (J/m2) 10
Mode II fracture energy, GIIc (J/m2) 100

The reservoir has the following in-situ properties as listed in Table 4-2.

Table 4-2 Initial in-situ reservoir properties.

Properties Value
Initial in-situ horizontal major principal stress xx (MPa) 20
Initial in-situ horizontal minor principal stress yy (MPa) 25
Initial in-situ vertical stress zz (MPa) 30
Initial fluid pressure in the reservoir (Pa) 0
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The fluid injection is simulated under the following operating scheme as listed in Table 4-3.

Table 4-3 Operating parameters for hydraulic fracturing.

Operating parameters Value
Fluid injection rate (kg/s) 0.5
Shut-in time (Seconds) 1

4.1.2. Description of the fracture generated in Irazu

Figure 4-1 a) side view and b) front view of fracture consisting of connected BCCEs (Broken cohesive

crack elements) serving as flow channels. The complexity near the injection point is colored in blue in a)

for effect.

4.2. Step breakdown of the workflow

As discussed in Chapter 3, for the fracture simulated through the FDEM method, the fracture is

not completely planar and therefore, the permeability of the fracture network inherits
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heterogeneity and anisotropy. In order to convey the realistic complex fracture network from the

geomechanical simulator to the reservoir simulator CMG, a workflow is proposed below for this

procedure.

Steps Step goal Step breakdown

Step

1

Export the crack

element

coordinates

Take the center of every 6-noded CCE

Figure 4-2 Connected flow channels.

Figure 4-3 Single flow channel.

The coordinate of the centre O is calculated by taking the average of

the coordinates of the six nodes:

O x, y, z = A x,y,z +B x,y,z +C x,y,z +D x,y,z +E x,y,z +F(x,y,z)
6

(14)

Step

2

Calculate local

fracture

(represented by

each crack

element)

Each permeability vector has magnitude and direction, as discussed

in Chapter 3. Each crack element (flow channel) is considered to

have one characteristic direction, which is represented by the normal

vector of the crack element plane, as shown below in Figure 4-4 as

the flow is only allowed in the flow channel plane, which is
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Steps Step goal Step breakdown

orientation perpendicular to the normal vector.

Figure 4-4 Direction of the crack element (flow channel) represented by

its normal vector.

The absolute value of the permeability is the magnitude (length) of

the vector.

Step

3

Calculate absolute

permeability in the

flow channel, for

every CCE

(cohesive crack

element) in the

fracture process

zone.

Each crack element is regarded as a flow channel, as shown in

Figure 4-4. Considering the classic parallel plate fracture model,

"cubic" law can be applied:

K = a2

12
(15)

Where a is the aperture/opening of the crack element (flow channel).

In this way, the permeability is represented using an absolute value

associated with that crack element by the crack element coordinates.

Step

4

Resolve

permeability into

all three directions

along the principal

coordinate axes, so

that permeability

can be represented

as a tensor, i.e.,

three components

In order to manipulate the permeability of every CCE for future

reservoir fluid flow simulation in the global cartesian coordinates,

the direction of the permeability has to be defined in the global

coordinates.

Since the flow is only restricted in the direction perpendicular to the

plane of the flow channel, which can be represented by the normal

vector to the crack element plane. The permeability tensor can be

projected onto the global cartesian axes by subtracting the

component in the direction of the normal vector from the component

K
y’

K
z’

K
x’
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Steps Step goal Step breakdown

perpendicular to

each other along

the principal axes.

This allows the

entire modeled

fractured reservoir

rock to have

permeability

values at three

directions,

representing a

realistic, complex

fracture network

instead of a

simplified planar

fracture.

in the direction of the base vector of that crack element as described

in equation (12) below

K� =[Kx Ky Kz]= K × [1 1 1]− K × n� (16)

Where K� is the desired permeability tensor, K is the absolute

value(magnitude) of the permeability of the flow channel as

calculated above in equation (15) for every crack element, [1 1 1] is

the base vector and n� is the normal vector in global coordinates, as

shown on below illustration Figure 4-5.

Figure 4-5 Permeability calculation for each crack element.

Now, the permeability tensor is expressed in terms of global

coordinates for every crack element. In this way it can be determined

how much flow is allowed in the x, y, and z-direction, respectively.

Step

5

To import the

fracture network

geometry into the

CMG grid block

Map the permeability tensor at each flow channel (crack element) to

the CMG grid block.

Each CMG grid block is correlated with one or more crack elements

(flow channel) from Irazu depending on the resolution of the mesh

in CMG.

Since the permeability of each grid block in CMG can have three

directions: I, J, and K correlated with the x, y, and z-direction in

Irazu. The permeability tensor can be assigned in three directions,

respectively, as shown in the permeability tensor of each grid in I, J,

and K directions. The permeability in the I direction is the smallest,

K
y’

K
z’

K
x’
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Steps Step goal Step breakdown

which is reasonable as the fracture plane is perpendicular to the I-

axis corresponding to the minimum in-situ stress.

Step

6

Initiate reservoir

grid in CMG

Calculate how many reservoir parent grid blocks are needed to

match the size of the reservoir modeled in Irazu.

Step

7

Import

permeability in the

three orthogonal

directions in terms

of the grid block

Initiate a matrix used as a tally to locate fractured blocks based on

non-zero permeability values.

Import the prepared matrix containing permeability values in three

directions of every grid block that has been identified as a fractured

grid block based on previous codes.

Step

8

Change the color scale representing the permeability in CMG to

logarithmic scale, as shown in Figure 4-6.

Figure 4-6 Permeability (mD) for flow along the I axis assigned to each

grid block.
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Steps Step goal Step breakdown

Figure 4-7 Permeability (mD) for flow along J axis assigned to each grid

block.

Figure 4-8 Permeability (mD) for flow along K axis assigned to each grid

block.

Step

9

When adjusting the scaling the mesh, if multiple crack elements fall

within one CMG grid block, the crack element with the largest

aperture (therefore largest permeability) was assigned to the CMG

grid block.

Step

10

Expand the

reservoir grid, so

that multiple

stages of fractures

Upon establishing the desired resolution of the grid block size, the

reservoir field to be simulated can be expanded to include more

stages of fracturing treatments.
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Steps Step goal Step breakdown

can be imported

into CMG

simultaneously for

future simulation.

Figure 4-9 Permeability (mD) for flow along I axis assigned to each grid

block in the expanded reservoir grid.

Step

11

Assign

permeability to the

refined fracture

channel

CMG mesh geometry has the advantage that it can partition a parent

grid block into smaller sub-grid blocks. The permeability can be

assigned to a sub grid block instead of the parent grid block. In this

way, the parent grid block can have a larger size (resolution is

determined by the size of the reservoir field needed to simulate),

with realistic conductivity values and smaller fracture widths, while

using less parent grid block to save computation time.

The sub-grid blocks can be divided logarithmically, gradually

reducing the block size to the desired fracture width. Grid

refinement is needed around fractures to capture the transient flow

with the least amount of total grid blocks.
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Steps Step goal Step breakdown

Step

12

Import geometry

from multi-stage

hydraulic

fracturing

Figure 4-10 Permeability (mD) for flow along I direction of the reservoir

after four stages of hydraulic fracturing, JK-axis view.

Figure 4-11 Permeability (mD) for flow along I direction of the reservoir

after four stages of hydraulic fracturing, IK-axis view.

4.3. Discussion
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4.3.1. Complex fracture geometry capture

As demonstrated in Chapter 2, the hybrid finite-element methods excel among various

techniques modeling the hydraulic fracturing process in that it can capture the complexity of the

fracture geometry. The complexity of the fracture geometry is illustrated as the heterogeneity and

the anisotropy of the local permeability tensor on the fracture. The permeability is resolved into

three orthogonal directions along the three axes in the reservoir grid, respectively. Finally, this

complex fracture geometry is captured in the reservoir simulator CMG, as shown in Figure 4-12

and Figure 4-13.

Compared to the conventional fracture geometry representations as listed in Table 3-1, this

workflow allows the hydraulic fracturing treatment design to be assessed more accurately

through numerical modeling.

Figure 4-12 Absolute value of permeability in each flow channel captured in a) FDEM and b)

CMG grid blocks.
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Figure 4-13 Permeability tensor resolved to global x, y, and z-axis, represented in the flow channels in

Irazu Vs. grid blocks in CMG.

As shown in Figure 4-12, the fracture geometry exported from Irazu (taken from the example

hydraulic fracturing in Chapter 2 can be mapped to grid blocks in CMG. Although some details

at the edge of the fracture geometry are not perfectly captured, the permeability is captured to a

more refined resolution reflecting the spatial variation in the aperture of the fracture.

Anisotropy of permeability is captured, as shown in Figure 4-13, the flow is more restricted in

the x-direction with a much smaller permeability than the y and z-direction.

4.3.2. Production simulation

In order to further demonstrate the necessity of capturing the complex fracture geometry,

reservoir production is modeled in CMG based on the fracture geometry above and the simple

bi-wing planar fracture. Reservoir properties are assumed for common shale gas formation with a

pore pressure of 9000 psi and 400 nD permeability.
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A specific gas production rate is specified in the simulation in order to mimic the mechanical

choke restriction in actual production where the production rate is restricted by the choke size,

instead of the reservoir capacity. The resulting gas production rate and bottom hole pressure are

compared for the two fracture geometries, as in Figure 4-14.

Figure 4-14 a) Surface gas production rate; b) Well bottom hole pressure.

Both surface gas production rate and bottom hole pressure drawdown of the simple bi-wing

fracture are lower than the complex fracture case. Evidently, the EUR (estimated ultimate

recovery) for the bi-wing fracture model would also be lower than the complex fracture model.

This result conforms to the field observation that it is the complexity of fracture that correlates

with EUR instead of fluid volume pumped or fracture half-length (Fisher et al., 2004). The

higher production could be explained by the fact that more surface area and SRV (stimulated

reservoir volume) are generated using the complex fracture model. This correlation between the

larger surface area created by the complex fracture with the enhance in production could be

further studied.

4.3.3. Limitations

The tetrahedral mesh in the FDEM geo-mechanical simulator is random and non-orthogonal,

whereas in the reservoir fluid flow simulator CMG, the grid is orthogonal. The positions of the

crack elements cannot be perfectly mapped to the grid blocks in the reservoir simulator CMG. A

more robust calibration workflow is needed for a more realistic representation of the reservoir.
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Only 30 days of producing is modelled, demonstrating the difference between complex and

simple fracture geometry in the initial post-treatment period. However, the production of the

reservoir with complex fracture might decline faster and a longer producing life should be

modelled to study the long-time reservoir performance with simple and complex fracture.

The boundary pressures for the reservoir model are set fixed over the producing life, which do

not account for the far-field pressure effect.

The hydraulic fractures created would have larger porosity than the matrix porosity. Oil and gas

would be produced from the fracture to the wellbore first and then from the matrix to the fracture.

A dual-porosity model could be adopted to account for this effect.

4.4. Future work

4.4.1. Mechanical earth model

In reservoir exploitation and other field operations it is beneficial to have an accurate numerical

model of the reservoir, the concept of mechanical earth model (MEM) (Ahmed et al., 2014; Al-

Zubaidi & Al-Neeamy, 2020; Knöll, 2016; Plumb et al., 2000) is widely adapted to the industry.

Starting from the geologic structural model and incorporating the in-situ stress and rock

geomechanical properties, a consolidated mechanical earth model can provide better

understanding of the reservoir. Among the properties identified in the mechanical earth model,

in-situ stress state and rock mechanical properties such as Young's modulus and Poisson's ratio

are of particular interests to conduct geomechanical analysis for drilling and reservoir treatment

designs. The mechanical earth model can be built based on field seismic and logging data while

using laboratory core testing data and single-well pressure testing data as calibration to the model.

Conventionally, the mechanical earth model is built by collecting and analyzing core, log,

seismic, and field pressure testing data (Suarez-Rivera et al., 2013). Recently, micro-seismic

monitoring during HF treatments also provides valuable information on many mechanical

properties and in-situ stress conditions contributing to the MEM. However, since the accuracy of

micro-seismic data is limited by many factors, the interpretations of the data can be controversial

and not definitive.
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The proposed workflow provides another innovative way to probe some of the reservoir

properties by utilizing the readily available production data after HF treatments. It is essentially a

robust "history-matching" process by coupling the FDEM and CMG simulator.

4.4.2. Interpretation of field pressure tests

The fluid injection process studied above also occurs in other situations such as field pressure

tests aiming at interpreting the in-situ stress state of the reservoir.

Diagnostic fracture injection test (DFIT) and several flow-back testing schemes are common

practice to calibrate the stress state.

However, anomalies have been observed in the field pressure testing curves using the

conventional DFIT interpretation methods (Zheng et al., 2020). These pressure tests have the

same mechanism as hydraulic fracturing in the rock mass. The existing analytical and numerical

methods to interpret the pressure testing curves assume simple planar fracture and homogeneous

reservoir, which turns out problematic for neglecting the heterogeneity and anisotropy of the

rock properties in the MEM. Therefore, the anomalies observed in the field pressure testing

curves caused by the complex rock mass could be studied using the workflow proposed above.

A DFIT simulation using the FDEM simulator (without consideration of the multi-phase

reservoir fluid flow calculation in the reservoir simulator) can be performed (as shown in Figure

4-15) and serve as a reference to calibrate input rock mass properties.
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Figure 4-15 Simulation of a "DFIT", σ1=20MPa, σ2=25MPa, σ3=30MPa, with initial reservoir pressure Po

= 6MPa, fluid pressure is shown at the injection point.
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Chapter 5
Conclusion and future work

5.1. Conclusion

Upon briefly reviewing the history of modeling the process of hydraulic fracturing, the capacities

and limitations of these analytical and numerical modeling techniques are summarized. Among

the fully-discretized numerical simulation techniques, the hybrid finite-discrete element method

(FDEM) combining the merits of the continuum and discontinuum-based modeling techniques.

In this research, the 3-D FDEM method implemented by the commercial software Irazu is

adopted to simulate the hydraulic fracturing process for its ability to explicitly describing the

fracture. The continuum-based finite element mesh employed by FDEM allows accurate

capturing of the elastic deformation of the rock under loading. Due to the non-linear fracture

mechanics concept adopted for the cohesive crack elements after exceeding the peak strength of

the finite elements, fracture initiation and propagation process can be explicitly modeled. A fluid

solver is fully coupled to the mechanical solver by using the cohesive crack elements as the fluid

flow channel and converting the fluid pressure to nodal force on the finite elements.

The fracture geometry is analyzed by plotting the broken cohesive elements. Variation in the

direction of the fracture plane is shown locally as the normal vector to each cohesive crack

element. A novel approach is proposed to calculate the local permeability based on the concept

of "cubic law" using the aperture and the direction of each cohesive crack element. The

complexity of the fracture geometry is demonstrated by capturing the heterogeneity and

anisotropy of the permeability tensor.

In order to assess the hydraulic treatment design by running production forecasting using the

reservoir simulator CMG, the complex fracture geometry needs to be imported from the geo-

mechanical simulator Irazu into the reservoir simulator CMG. However, there is no existing

method to import the complex fracture geometry into CMG. Utilizing the local permeability

tensor calculation method proposed, a workflow is further laid out to map the permeability tensor

obtained from the commercial FDEM simulator Irazu to the reservoir grid block in the reservoir

simulator CMG. The complex fracture geometry can then be captured by the reservoir grid block

in CMG.
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A demonstrative production simulation is conducted in CMG comparing the simple bi-wing

planar fracture geometry and the complex fracture generated in Irazu. The distinct difference in

gas production and pressure drawdown between the two fracture geometries indicate the effect of

fracture geometry on production.

5.2. Limitation and future work

This work serves as a starting point to realize the coupling between the geo-mechanical simulator

and reservoir simulator to aid with the design of hydraulic fracturing treatment. A few

recommendations can be made from this research.

The workflow proposed is merely a one-way coupling mapping the fracture geometry from the

FDEM geo-mechanical simulator to the reservoir simulator. Future production simulation would

benefit from a more integrated method to achieve full coupling with the ability to feed the fluid

pressure back to the geo-mechanical simulator and update the fracture geometry during

production simulation.

The micro-mechanical rock properties input into the FDEM simulator are inferred from the

calibration process based on macro-mechanical laboratory tests where the core samples are

obtained from the reservoir sites. Whereas the rock properties could also be inferred from the

"history matching process" using the post-treatment production data utilizing this workflow.

Alternatively, micro-seismic monitoring data could be used to calibrate the input parameters by

matching the location, energy, and mechanism of the fracture events. A monte-carlo simulation

could be employed to calculate a possible range of the resulting fracture geometry and

production based on assigned distribution of the input parameters.

If preliminary field injection data is available, it can be used to calibrate the input rock properties

in the geo-mechanical simulator directly by comparing the field data with the injection pressure

response simulated using the workflow proposed in this research.

Pre-existing discontinuities in the rock including discrete fracture networks (DFN) and bedding

planes could be incorporated into the rock mass to investigate the interactions between the pre-

existing fracture and the induced fractures.
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