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Abstract 

Unconventional gas reservoirs considered in this thesis include low and ultralow permeability 

shales and tight reservoirs. Gas production from unconventional reservoirs has grown dramatically 

in the United States during the last decade and has helped that country to become a top gas producer 

around the world. Extensive use of natural gas has in turn reduced CO2 emissions to levels not 

seen in the United States since the 1990s. This has happened due to innovations associated with 

two main technologies: (1) Drilling of horizontal wells and (2) multistage hydraulic fracturing. 

This success in the United States has inspired the primary objective of this thesis: Finding means 

of improving gas rates and recoveries by fracturing and refracturing unconventional reservoirs. To 

this end, the thesis presents the development of an original 3D fracture propagation model that 

helps to understand hydraulic fractures and their growth in unconventional reservoirs.  

Results from the 3D fracture propagation model are calibrated with microseismic data and are used 

in (1) an original hybrid hydraulic fracture (HHF) simulation model for estimating stimulated 

reservoir volume (SRV), (2) reservoir modeling with a fully coupled HHF-geomechanics model, 

and (3) a comparison of refracturing vs. infill drilling. The thesis closes with an evaluation that 

discusses the economic aspects of refracturing.  

 It is concluded that the fracture propagation model developed in this thesis provides valuable 

information regarding fracturing and refracturing of unconventional reservoirs. Furthermore, it 

generates useful input data for fluid flow simulations, and improvements in production rates and 

recoveries of natural gas from unconventional tight and shale reservoirs.   
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FCD = Fracture Conductivity 
FCI = Fracture Complexity Index 
FEM = Finite Element Method 

GFREE = 
Integrated geoscience (G), formation evaluation (F), reservoir drilling,  
completion and stimulation (R), reservoir engineering (RE),  
economics and externalities (EE) 

GR = Gamma Ray 
HHF = Hybrid Hydraulic Fracture 
HHM = Hybrid Hydraulic Model 
KGD = Kristianovitch and Zheltov - Geertsma and De Klerk  
MBE = Material Balance Equation 

MMpsi = Mega psi 
MPa = Mega Pascal 

MWR = Method of Weighted Residuals 

NTP = Normal Temperature and Pressure (273 K and 1.01325 · 10^5 Pa, 
respectively) 

OCIP = Original Condensate in Place 
OGIP = Original Gas in Place 
P3D = Pseudo 3D Model 
PKN = Perkins, Kern and Nordgren  

SC = Standard Conditions of pressure and temperature in the petroleum industry 
 (60 °F and 14.7 psia, respectively) 

SCF = Standard Cubic Feet 
SEG = Society of Exploration Geophysicist 
SPE = Society of Petroleum Engineers 
SRV = Stimulated Reservoir Volume 
TOC = Total Organic Carbon 
TVD = True Vertical Depth, ft, m 

WCSB = Western Canada Sedimentary Basin 
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development time, in countries where the necessary infrastructure does not exist. Activation index 

(Economides and Oligney, 2000) is a measure of the total investment required to establish access 

to new oil or gas expressed in dollars per unit volume per day (for example, $/bbl/day or $/Mcf/d) 

of stabilized production.  

 
Figure 1-1. Relationship between reservoir permeability and natural gas endowment in 
conventional and unconventional reservoirs (Aguilera, 2014). 

 

Production from unconventional reservoirs requires drilling of horizontal wells and multi-stage 

hydraulic fracturing stimulations to obtain economic production rates. Hydraulic fracturing 

revolutionized the petroleum industry and unlocked the potential of low and ultra-low 

permeabilities reservoirs. The changes from conventional vertical wells to horizontal wells opened 

the door for multi-stage stimulations on the production interval. This improved production rates 

significantly but also led the industry to face new challenges.  
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Even with successful operations, the rock permeability and interconnectivity may be so low, that 

reservoir fluids may be unable to reach the production interval (Bennion and Bietz, 1996). To try 

to improve on this situation, it is essential to characterize the reservoir quality, identify natural 

fractures and quantify reservoir interconnectivity. This may help to unlock the economic potential 

of unconventional reservoirs. 

 

The principal challenges in low and ultra-low permeability unconventional reservoirs are (1) 

finding adequate technologies for conducting successful hydraulic fracturing and refracturing 

operations, (2) mitigating reservoir damage induced by the various operations, including drilling, 

workover treatments, and production operations, (3) protecting the environment, (4) avoiding 

earthquakes induced by hydraulic fracturing or disposal of the operation fluids. 

 

Solving challenges identified in item (1) is the primary objective of this thesis: Finding adequate 

means of fracturing and refracturing unconventional reservoirs. To this end, I develop an original 

3D fracture propagation model that helps to understand hydraulic fracture propagation in tight 

unconventional reservoirs. This development is presented in Chapter 4, and its application in 

reservoir simulation is demonstrated in Chapters 5, 6, 7 and 8. In the fracture propagation model, 

the external boundary of the hydraulic fracture is made out of triangles of different shapes. This 

makes the fracture propagation model flexible for simulation of hydraulic fractures growth, 

especially in the case of very long fractures. 

 

Challenges identified in item (2) related to mitigating reservoir damage induced by the various 

operations, including drilling, workover treatments, and production operations are secondary 
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The growing world energy consumption is a notorious indicator of the need for continued 

development of natural gas, which by 2019 is the third most important source of energy in the 

world and is projected to surpass coal around 2040 (Figure 1-2). Natural gas production from 

unconventional gas reservoirs is growing slowly but surely around the world, and shale and thigh 

reservoirs are expected to contribute about 30% of the total natural gas production by 2040 (Figure 

1-3).  

 
Figure 1-2. World energy consumption by energy source and projections to 2040 (EIA, 2015). 
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Figure 1-3. World gas natural production by type and projections to 2040 (EIA, 2015). 

 

Energy consumption by natural gas in the United States is expected to be close to that of petroleum 

and other liquids by 2050. This highlights the importance of continued development of low and 

ultra-low permeability natural gas reservoirs (Figure 1-4).  



 

7 

 
Figure 1-4. Energy consumption by fuel in the United States. Oil and natural gas dominate 
the projections to 2050 (EIA, 2018). 

 

1.2 Hydraulic Fracturing 

A hydraulic fracturing job creates fractures in the reservoir by pumping fluids and proppant agents 

at high pressure down the wellbore. When the fracturing fluid reaches the target zone in the 

reservoir, which might be delimited by perforations in the casing and/or packers, the fluids 

overcome the rock failure properties, and a fracture network is created. This allows fluids in the 

reservoir to connect with the wellbore. The pumping of fluid down a well to create hydraulic 

fractures is controlled and monitored in real-time. 

 

The  fracture width can be as small as 0.3 mm (Chapter 6), some fractures have been reported at 

around 3 mm to 6 mm, and widths can also be much larger. For example, my 3D fracture 
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propagation model shows a case where the maximum width during stimulation reaches 3.288 in 

(Chapter 4).  The extension of the fracture network can reach over 400 m horizontally and up to 

100 m or more vertically in the reservoir, and sometimes they can extend beyond the reservoir 

(Australian Government, Department of Mines and Petroleum (DMP), 2018).  To prevent the 

closure of the fractures and to keep them open, a proppant agent is added to the fracturing fluid. 

This proppant is composed mainly of sand due to its wide availability and economic access (Figure 

1-5).  

 

The fracturing fluids generally contain 90% water, 9.5% sand (or proppants) and up to 0.5% of 

different chemicals. These chemicals are used to thicken the water and to suspend the sand in the 

fractures. In this way, the proppants do not go to the bottom of the fractures. The chemicals are 

also designed to prevent corrosion inside the well and prevent mineral and bacteria build-up 

(Australian Government, Department of Mines and Petroleum (DMP), 2018) 
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Usually, hydraulic fracture stimulation activities take between one to 10 days (Australian 

Government, Department of Mines and Petroleum (DMP), 2018). 

 

Hydraulic fracturing is one of the most significant technological breakthroughs in the history of 

the oil and gas industry (Railroad Commission of Texas, 2016). In 2015, about 67% of the natural 

gas produced in the United States came from hydraulically fractured wells (Figure 1-6).  

 
Figure 1-6. Hydraulically fractured wells provide 67% of U.S. natural gas production. The 
balance is provided by non-hydraulically fractures wells (EIA, 2016). 

 

The Eagle Ford shale of Texas is an excellent example of the success of hydraulic fracturing. It 

began with a grand majority of vertical wells but very quickly it transitioned to multi-stage 

hydraulic fracturing of horizontal wells. By January 1, 2016, numerous oil and gas companies had 

drilled and hydraulically fractured over 76 312 wells (www.welldatabase.com/) in the Eagle Ford 

shale (Figure 1-7). 
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Figure 1-7. Wells active in the Eagle Ford Shale Play, and the expansion in the periphery of 
the reservoir with 4718 permits to develop new wells (blue dots, Rail Road Commission of 
Texas, 2016). 

 

1.3 Refracturing 

The recent drop in oil and gas prices have led many companies to consider new affordable 

investing opportunities. To survive the high cost of production and operation, and stabilize the 

cash flow, some operators returned to their mature shale wells and refractured them. In several 

cases, they gained back old production rates and returned to a positive economic status.  

 

Refracturing as a technology has been around for many years. Vertical wells have been refractured 

since the 1950s in the US with positive results. However, refracturing multi-stage horizontal wells 

is a relatively new stimulation technology. In 2011, refracturing operations gained popularity after 

successful outcomes in horizontal wells (Dutta, 2017). However, the production mechanisms 

involved in the success of the operation were not clear at the beginning, and the operators started 
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showed that the timing of the operation was the most critical parameters in the selection of 

profitable candidates.  

  

Their economical evaluation of the Haynesville shale showed that refracturing was very attractive 

as their data showed that the operation was economically viable at a gas price around 2.75 

USD/MMBTU and a hydraulic fracturing operation cost of 1.75 MMUSD. Refracturing becomes 

unattractive at an investment cost of 2 MMUSD. A gas price of 2.33 USD/MMBTU is needed to 

consider refracturing in a company's portfolio mix (Bush et al., 2015). 

 
Figure 1-8. Typical Haynesville shale refracturing outcome (Bush et al., 2015). 
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Figure 1-9. Typical refracturing timing in Hayesville Shale (Bush et al., 2015). 

 

Hunter et al. (2015) presented a methodology to select refracturing candidates in the Haynesville 

shale, by evaluating the age of the well, cluster spacing, initial production rate, drawdown rate, 

well spacing and initial proppant volume. Based on possible production outcome, Hunter et al. 

(2015) extended his observation to the United States to rank refracturing candidates as fair, good, 

and superior. By plotting initial production rates versus drawdown rates, their study found 

refracturing candidates in several unconventional reservoirs in the United States and the Montney 

reservoir in Canada (Figure 1-10). 
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Figure 1-10. Refracturing candidates in the United States according to production outcome 
ranked from fair, to good and to superior recoveries (Hunter et al., 2015). 

 

It is important to emphasize that not all wells are good candidates for refracturing operations. 

Several considerations must be taken into account, including rock brittleness, possible stress re-

orientation, optimum fracture length, fracture conductivity, cost, and economic benefit of the 

refracturing job. However, there is a useful rule of thumb that seems to have a general application: 

Good wells are better candidates for refracturing operations. On the other hand, a poor well can 

easily lead to a refracturing fiasco. 
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The criteria to apply refracturing operations depends on the characteristics of the reservoir and the 

technique used for initial completion of the well. The wells which showed considerable benefit 

were those drilled in rock with above-average pressures. 

 

Refracturing has been carried out in several fields. It has been both successful and unsuccessful in 

many reservoirs. In some scenarios, the production following refracturing has exceeded or has 

been close to the initial production rate. Despite the previous observation, the technology at this 

moment is not easy to apply, and many companies do not have access to this technology. Success 

is limited and is not guaranteed. There are too many uncertainties, and more research is needed to 

make refracturing a reliable technique and a profitable operation. 

 

1.4 Thesis Motivation 

The previous discussions on hydraulic fracturing and refracturing indicates that there is significant 

economic potential on the use of these technologies in unconventional reservoirs. However, 

although hydraulic fracturing has advanced at a rapid pace, refracturing is in its infancy, and the 

industry lacks clear workflows to achieve continued success. 

 

Furthermore, conventional modeling and simulation fail to properly describe reservoir/hydraulic 

fracture dynamics and the unrecognized potential that may exist in many reservoirs (Vincent, 

2010). The processes and the mechanisms responsible of the success in refracturing operations are 

uncertain. While good production wells and high-quality reservoirs may be the best candidates for 

refracturing, a decision must be made on the best approach. Is it re-stimulating the original propped 

fracture and reinstating the high values of conductivity that were present at the beginning of 
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production?  Alternatively, is it changing the perforation configuration? Or is it may be seeking an 

extension of the fracture network to contact additional reservoir volume? 

 

These questions lead to the principal motivation of this thesis: Understanding the specific 

phenomena involved during hydraulic fracturing and refracturing as well as the reservoir 

conditions for operational design and optimization of candidate selection.  

 

This thesis develops an original physics-based 3D hydraulic fracture propagation model capable 

of handling stresses induced by fracture deformation in planar and complex discrete fracture 

networks (DFN). The simulator can handle leak-off and diversion for the propagation of fractures 

during hydraulic fracturing and refracturing jobs, coupled with reservoir fluid flow.  

 

The research is performed with the understanding that new model needs to consider the 

implications of fracture closure as the reservoir is depleted and the need of deciding if the 

refracturing design should emphasize reopening of the original hydraulic fracture or the creation 

of new fractures. A model in a depleted or partially depleted reservoir needs to be implemented to 

understand the reservoir and to optimize the operation. In this appraisal, it is crucial to (1) 

determine reservoir geomechanical parameters, (2) map the distribution of natural fractures and 

faults in the reservoir, and (3) understand the effect of depletion on principal in-situ stresses before 

considering a refracturing job. 
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1.5 Thesis Organization 

The principal objective of this thesis is to develop a 3D hydraulic fracture propagation model and 

a methodology to simulate hydraulic fracturing and refracturing in three dimensions and to 

optimize the selection of candidates for the job. Figure 1-11 shows the organization of the thesis.  

 
Figure 1-11. Organizational chart of this thesis. 
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Chapter 5 concentrates on determination and development of the Stimulated Reservoir Volume 

(SRV) using a Hybrid Hydraulic Fracture Model (HHF) as well as microseismic data. The HHF 

concept is not available in the literature and was developed as part of the research conducted in 

this thesis. Part of the input data required for HHF simulation is developed from the fracture 

propagation model presented in Chapter 4. 

 

Chapter 6 presents geomechanical modeling with a fully-coupled HHF. The chapter includes 3D 

geomechanical characterization, stress shadow for both fracturing and refracturing, geomechanical 

modeling, and characterization of the SRV.  

 

Chapter 7 makes a comparison of refracturing vs. infill drilling to determine the best strategy for 

developing unconventional reservoirs. The conclusion is reached that generally, refracturing 

provides better results in terms of gas production. 

 

Chapter 8 discusses refracturing operations, forecasting methods, and economic considerations.  

 

Chapter 9 presents conclusions and recommendations. 

 

1.6 Technical Publications 

Part of the research results included in this thesis has been presented at the following conferences 

and/or published in the following Society of Petroleum Engineers (SPE) journals:  
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Chapter 2: Literature Review 

 

2.1 Hydraulic Fracturing 

The number of hydraulic fracturing models published in the literature is vast, and the parameters 

to study the phenomena are diverse. The different approaches are a clear indication of the 

uncertainty in the mechanisms related to the operation and the difficulty in validating results. This 

section presents commonly available and used hydraulic fracturing models in the oil and gas 

industry. Some methods are rather simple, but others aimed at solving hydraulic fracturing 

problems in complex environments are more elaborate requiring a more significant number of 

input parameters, some of which, in practice, are not generally available. However, if used 

carefully and depending on the type of reservoir where the hydraulic fracturing job is performed, 

some of these models can provide useful results.  

 

Models that assume a planar hydraulic fracture of constant height that propagates away from the 

wellbore are used widely in industry and academia (Adachi et al., 2007). In some cases, hydraulic 

fracturing modeling is governed by one phase viscous fluid flow inside the fracture in a Discrete 

Fracture Networks (DFN). It is essential to consider the diffusion of the fracturing fluid into the 

porous media, fracture deformation, and fracture propagation due to fracturing fluid injection. 

There are two widely used models in the literature that allow design of the width, length and 

geometry of a hydraulic fracture (Yousefzadeh et al., 2017): The Perkins, Kern and Nordgren 

(1972) model, also known as PKN model; and the Kristianovitch and Zheltov (ng) - Geertsma and 

De Klerk (1969) model, also known as KGD Model.  
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The PKN model is derived from the combination of the Perkins and Kern (1961) and Nordgren 

(1972) assumptions that a hydraulic fracture of constant height propagates away from the wellbore 

following a vertical plane. These conditions were adapted by Nordgren (1972) by considering that 

the horizontal length of the hydraulic fracture is higher than the vertical propagation and allowing 

the parallel planes of the fracture slide against each other (Valko and Economides, 1995).  

 

The PKN and KGD models assume an elliptical geometry, which is not entirely accurate, as 

indicated by Valko and Economides (1995). Thus, a more rigorous analysis is necessary to 

describe more accurately, but still imperfectly, fracture geometry, which is a key parameter to 

evaluate the proportions of the fracture and the production forecasting. 

 

2.2.1 KGD Model 

The Kristianovitch and Zheltov (1955) - Geertsma and De Klerk (1969) Model (KGD), obeys three 

key assumptions: 

 

1. The fracture maintains a constant height. 

2. The fracture strain plane is in a horizontal orientation. 

3. The fracture tip is cusp-shaped (Barenblatt, 1962). 

 

The shape of the tip proposed by Barenblatt (1962) is an important parameter to remove the stress 

singularity at the fracture tip, which allows bypassing the fracture tip predicted in the elasticity 

analysis (Yew and Weng, 2014).  
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fracture due to the change and adaptation of fracture height during the entire calculation procedure, 

while the fracture height for the PKN model is fixed and given by the pressure design.  

 
Figure 2-1. Fracture total length calculated with the PKN model for 120 min of injection in 
a low permeability reservoir. 

 

 
Figure 2-2. Elliptical fracture half-length calculated with the P3D model for 120 min of 
injection. 
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The induction of slip-on natural faults, shear, and tensile fractures following fluid pressurization 

at the minimum principal stress lowers the effective normal stress on potential slip surfaces; this 

stress change triggers microseismicity events on critically stressed faults planes that re-orient and 

induce slip in a given stress field (Zoback, 2007). 

 

Elbel and Mack (1993) analyzed stress changes due to fluid depletion and observed fracture 

reorientation. These fractures reoriented almost 90 degrees from the maximum horizontal stress 

during refracturing treatment and showed a high fracture propagation into the altered stress zone. 

Altered-stress makes it possible to access less depleted zones of the reservoir, thus increasing well 

production and reserves (Siebrits, 1998). However, the opposite has been noticed by several 

operators who have observed that the refracturing azimuth is the same as the one in the first 

fracturing job with limited evidence of re-orientation (Agharazi and Kashikar, 2016). 

 

 Clarification on when fracture reorientation will or will not occur is required. This is one of the 

topics that will be investigated in this research. Nevertheless, the key will be finding refracturing 

candidates that will allow increasing the economic productivity of the wells in unconventional 

reservoirs. 

 

Roussel and Sharma (2013) have identified two indicators of stress reorientation around induced 

fractures after hydraulic fracturing jobs: (1) poroelastic and (2) mechanical effects. Initially, the 

maximum horizontal stress is parallel to the first fracture. In the case of low anisotropy, the 

direction of maximum horizontal stress may change direction up to 90° in the vicinity of the 

fracture, in what is known as a stress-reversal region. The reason is that the reservoir is more 



 

35 

depleted in the direction parallel to the fracture than perpendicular to it, causing the maximum 

horizontal stress to decrease faster than the minimum stress (Siebrits, 1998; Roussel and Sharma, 

2011; Roussel and Sharma, 2013). 

 

Roussel and Sharma (2011) indicated that it is crucial to consider the potential for stress reversal 

when design the well pattern and spacing in order to maximize recovery efficiency and minimize 

cost. Subsequently, Roussel and Sharma (2013) observed the performance of refracturing 

treatments in the Wattenberg Field and reported that some wells underperformed while others 

restored their production to levels of initial and even higher production rates. Based on minimal 

surface information, they quantified the impact of the first stimulation, reservoir quality, reservoir 

depletion by neighboring wells, and stress reorientation on the expected incremental recovery from 

a refracturing operation.  

 

To contact new rock is difficult, but achievable through a bullhead refracturing job. An adequately 

designed schedule, an efficient diversion mechanism such as chemical diverter pills, and constant 

pressure observation are key components when trying to create new stimulated reservoir volume 

(SRV) through a refracturing job (Morales et al., 2016). In the initial hydraulic fracturing job, the 

fractures may propagate in multiple segments with various orientations influenced by pre-existing 

natural fractures and limited horizontal stress contrast. Microseismic data are useful for studying 

this behavior. Within microseismic data sets, this fracturing geometry may lead to a cloud of 

epicenters (Wang et al., 2013).  
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Urban et al. (2016) developed a methodology to evaluate the improvement of gas production after 

refracturing in the Eagle Ford, either by reopening the fractures created during the initial hydraulic 

fracturing job or by creating new hydraulic fractures in the same horizontal well. When the 

refracturing treatment re-opens the original hydraulic fractures and increases the fracture capacity 

(mD·ft) to its initial value, the gas rate increases but is not equal to the initial production rate. On 

the other hand, higher rates and cumulative production are obtained when (i) the capacity of the 

hydraulic fracture is increased beyond the initial value or (ii) when new fractures are created (if 

the new fractures have the same or better properties than the original fractures). This is illustrated 

in Figure 2-3 that shows cross plots of production rate and cumulative vs. time for different values 

of capacity.   

 

A more detailed discussion of refracturing vs. infill drilling as a cost-effective approach to 

enhancing recovery in shale reservoirs is presented in Chapter 7. 
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Chapter 3: Determination of Geomechanical Properties from Well Logs 

 

3.1 Introduction 

Growth of a hydraulic fracture is calculated as a function of the mechanical properties of the rock 

and the in-situ stress state. A good geomechanical characterization is fundamental for field 

development and optimal production. When complete data sets and geomechanical information 

from cores are not available, conventional well logs can be used for estimating some of these 

parameters. The methodologies discussed in this chapter have been used for geomechanical 

interpretation in chapters 6, 7 and 8. That is the key objective of this chapter: Reviewing key 

methodologies for determining geomechanical dynamic properties (dynamic) from well logs and 

for estimating the magnitude of the principal in-situ stresses particularly in the case of low 

permeability reservoirs, although admittedly the results are not as solid as when working with 

cores. 

 

With complete data availability, rock mechanics parameters can be determined from cores (static 

properties) and the minimum horizontal stress (Shmin) can be estimated from mini-frac tests 

correlations (Lopez et al., 2015). The maximum principal horizontal stress (SHmax), as well as the 

minimum (Shmin), can be approximated with calculations at the position of a wellbore breakout in 

a vertical well. Wellbore stability problems can also be evaluated. 

 

With incomplete data availability, the methods presented in this chapter using well logs can prove 

very valuable. Although this chapter uses mainly data of the tight gas Glauconite formation, 

Willesden Green Field, Western Canada Sedimentary Basin (WCSB), Alberta, Canada, the 
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methods can be applied in other reservoirs and can provide useful input data for simulation studies 

presented in a subsequent chapter of this thesis. 

 

3.2 Study Area and Well logs 

The methods used in this chapter are illustrated with data of the tight gas Glauconite formation, 

Willesden Green Field, Western Canada Sedimentary Basin (WCSB), Alberta, Canada. In the 

study area, the formation has an average thickness of 72 m at a depth of 2000 m. It is dominated 

by glauconitic sandstones with variable amounts of shale. The orientation of principal horizontal 

stresses in North America and methods of determination are presented in Figure 3-1. The study 

area is inside the red square in the figure. The principal horizontal stress orientation that dominates 

in the study area is NE-SW, as shown by the thin black lines, which are approximately parallel. 

 
Figure 3-1. North America Stress Map; the Willesden Green Field is located inside the red 
square in the Western Canada Sedimentary Basin (WCSB) (World Stress Map, 2006). 
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Figure 4-4. Example of a discretized body boundary using BEM, and the discretized changes 
inside the body using FEM. Both methods use the same mesh. 

 

4.2.1 Finite Element Method Formulation 

To discretize continuous variables using FEM and solve the differential equations, it is necessary 

to approximate the variables in terms of their nodal values. The advantage of this approach is the 

capacity to discretize complex geometries and to solve quickly and efficiently the physical 

parameters acting in the model. An interpolation function is introduced to obtain nodal values 

between the elements conforming the mesh, also known as basic or shape functions. The flow and 

fracture aperture equations are discretized by applying a weight function based on the Galerkin 

Method (Smith and Griffiths, 1998; Zienkiewicz and Taylor, 2005). 

 

4.2.2 Galerkin Weighted Residual Method 

The Galerkin Method is a subclass of a Method of Weighted Residuals (MWR), which consist of 

setting an approximate solution to a partial differential equation by superpositioning trial, basic, 

elementary, or shape functions.  Applying the Galerkin weighting to Eq. 4-3 and multiplying both 

sides by the shape functions (described later in Eq. 4-23), the weak formulation of the fluid flow 

inside the fracture results in:  
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Figure 4-8. Flow chart of the algorithm to solve the numerical 3D hydraulic fracture 
propagation model. 

Yes 

No 
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4.6 Mesh Generation and Discretization 

The mesh used to solve the FEM model is based on an automatic and domain-adaptive advancing 

mesh. The novelty of this approach relies on the capacity to recreate complex geometries and 

irregular domains face in the operation. 

 

The approach used in this chapter differs from the methods of Ouyang (1994), and Yew and Weng, 

(2014) in that these authors require an external boundary made of quadrilateral shapes. In my 

fracture propagation model, the external boundary is created of triangles of different shapes. This 

makes the fracture propagation model more flexible for simulation of hydraulic fractures growth, 

especially in the case of very long fractures. 

 

The adaptability and discretization of the domain are the two principal features to be considered 

in mesh generation to solve FEM problems. The key to prevent over or under mesh growing is to 

introduce additional nodes and elements in the domain, which smooth and refine the mesh, 

resulting in a less distorted and uniform mesh. The new features introduced in this chapter expand 

or reduce the mesh capacity to recreate more complex scenarios by discretizing any given domain 

delimited by a boundary and populated by nodes from an iterative unstructured mesh generation 

algorithm. This geometry is based on the fracture front movement in any shape, feature particularly 

beneficial in highly fractured environments. 

 

4.6.1 Initial Mesh 

The initial mesh set to discretize the model is based on the mesh generation algorithm developed 

by Koko (2015). The algorithm arises from a simple mechanical analogy between a triangular 
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where a, b and c are the triangle side lengths. Therefore, an equilateral and optimal triangle has 

qmesh=1, and a marginal and poor formed triangle has qmesh=0. Persson and Strang (2004) observed 

a good quality agreement with a qmesh no less than 0.5. 

 

4.6.3 Inside Mesh Discretization 

As the fracture front is displaced, the initial mesh needs to be extended unto new boundaries. In 

this chapter, an unstructured simplicial mesh generation algorithm established by Engwirda (2014) 

is used to discretize the nodes inside the fracture surface. The algorithm is based on a front 

Delaunay triangulation, which consists of collections of triangular and tetrahedral elements to 

discretized a given domain; in this case, a discretize polygon delimited by the fracture front 

movement. A significant advantage of this method is the algorithm adaptability to high complex 

geometries, given by any cloud of points. 

 

4.6.3.1 Frontal-Delaunay Methods 

The algorithm employed in this chapter was developed by Engwirda (2014) and arises from an 

extension of the Delaunay triangulation. The Delaunay triangulation algorithm consists of the 

triangulation of any set of points in the XY-plane, drawn inside a circle given by the edges of a 

neural network in a Voronoi diagram. 

 

Engwirda (2014) used a novel strategy considering the use of Steiner vertices center to simulate 

the vertex placement strategy of a conventional advancing-front approach, while also preserving 

the framework of a Delaunay-refinement meshing algorithm. The aim of such a strategy is to 

recover the high element qualities and smooth, semi-structured meshes generated by frontal 
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changes in the edges of the fracture surface. Therefore, the number of equations employed to solve 

the problem is smaller in comparison to other numerical methods, where the spatial domain must 

be discretized as it is observed in the previous formulation for the fluid flow using the FEM. The 

stress act in the reservoir as a three-dimensional indirect source, which is also easier to formulate 

in an indirect method (Crouch and Starfield, 1983; Vandamme and Curran, 1989). 

 

4.7.1 The Displacement Discontinuity Method (DDM) 

Crouch and Starfield (1983) applied the Displacement Discontinuity Method (DDM) in non-

porous elastic media, mainly in the mining industry. DDM is an indirect method to solve elastic 

changes in the elements that conform the contour or boundary of a surface, area, or volume. The 

objective is modeling deformation and sliding due to the propagation of fractures or discontinuities 

in rocks. In porous media saturated with liquids at a depth of interest, the deformation in the matrix 

and the change in fluid pressure can cause redistribution of the stresses and fluid flow. Thus, this 

can be associated with the generation of microseismic events and the associated slip of fractures 

from stress variations in the reservoir. 

 

4.7.1.1 Non-porous elastic DDM 

The fundamental equations of the stresses induced at any point (x, y) for a homogeneous and 

isotropic homogeneous two-dimensional elastic porous medium, containing a finite number of 

small and thin fractures, with a normal and shear discontinuous displacement constant were 

developed by Crouch and Starfield (1983). The length of the fracture is 2a (one is the average 

length of the fracture segment) and its center (0, 0). The equations are as follows: 
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Figure 4-13. Fracture half-length obtained from the fracture propagation model developed 
in this chapter and the analytical KGD Model. 

 

The maximum fracture width from the fracture propagation model is presented in Figure 4-14. 

Several other graphs of the same type presented in Figure 4-14 are included in Appendix C. Input 

data for generating Appendix C is presented in Appendix B. The maximum fracture width 

observed in the KGD Model 3.187 in. and in the 3D fracture propagation model is 3.288 in. This 

is a difference of 3.1%. A comparison with real information from microseismic data is presented 

in Chapter 5.  
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Figure 4-14. Maximum fracture width at the end of simulation time calculated using the 3D 
hydraulic fracture propagation model developed in this chapter. 

 

 
Figure 4-15. Maximum fracture width at the end of injection time using the KGD model. 
Notice that the result compares well with the fracture propagation model. 
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Chapter 5: SRV Development Using a Hybrid Hydraulic Fracture Model and Microseismic 

Characterization 

 

In this chapter, a 3D hybrid hydraulic fracture (HHF) model composed of (1) complex discrete 

fracture networks (DFN) and (2) planar fractures is proposed for modeling the stimulated reservoir 

volume (SRV). Critical input data for the HHF is provided by the 3D fracture propagation model 

developed in Chapter 4.  

 

The idea of combining two types of fractures in this chapter was born out of the complexity of 

hydraulic fractures in tight and shale reservoirs. My hypothesis was that by combining DFN and 

planar fractures, I could end up with a better representation of actual hydraulic fractures in 

unconventional reservoirs. In practice in the industry, companies have used either DFN or planar 

fractures but not a combination of them. Thus, using the proposed combination is a novel idea 

developed as part of this research, which as discussed later in this chapter provides consistent 

results.  

 

Thus, the objective of this chapter is to use real data to test the validity of my hypothesis.  To this 

end, I characterize and evaluate the SRV in 9 horizontal multi-laterals covering the Muskwa, Otter 

Park and Evie Formations in the Horn River Shale, British Columbia and Northwest Territories, 

Western Canada Sedimentary Basin (WCSB), Canada. Furthermore, I match production histories 

of the laterals and evaluate the effectiveness and potential problems of the multi-stage hydraulic 

fracturing jobs carried out in the 9 laterals.   
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To accomplish my goal, the HHF is run in a numerical simulation model to evaluate the SRV 

performance in planar and complex fracture networks using good quality microseismicity data 

collected during 75 stages of hydraulic fracturing (out of 145 stages performed in 9 laterals). This 

part of the work I perform in a commercial numerical simulator supported by the original 3D 

fracture propagation model I developed in Chapter 4.  

 

The fracture network geometry for each fracturing stage is developed based on microseismicity 

observations and the limits obtained by fracture propagation using the 3D Hydraulic Fracture 

Propagation Model I developed in Chapter 4. Post-fracturing production is appraised with Rate 

Transient Analysis (RTA) for determining effective permeability under flowing conditions. 

Results are compared with the HHF simulation and the hydraulic fracturing design. 

 

The HHF modeling of the SRV leads to a good match of the post-fracturing production history. 

The HHF simulation indicates that there is interference between stages. The vertical connectivity 

in the reservoir is larger than the horizontal connectivity. This is interpreted to be the result of the 

large height achieved by hydraulic fractures, and the absence of barriers between the formations.  

 

It is concluded that the HHF is a valuable tool for evaluating hydraulic fracturing jobs and the SRV 

in shales of the Horn River basin in Canada. Given the generality of the Horn River application, it 

is likely that the same approach might have application in other shale gas reservoirs around the 

world. 
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5.1 State of the Art 

Modeling of the stimulated reservoir volume (SRV) is complex and requires a synergetic approach 

between geophysics, petrophysics, and reservoir engineering. To characterize and evaluate the 

SRV considering the initial hydraulic fracturing efficiency, fracture network complexity, 

mechanics, and microseismicity distribution along 145 stimulated stages in a multilateral 

horizontal 9-path well, in the Horn River Shale located in the WCSB, microseismic data of 75 

stages was considered to be of good quality for evaluation. A problem, however, was that only 

half of the length of each lateral had microseismic data, close to the heel. The other half close to 

the toe did not have any microseismic data.   

 

Warspinski et al. (2001) studied the stress and pressure changes caused by hydraulic fractures and 

evaluated triggered microseismicity in the vicinity of the fracture. Fisher et al. (2002) mapped and 

studied fracture stimulation in the Barnet Shale and introduced the concept of SRV in 

unconventional reservoirs. Maxwell et al. (2006) incorporated the seismic moment density to 

appraise the fracture density with the network extent, and to improve the correlation with well 

performance. 

 

Mayerhofer et al. (2010) described how the SRV can be estimated from microseismic-mapping 

data and how it is related to the injected volume and the well performance. The natural conditions 

of the reservoir control the SRV development, including fracture spacing in shales, pay zone, stress 

field and magnitude, the presence of natural or pre-existing fractures, fracture barriers, rock 

mechanic properties, and geologic structures. 
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example, fracture orientation, fracture height, fracture length, and fracture orientation; and in this 

way making the result somewhat more unique.   

 

5.2 Field Description: Horn River Shale  

The Horn River Shale is located at the northern extremity of British Columbia in Canada, covers 

an area of 18 129.92 km2 in northern British Columbia and the Northwest Territories. It is 

composed mainly of organic-rich shales from the Carboniferous-Devonian Age; the principal 

formations are the Muskwa, Otter Park, Klua, and Evie. Figure 5-1 shows a stratigraphy schematic 

of the Horn River basin. Figure 5-2 presents a stratigraphy schematic of the Horn River basin and 

two layers well paths targeting the Muskwa and Evie formations. Also included in the schematic 

is the Liard basin to the west (BC Oil and Gas Commission, 2014). 

 

Figure 5-1. Horn River Stratigraphy (Ross and Bustin, 2008). 
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5.2.1 Horn River Formations 

5.2.1.1 Muskwa/ Otter Park  

The Muskwa and Otter Park Shale are located in the upper shale interval within the Horn River 

Shale. The drilling depth to the top of the Muskwa/Otter Park Shale ranges from 6,300 to 10,200 

feet (EIA, 2015). The Muskwa/Otter Park Shale is over-pressured with an average gradient of 

approximately 0.6 psi/ft (Virues et al., 2013). The net-pay is around 380 feet. Total organic content 

(TOC) of 3.5%. Thermal maturity (Ro) is high, averaging about 3.5% and placing this shale gas 

in the dry gas window (EIA, 2015). Virues et al. (2013) indicates that the average composition of 

the shale is 60% quartz, 20% Clay, 10% Carbonates, and 10% other minerals. The Muskwa and 

Otter Park are generally linked by hydraulic fractures. 

 

5.2.1.2 Evie/Klua 

The Evie and Klua Shales are located in the lower interval within the Horn River Shale. The top 

of the Evie/Klua Shale is approximately 500 ft below the top of the Muskwa/Otter Park Shale, 

separated by an organically lean rock interval. The organic-rich Evie/Klua Shale, with an average 

TOC of 4.5%, has a thickness of about 160 ft (gross) and 144 ft (net). Thermal maturity (Ro) is 

high at about 3.8%, placing this shale gas in the dry gas window. The CO2 content is estimated at 

13%. The Evie/Klua Shale has a low clay content making the formation favorable for hydraulic 

stimulation (EIA, 2015). 
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Figure 5-2. Stratigraphy schematic of the Horn River basin and two layers well paths 
targeting the Muskwa and Evie formations. The Horn River formation is composed of the 
Evie, Otter Park, and Evie shales. Also included in the schematic is the Liard basin to the 
west (BC Oil and Gas Commission, 2014). 

 

The following Table 5-1 is a summary of depth, net pay, and TOC for the three principal 

formations in the Horn River Shale. 

Table 5-1. Location, size, organic content, and maturity of the producing formations in the 
Horn River Shale. 

Parameter Symbol 
Formation 

Units 
Muskwa Otter Park Evie 

Depth D 1,920 to 3,109 3,109 m 

Net Pay Net 116 49 m 

Total Organic Content TOC 3.5 4.5 % 

Thermal Maturity Ro 3.5 3.8 % 
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Due to similar geomechanical properties and few barriers to hydraulic fracturing, Muskwa and 

Otter Park are generally considered as a single flow unit, and Evie is mapped as a separate flow 

unit (BC Oil and Gas Commission, 2014). The separation of these two formations provides an 

excellent opportunity for a multi-layer horizontal well, such as the well studied in this thesis. 

 

Because of the high quartz content (indicative of the brittleness in the shale) and the complex basin 

history, the shales have a high amount of natural fracturing. Natural fractures are optimally 

oriented in relation to the in-situ stress field, making them relatively easy to reactivate while 

pumping hydraulic fracture stimulation treatments (Virues et al., 2013). 

 

5.3 Microseismicity 

In this chapter, the seismic activity is collected from nine hydraulically fractured horizontal wells 

in the Horn River Shale, drilled in 2011 and oriented NW-SE, which is the dominant direction of 

the minimum principal horizontal stress. The well is drilled in two layers, the inferior layer well is 

designed to contact the Evie formation and the Otter Park (three paths each formation) on the 

corners; and in the middle layer, the paths are drilled in the Muskwa formation which is placed 

directly above the top of Otter Park. The well lateral spacing for the Muskwa and Otter Park wells 

is 300 m and for the Evie wells is 600 m. The number of stages per well for this well pad varies 

between 15 and 18. Both well pads have been producing dry gas since their fracturing treatments 

in 2010 and 2011. 

 

Figure 5-3 presents the microseismic data from the well pad used in this chapter, which was 

available only on 75 stages (out of 145 stages) along the 9 paths, with all microseismic data 
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approximately one half the distance near the heel, but essentially none available toward the toe of 

the well. Different dot colors indicate the number of each hydraulic fracturing stage in the 

reservoir. However, it is acknowledged that the lack of microseismic information toward the toes 

of the wells introduces some uncertainty in the interpretation. 

 
Figure 5-3. Aerial view of the microseismic distribution in the area of study in the Horn River 
Shale. Different dot colors are associated with different hydraulic fracturing stages. The 
right-hand side of the figure presents a brief description of the hydraulic fracturing jobs. 

 

Figure 5-4a show a histogram distribution of the formations affected by microseismic events. The 

microseismicity is primarily distributed at 2600 m in the Otter Park formation following Muskwa 

and Evie. The more numerous microseismicity interval is located between 2550 m and 2650 m 

(Figure 5-4b). The location distribution by depth and formation will be used in the numerical 

simulation developed in this chapter to establish limits on the SRV development, to discard outliers 
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and to estimate the reservoir net pay. Also, to calibrate the fracture half-length and height with the 

hydraulic fracture propagation model. 

  
Figure 5-4. a) Histogram distribution of microseismic events according to the formation, and 
b) histogram distribution of the depth location. 

 

The distribution of events in each well path is inconclusive due to the absence of microseismic 

data (Figure 5-5a), especially in the paths one and two, where the information was available only 

in five hydraulic fracturing stages. Nevertheless, the data are used to characterize the fracture 

geometries and for choosing a representative area to complete the discrete fracture network (DFN) 

work related to the well path in the numerical simulation. The moment magnitude distribution is 

essential to understand the size of the fracture associated with the microseismic events (Figure 

5-5b), which will be discussed in section 5.3.3 of this chapter. 
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Figure 5-5. a) Histogram distribution of the microseismic events associated with each of the 
9 paths in the well, and b) distribution of moment magnitude (Mw). 

 

5.3.1 Seismic Orientation and Density 

The microseismicity geometry presents a NE-SW distribution (Figure 5-6a). This direction is 

perpendicular to the minimum principal horizontal stress and determinates the direction of 

hydraulic fracturing propagation, perpendicular to the well paths but with a small angle of 

inclination to the North, possibly related to the stress shadow produced from previous hydraulic 

fracture stages in the well path.  

 

In Figure 5-6b the events spatial density showed a more significant concentration of energy in the 

well path (path number two from left to right and seven, red area). 
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Figure 5-7. Fracture complexity in Well 1 in the Horn River Shale. Left, blue circles 
according to the magnitude of the complexity index. Right, fracture complexity index for 
every stage. Wells A2 through I2 are in pad 2 and correspond to well A though I in Figure 2 
(Yousefzadeh et al., 2016). 

 

Yousefzadeh et al. (2016) evaluated the FCI in the same path of the Horn River Shale (Figure 5-7) 

used in this chapter. Following the same approach, the fracture complexity is calibrated and 

compared with the FCI obtained from numerical simulation and the fracture geometry from my 

propagation model. The FCI may overestimate the complexity, as will be discussed later, planar 

fracture networks may recreate the production in microseismic scenarios with a substantial 

dispersion. 

 

5.3.3 Seismic Scaling Relations: Fractures Associated with the Microseismic Magnitude 

The relationships between earthquake scaling parameters are possible by following some 

assumptions, including the shape of the earthquake rupture patch, a reasonable range of stress 

drops, and earthquakes that exhibit self-similarity (Walters et al., 2015). For this chapter, it is 
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Figure 5-8. Earthquake moment magnitude according to the fault or fracture patch size for 
the microseismic events observed in the Horn River Shale and the earthquake moment 
related to both parameters. 
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Figure 5-9. Microseismic events spatial location according to the different fracture sizes. 
Each dot is related to the fracture size from blue (0.238 m) to red (24.516 m). 

 

Figure 5-9 presents the microseismic events spatial location according to fracture size. The 

smallest fractures concentrate towards the well heel, and the fracture size (5 m to 25 m) increases 

away from the heel. Also, the more extensive fractures are associated with the second layer of 

paths at the bottom of the well in the Evie Formation. 

 

The microseismic events and the fracture sizes were interpolated using a commercial Geography 

Information System (GIS) software. The result-interpolated surface improves the characterization 

of natural fractures, fracture spacing, and permeability in the reservoir associated with the 

hydraulic fracture. 
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Figure 5-10 presents the surface built by a co-kriging universal interpolation. In the second well 

path area, from left to right, there is a concentrated area of large fractures (over 9.4 m) connected 

to the hydraulic fracture created during stimulation stage 14 carried out in the Evie Formation. 

This area presents a medium seismic density but larger fracture sizes. Further analysis will show 

this path as one of the most productive intervals in the well. 

 
Figure 5-10. Surface obtained from co-kriging interpolation of the microseismic events 
related to the spatial location and the fracture sizes, from blue (0.238 m) to red (24.516 m). 

 

5.4 Hydraulic Fracturing 

The hydraulic fracture propagation model is used with a view to characterize fracture geometries 

in the reservoir, to calibrate microseismic observations, and to determine the SRV following 

stimulation. In some instances, such as the case discussed in this chapter, the inherent large 
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dispersion, and haziness in the microseismicity cloud, will produce uncertainties in the reservoir 

characterization. This model is applied to address the characterization challenges and to observe 

areas where the stimulation may have propped natural fractures totally or partially, which will 

benefit the production of gas. 

 

5.4.1 Hydraulic Propagation Model 

During stimulation, the hydraulic fracture reaches a length depending on, for example, the minimal 

stress, shear stress, injection rates, and injected volumes. The purpose of the 3D propagation model 

developed in Chapter 4 is to describe the hydraulic fracture geometry, drainage area, and 

stimulation size. The intention when applying the propagation model is to provide a general and 

practical description of the hydraulic fracturing job. Also, to emphasize the efficiency of the job 

by evaluating fluid leak-off in a reservoir with natural fractures. 

 

The fracture propagation model was employed to simulate hydraulic fracturing jobs in the Horn 

River Shale. The Perkins Kern Nordgren (PKN) model presented in Chapter 2 was also considered 

for comparative purposes. The PKN Model is reported to be suited for fractures whose 

length/height ratio is large, such as the fractures generated in some shale reservoirs. The PKN 

model assumes the fracture is in a state of plane strain in the vertical direction. It also assumes that 

the vertical fracture cross-section is elliptical, and that fracture toughness has no effect on the 

fracture geometry.  

 

The well considered in this chapter was drilled in the upper (Muskwa and Otter Park) and lower 

(Evie) layers, to maximize production from the different formations. Based on the geological 
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Furthermore, from the literature, I find that by considering geomechanical modeling of hydraulic 

fracturing, Virues et al. (2015b) observed an average half-length of 725 ft and an average fracture 

height of 476 ft in 16 fracturing stages in the Horn River Shale. King (2018) presented a graph 

showing that, for tight reservoirs, the desired fracture length is already close to 1,000 ft and even 

higher. 

 

From the fracture propagation model developed in Chapter 4, fracture width distribution in the 

active mesh during the final time step is presented in Figure 5-12. The maximum width after 

stimulation reaches 0.445 in. Afterward, the hydraulic fracture is simulated considering the time 

and pressure of injection to formation breakdown, and propagation of the propped hydraulic 

fractures. Fracture geometry is calibrated with microseismic observations.  

 

Results of the fracture propagation simulations are presented in Table 5-3. The fracture half-length 

and drainage area obtained in the Evie formations is more significant than in the rest of the 

formations. Note that in this case, less fluid was leaked into the formation and into the natural 

fracture system. The presence of natural fractures will result in additional pressure drops along the 

well lateral, because natural fractures will diminish the capability to keep the wellbore pressurized 

and to propagate the created hydraulic fractures, affecting thus the stimulated area. However, it 

will benefit the slip of pre-existing fractures and as a result, increase the reservoir permeability. 
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Figure 5-11. Fracture half-length of the Evie formation calculated using the 3D hydraulic 
fracture propagation model developed in Chapter 4 and the PKN analytical model. 

       

 
Figure 5-12. Fracture width (in) and final mesh simulated using the 3D Hydraulic Fracturing 
Model in the Evie Formation. 

 

Odd outcomes might be obtained in the presence of natural fractures. The hydraulic fracture can 

propagate in the direction of the least principal stress when the HF intercepts a natural fracture 
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(NF), it can cross it and continue propagating perpendicular to the maximum horizontal stress, 

open (dilate) the NF, or be arrested if the natural fracture is closed. If the effective stress is 

exceeded, the HF can open and dilate the NF, and again continue his path, which will lead to more 

complex fracture networks (Cipolla et al., 2011). Under these conditions, the drainage area 

estimated from my fracture propagation model, developed in Chapter 4, is summarized in the last 

line of Table 5-3, which also presents the injection time, fracture height, length in x and y 

directions, and the calculated stimulated drainage area. Note that the fracture heights of 500 ft, 656 

ft and 475 ft combined with a fracture half-length of 886 ft were obtained with extensive fracture 

treatments, which included fracturing volumes of slick-water ranging between approximately 17 

000 and 21 000 bbl pumped at rates ranging between about 75 and 90 bbl/min. Proppant injection 

included an average of 245 tonnes per stage for three well paths (1, 3 and 4), and 150 tonnes per 

stage for five paths (2, 5, 6, 7 and 9).  

Table 5-3. Drainage area obtained by the fracture propagation model related to the 
hydraulic fracturing design and reservoir properties. 

Parameter Symbol 
Formation 

Units 
Muskwa Otter 

Park Evie 

Leak-off Coefficient Cl 2.44E-05 3.134E-05 3.465E-05 ft/min0.5 
Hydraulic Fracture Half-Length 

Design Xhf 886 886 886 ft 

Closure Pressure Pc 5900 5900 7094 psi 
Hydraulic Fracture Simulated Xhfs 765 777 886 ft 

Efficiency Eff 86.4 87.6 90 % 
Fracture Height Hf 500 656 475 ft 

X-Length XL 1049 600 475 ft 
Y-Length YL 1492 1554 1772 ft 

Drainage Area Ad 256 321 328 acres 
 



 

140 

Figure 5-13 shows the extension of the hydraulic fracture in the Evie formation based on 

microseismic observations (approximately 2 034 ft · 885 ft). Darker dots indicate the late time of 

observation and propped event. Alignment parallel to the hydraulic fracture direction suggests the 

slip of pre-existing natural fractures in the reservoir and leak-off of fracturing fluid into the 

formation.   

 

Hydraulic fracture half-length (Xhf = 886 ft) from the fracture propagation model suggests that 

microseismicity shown in Figure 5-13 overestimates the fracture geometry of the hydraulic 

fracture job. This is probably related to the vast fracture network and high conductivity that allow 

fracturing fluids to slip larger pre-existing natural fractures.  

   

Figure 5-13. Microseismicity of Stage 13 in path 6 completed in the Otter Park Formation. 
The time of observation is presented using dots from the start (white) to the end of the 
stimulation (black). Fracture height of 656 ft. 

 

Figure 5-14 presents a comparison of fracture half-length and number of microseismic events, as 

determined from real data and calculated from the fracture propagation model. The comparison is 
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matching. Based on the reservoir description, the hydraulic fracturing operation is designed using 

the fracture propagation model with the objective of creating a complex fracture network, which 

might help to achieve a successful recovery. When microseismic data from the hydraulic fracturing 

operation are available, the fracture geometry observed with the fracture propagation model 

(width, length, and height) is correlated with the microseismic cloud In the absence of 

microseismic data, a planar fracture network discretized from the fracture propagation model can 

be used to create a more simplistic but still relatively reasonable fracture network, which will be 

discussed further later in this chapter. Finally, the reservoir is numerically simulated, and Rate 

Transient Analysis (RTA) is performed to match the production history of the well in the 

discretized fracture network. A good history match will allow proceeding with the forecasting 

stage. 
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Figure 5-15. Workflow developed in this chapter for SRV evaluation. Based on the reservoir 
description and hydraulic fracturing design, the microseismic data is used to calibrate the 
hydraulic fracture (HF) propagation model to restrain the development of the complex 
fracture network. In the absence of microseismic data, a planar fracture network is 
discretized to run an RTA evaluation. A good match using the HHF numerical simulation is 
followed by a production forecast. 
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5.6 Planar and Complex Discrete Fracture Networks 

The SRV was built from 145 hydraulic fracturing stages, 75 stages based on microseismic 

observations, 70 stages from the fracture propagation model and reasonable understanding of 

representative areas of the reservoir (formation mechanical properties, volumes injected, injection 

rate, perforations per cluster, fracture height, and length). To evaluate the behavior of the SRV, 

the exploitation was simulated considering two principal scenarios: (1) a discrete classical bi-wing 

planar fracture network and (2) a highly complex discrete fracture network (DFN) using the HHF 

approach. 

 

For the planar scenario, the well path was discretized in 145 bi-wing planar hydraulic fractures; to 

idealize the SRV reservoir in a simple uniform geometry. The fractures were built and 

differentiated according to the fracture geometry observed in the fracture propagation model and 

the properties of each formation. The limits correspond to those observed in the microseismic data. 

For this design, it was assumed that the stages were uncommunicated. 

 

The presence of natural fractures requires the definition of an additional permeability component 

related to the primary hydraulic fracture permeability (intrinsic permeability of 10 000 mD), and 

a secondary fracture permeability concept to account the relatively high permeability associated 

with the natural fractures. This is particularly important in the Horn River reservoirs, where the 

density of natural fractures is high. In the absence of formation microimaging logs, natural 

fractures are evaluated based on the fracture size determined from microseismic analysis and the 

formation leak-off coefficient obtained from the fracture propagation model. The effective 

secondary fracture permeability (0.01 mD) for each grid cell was calculated following a procedure 
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similar to the one described by Taylor et al. (2015) in a numerical simulation of the Duvernay 

Shale. In that study, the fracture width and permeability were defined as the primary permeability 

and enhanced natural fracture systems as secondary fractures within each grid block in the SRV. 

 

The simulation software that will be discussed in the next section was used to develop the SRV 

blocks for each stage where microseismic data were recorded. This process ensured that the SRV 

generated for each stage concurred with known microseismic observations. Furthermore, this 

ensured that the cells were connected to the appropriate perforations for a given stage, which was 

also limited by the hydraulic fracture extension simulated with the hydraulic fracture propagation 

model.  

 

Figure 5-16 presents different samples of fracture networks developed from microseismic 

observations. The events are attached to the perforations, and the fracture extension is delimitated 

by the possible fracture propagation and a maximum distance of stimulation. Because the fracture 

is unconstrained and lacks evidence of fracture barriers, the SRV was constrained by the formation, 

mechanical properties and net pay of the interval, characterized by sonic logs in the well. 

Therefore, the outliers are discarded, such as the events observed in Path 5, where microseismic 

events were observed at the bottom of the Keg River Formation. 
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Path 3- Muskwa 

 

Path 6 - Otter Park 

 
Path 6 - Otter Park 

 

Path 7 - Evie 

 
Figure 5-16. Samples of complex fracture network discretized with microseismicity of some 
of the hydraulic fracture stages. 

 

5.7 Numerical Simulation 

The compositional dual permeability option in a commercial simulator was used to model the Horn 

River shale gas reservoir including the natural fracture network. In the beginning, the simulation 

was performed free of pressures and rates constraints, to calibrate the model parameters in both 

planar and complex fracture network in the HHF simulation. The reservoir and wellbore 

parameters used to run the simulation model are presented in Table 5-4. 
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During high production peaks, the simulation is unable to match the production history, which is 

related to the initial connectivity of the fracture network. However, the ultimate recovery is 

analogous to the well history and will be correlated with the RTA. 

 
Figure 5-17. Simulation results (continuous lines) compared with actual gas production data 
(symbols) for all paths (1 to 9) using the planar hydraulic fractures scenario. Except for the 
approximate period 2013-1 to 2013-7 and a spike in 2014-4, the simulated gas rates are bigger 
than the actual rates. 

 

Figure 5-18 presents the simulation results of the Complex Fracture Network using the HHF 

concept developed in this chapter. The simulation results are represented by the continuous lines 

that match very well the production history represented by symbols for all 9 paths. The results 

suggest that the HHP approach will help in the design of further paths and possible refracturing 

jobs. 
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Path 2 completed in the Evie formation was the only one that failed to match the peaks of 

production properly. This is probably due to characterization problems, which included (1) the 

absence of microseismic data to develop the complexity of the fracture network, and (2) the 

limitation of the planar simulations to match the abrupt production changes. One possible solution 

will be to create a representation of the complex fracture network in the well path or a more 

rigorous approach, such as the analysis performed by Virues et al. (2015), in one of the middle 

paths of this well. 

 
Figure 5-18. Simulation results (continuous lines) using the HHF approach developed in this 
thesis. The model matched the production history (symbols) of the 9 paths consistently. The 
biggest production was observed in Path 2 completed in the Evie formation (blue dash line). 

For the HHF Model, also after 17 years of production (Figure 5-19 and Figure 5-20), the lateral 

cover is smaller than the planar. Nevertheless, the vertical extension is higher as well as the 

obtained reservoir volume. 
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Figure 5-19. Map view after 17 years of simulated production/depletion using the HHF 
complex DFN scenario and planar fracture network. 
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Figure 5-20. 3D view of pressure distribution in the well path after 17 years of 
production/depletion for the HHF planar and complex DFN scenario. 

 

An example of the interaction between hydraulic and natural fractures was performed for path 2 

(Evie formation) changing different fracture spacings in the simulator, from 0.01 to 100 ft, without 

rate or pressure restrictions from the history matching (Figure 5-21). The simulation with a 

fracture spacing of 100 ft reaches a production peak of 5% less as compared with the other fracture 

spacings. Gas production from the fracture spacing of 0.01 ft, 1 ft, and 3.28 ft showed no significant 

change in respect to each other. It is noted that the fracture spacing of 3.28 ft matched the 

production history more consistently. It is also noted that the presence of natural fractures in this 

reservoir contributes less than 5% of the total production, highlighting the importance of striving 

for a large and complex fracture network in the hydraulic fracture stimulation. The 5% was 

estimated by changing the fracture spacing indicated previously and comparing the production 
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results. 

 

Figure 5-21. Variations in production for different values of fracture spacing in path 2 of the 
Evie Formation. 

 

5.8 Rate Transient Analysis 

Anderson et al. (2013) presented a methodology to perform rate transient analysis (RTA) in the 

Horn River, using daily production data from a multi-stage horizontal well. Their analysis was 

performed using standard RTA techniques, including type curves, flowing material balance, 

specialized plots, and analytical models. The same methodology was conducted for studying the 

reservoir flowing conditions in this chapter, and for evaluating fracture propagation and numerical 

model results. 
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A commercial software package was employed to perform an RTA evaluation in each of the well 

paths. Figure 5-22, presents a conceptual model of the multifrac analytical model for 

unconventional gas reservoirs. 

 
Figure 5-22. Schematic of the Multifrac-Composite Analytical model used to perform RTA 
evaluation using commercial software. 

 

Figure 5-23 shows a sample of the RTA performed in path 2 in the Evie Formation. The Square 

Root Time graph in the upper right-hand corner of the figure indicates the presence of linear flow 

stemming from the hydraulic fracturing stages. The Flowing Material Balance graph (upper left-

hand corner of the figure), calculates the Original Gas in Place (OGIP) from extrapolation of the 

production data straight line to zero. The lower left-hand corner presents the calibration of the 

model using the Type Curve analysis technique. Finally, the lower right-hand corner shows the 

Compound Linear Flow Analysis used to forecast production with the material balance. In this 

path 2 in the Evie Formation, the dimensionless fracture conductivity (FCD) is Xn/Xhf =0.5, which 

validates the assumption made in the fracture propagation model that the fracture half-length is 

bigger than the fracture height.  

 

RTA results for a representative path in each of the producing formations are presented in Table 

5-5. The type curve analysis showed infinite acting reservoir behavior for the Otter Park and Evie 
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Formations (FCD>50), and shorter fracture lengths than the material balance, the numerical 

simulator, and the fracture propagation model. 

 

Figure 5-23. Sample of RTA graphs used to analyze path 2 completed in the Evie Formation. 

 

Gas production forecasts of Evie formation are presented in Figure 5-24. The different curves 

show the forecast scenarios for SRVs with areas equal to 100 acres, 168 acres, and 300 acres 
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considering an infinite-acting reservoir. Based on RTA results, the approximated EUR will be of 

10 590 MMSCF for a forecast SRV area of 168 acres. This evaluation was used to calibrate and to 

compare with numerical simulation reservoir parameters.  

Table 5-5 RTA results in material balance and type curve analysis. 

Formation 
Material Balance Type Curve RTA Forecast 

SRV Area 
[acres] Xhf [ft] FCD Xhf [ft] Area SRV 

[acres] 
Muskwa 743 49.4 249 255 194 

Otter Park 538 98 290 156 108 

Evie 886 731 359 245 168 
 

 

Figure 5-24. Forecast obtained from RTA in path 2 completed in the Evie Formation. 
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5.8.1 Simulation and RTA Comparison 

Figure 5-25 presents Evie formation path 2 history matching, the simulated production in RTA, 

and results of the numerical model assuming planar geometry. The numerical simulation model 

struggles to follow the high rate volumes during the initial month of production. After two months, 

the simulations adapt more efficiently to the production data. 

 

RTA results for a representative path in each of the producing formations are presented in Table 

5-5. The Type Curve Analysis showed infinite-acting reservoir behavior for the Otter Park and 

Evie Formations (FCD>50), and shorter fracture lengths than the material balance, the numerical 

simulator, and the fracture propagation model.  

 

As indicated above, based on RTA results, the gas estimated ultimate recovery (EUR) will be in 

the order of 10 590 MMSCF for a forecast SRV area of 168 acres. This evaluation was used to 

calibrate and to compare with numerical simulation reservoir parameters. Note that the forecast 

time is about 35 years. It is very long, but this is done on purpose to highlight that shale wells can 

have very long lives depending on the economics. For example, wells in the Appalachian basin 

can go on producing for several decades, although at very low rates. 
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Figure 5-25. Gas rate comparison of production history, simulation results, and RTA 
forecast for path 2 completed in the Evie Formation. This is the most prolific path in the 
reservoir.  

 

5.9 Well interference 

To investigate well interference, paths surrounding the four leading production paths were shut-

down, and paths 1, 2, 4, and 6 remained open to production. Figure 5-26, shows the simulated gas 

rate for path 6 completed in the Otter Park Formation, with all the paths in production (purple and 

blue curves for planar and HHF networks, respectively), and gas production of the path flanked 

with paths 3 and 4 shut-down (blue curve). Production of path 6 increased to 11.45 MMSCF/D, 

more than twice the rate when all paths were open to production (5.51 MMSCF/D). 
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Figure 5-26. Well interference with path 6 completed in the Evie Formation. The blue line 
indicates the production of path 6, when paths 5 and 7 were shut-in. 

 

Figure 5-27 shows a vertical view of the HHF simulation model. Well interference between the 

paths is notorious. In fact, connectivity between the upper and lower layers is extensive due to the 

significant height achieved by the hydraulic fractures, the large presence of natural fractures and 

the absence of fracture barriers between the formations. On the other hand, Figure 5-28 shows an 

aerial view of the simulated reservoir, also in HHF model, which evaluates lateral interference. 

The horizontal connectivity is less than the vertical connectivity. Nevertheless, depletion will 

increase connectivity, and the various fractured stages will compete for gas volumes stored in 

undepleted or partially depleted segments of the reservoir. 
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Figure 5-27. The upper part shows a cross-sectional view of 9 laterals termed A through I 
(becoming horizontal toward the reader), incorporated in the HHF model. The lower part 
shows hydraulic fracturing depths and details of the fracturing jobs. Map view of 
completions from A through I is presented in Figure 5-3. The vertical drainage, and fracture 
height extension are significant between the upper and lower paths, especially in the complex 
fracture network. Horizontal connectivity is less than vertical connectivity, but for larger 
periods of production, drainage will increase, and the paths will compete for undepleted 
volumes.   
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Figure 5-28. Aerial view of the simulated reservoir in HHF model. The contours show the 
horizontal connectivity between stages after 1.3 years of production. 
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Chapter 6: 3D Geomechanical Modeling in a Complex Fracture Network Using a Fully-

Coupled Hybrid Hydraulic Fracture (HHF) Model 

 

Key objectives of this chapter are to improve (1) evaluation and characterization of fracture 

networks (2) production history match with the use of the fracture propagation model developed 

in Chapter 4, (3) evaluation of stresses induced in the reservoir by hydraulic fracturing and (4) 

geomechanical modeling using the hybrid hydraulic fracturing (HHF) model introduced in Chapter 

5. To achieve these objectives, the HHF reservoir model is fully coupled with the geomechanical 

model, which considers far-field stresses stemming from the overburden, sideburden, and 

underburden. The model evaluates the effects of pore pressure depletion, fracture closure, 

permeability changes, and fracture reorientation using a discretized complex fracture network. The 

HHF model further helps to identify undepleted areas close to the fracture network. These areas 

reveal possible candidates for refracturing.  

 

The stress shadow from the initial hydraulic fracturing is evaluated in nine paths multi-level 

horizontal wells that penetrated the Horn River Shale. The stress shadow is corroborated with 

microseismic observations in areas with high fracture density and productivity. 

 

The procedure improves the simulation history matching by improving reservoir characterization, 

especially in stages closer to the toe where an understanding of fracture network geometry is 

problematic due to the cloud dispersion and scarcity of microseismic information. The model 

significantly improves and complements the evaluation of interference between well-paths and 

helps to determinate the optimum well, fracture and stage spacing, described in Chapter 5. 
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 State of the Art 

Microseismic events are created because of the slippage of fractures stemming from altered 

stresses driven by pore changes. Seismicity produces a complex cloud that can be problematic to 

identify, especially in stimulations with high seismic and stress anisotropy.  

 

Gonzalez et al. (2012) combined geomechanics and reservoir simulation to study stress changes 

due to pressure, temperature, and saturation changes in the reservoir. In the same manner, changes 

in petrophysical parameters such as porosity and permeability due to rock deformation with time 

were considered. The constitutive model in the geomechanical simulator was capable of 

reproducing elastic and plastic behaviors of the rock depending on the geomechanical properties 

and load applied to the reservoir and surrounding areas. 

 

Virues et al. (2015) studied the Horn River Shale using complex fracture geometry produced by 

the interaction of natural and hydraulic fractures. They emphasized the difficulty of matching 

fracture geometry without microseismic data and highlighted the need for these data to recreate 

the stress shadow from the stimulation. Finally, they discussed fracture propagation modeling to 

address well spacing optimization. 

 

When dealing with unconventional rocks such as tight gas and shale gas reservoirs, fluid flow and 

geomechanical integration could turn into a very complex problem because of the required details 

for modeling the hydraulic fractures, which are responsible for gas production. 
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Following the initial hydraulic fracturing job, the reservoir starts to deplete, leading to stress 

changes in magnitude and orientation. The primary depressurization occurs in the hydraulic 

fractures followed by natural fractures. However, there might be undepleted areas that can be 

accessed through a refracturing job. Recognizing these areas requires good characterization of the 

depletion areas and evaluating interference in each fracture stage in the production interval. This 

is important as the refracturing design should be aimed at enhancing fracture complexity and 

amplifying the SRV. Therefore, it is also important to include in the analysis stress shadowing 

generated by the previous fracturing job and stress differentials, which will affect the stress 

distribution and flow in the fractures. 

 

 Field Description: Horn River Shale 

For the description of the field, please refer to section 5.2 in Chapter 5, Field Description: Horn 

River Shale. 

 

 Hydraulic Fracturing 

Microseismic data is a powerful tool for reservoir characterization and hydraulic fracture mapping 

but may be limited and problematic in reservoirs with highly heterogeneous properties. The 

microseismic cloud may present significant variations and uncertainties that might result in 

inaccurate stimulated volume (SRV) estimations. The SRV determined purely by spatial and 

volume analysis may overestimate the SRV. To improve the characterization of the SRV, I use a 

fracture propagation model developed in Chapter 4, which allows characterizing the geometry of 

the hydraulic fracture, calibrating it with microseismic observations, and determining the SRV.  
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Figure 6-1. Stress change in the reservoir for a single hydraulic fracture (represented by a 
black line) in the Evie formation. A) Maximum horizontal stress, B) minimum horizontal 
stress, C) induced stress, and D) mean normal stress. 

 

Figure 6-2  shows with arrows the direction of displacements acting on the generic fracture in the 

Evie Formation. The dominating displacements are compressing and closing the fracture. The 

displacement direction is aligned in the direction of fracture propagation. 
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Figure 6-2. Direction of displacements acting in the XY-plane of a fracture (represented by 
a black line) in the Evie formation. 

 

6.4.1 Simultaneous propagation of multiple fractures 

In this section, the fractured propagation model is employed to simulate simultaneous hydraulic 

fracturing along the path of the well using the same input data from Chapter 4. In this scenario, the 

pressure drop in the perforations along the horizontal path is considered uniform for all the 

fracturing jobs.  

The simultaneous stimulation of 17 hydraulic fractures in the Evie formation and the grid to model 

the stress changes are presented in Figure 6-3. The grid consists of 50x50 points covering an area 

of 6,000 m x 4,000 m. This area was selected thinking in terms of where stress changes would not 

occur any longer. Each fractured stage is discretized by 21 elements for a total of 357.  
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Figure 6-3. Observation grid to model the stress change due to hydraulic fracturing in the 
fracture propagation model developed in Chapter 4 for 17 fractured stages in a generic path 
in the Evie formation. 

 

The minimum horizontal stress is presented in Figure 6-4. The stress between the fracture stages 

increases because of fluid injection and the change of pore pressure in the fractured interval.  It is 

notorious the change from negative values (-120 MPa) of the Shmin from the far-field and the stress 

between the fractures (150 to 350 MPa). The hypothetical scenario of 17 hydraulic fractures 

created simultaneously is not achievable but it is useful to observed the changes along the 

boundaries of the well path, when in a more realistic scenario the minimum stress is reacting to 

the vast a change of stress inside the propped fractures, where stress reversal is very likely in the 

direction of SHmax and due to change in Shmin from negative values (-100 MPa) to positive (50 
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MPa). This occurs less than 100 m from the last hydraulic fracture at the toe (lower fracture) and 

the first at the heel (upper fracture). 

 

Figure 6-4. Minimum horizontal stress (Shmin) calculated for 17 hydraulic fractures (black 
parallel straight lines). The toe of the well path is in the upper extreme of the black line. The 
hydraulic fractures go from left to right along the well path. 

 

For the SHmax presented in Figure 6-5, the largest stress magnitude is observed in the tip of the 

fractures (120 MPa) and between fractures 7 to 11. The values of SHmax are higher than the Shmin 

values (Figure 6-4). These changes suggest a stress reversal where the horizontal stresses rotates 

far enough to switch SHmax to Shmin and vice versa. This stress reversal will be an excellent 

opportunity for refracturing operations. Nevertheless, the pressure drop by depletion needs to be 
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consistent with the effective stress change to reach lower fracture values of Shmin. This will make 

injection possible and the remaining hydrocarbons volumes, potentially economic. This topic is 

covered in more detail in Chapter 8 of this thesis. 

 

Figure 6-5. Maximum horizontal stress (SHmax) calculated for 17 hydraulic fractures. The toe 
of the well path is in the upper extreme of the hydraulic fractures (black lines). The hydraulic 
fractures go from left to right along the well path. 

 

Figure 6-6 presents the maximum horizontal stress (SHmax) induced in the reservoir. The largest 

stress (SHmax) trends in the direction NE30, reaching values of 110 MPa. This stress change reveals 

the tendency of stress reorientation by rotation of the dominating horizontal stress. 
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Figure 6-6. Induced stress introduced in the reservoir by hydraulic fracturing; the stress is 
measured in the XY direction. The black straight line represents the 17 hydraulic fractures. 

 

 Fracture Network Discretization 

In Chapter 5, the fracture network was developed from the fracture propagation model and 

microseismic observations, for this chapter, the methodology is enriched by incorporating the 

stress shadow discretized in the propagation model. 

 

6.5.1 Fracture Properties and Mechanics 

The principal parameters to model fracture properties are presented in Table 6-1. These parameters 

are vital for a reasonable fracture network characterization, which will be included later in this 
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chapter in the geomechanical section of the commercial numerical simulator. The fracture 

aperture, length, and conductivity were obtained from the fracture propagation model developed 

in Chapter 4. These parameters were also correlated with previous observations by Virues et al. 

(2015) in the Horn River Shale. The fracture orientation, azimuth, and dip were obtained from 

microseismic characterization presented in Chapter 5. Fracture permeability was evaluated 

following observations in Chapter 4, where the fracture aperture decreased away from the wellbore 

as the distance from the wellbore into the reservoir became larger. This approach allows modeling 

the fracture permeability tip with cells located far away from the well, using the Barton et al. 

(1985) permeability model, which will be discussed in the permeability modeling section of this 

chapter. 

Table 6-1 Principal fracture parameters and their source. 

Parameter Values Units Source 
Average Fracture 

Aperture 0.51 - 17.18 mm Fracture propagation model and 
Virues (2015) 

Average Azimuth NE, SW degrees Microseismicity 
Average Dip 60, 255 degrees Microseismicity 

Average Length 270 m Fracture propagation model and 
microseismicity 

Average Fracture 
Conductivity 0.1 - 5 mD·m 

Fracture propagation model, 
permeability measurements, and 

Virues et al. (2015) 
Average Fracture Tip 

Permeability 5000 mD Sensitivity analysis and history 
matching 

 

Following fracture characterization, the fracture network is discretized. The gridding approach is 

a complex task that tries to avoid possible errors during the handling of mechanical fracture 

properties and their relationship with the numerical simulator. A good gridding approach offers a 

viable tool for reasonable estimation of the principal fracture parameters when there is limited 
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information from the field. In this chapter, the primary sources of fracture parameters are the 

hydraulic fracture propagation model, microseismic data, and permeability measurements.  

 

Figure 6-7 presents the development of the 3D complex fracture network section on the numerical 

model for wells A and B, after processing and filtering of microseismic events. The upper part of 

Figure 6-7 shows on the left the microseismic data in the 3D simulation grid for well A. The black 

arrow pointing to the right signals the data as used during the simulation of well A. The lower part 

of Figure 6-7 shows on the left the microseismic data in the 3D simulation grid for well B. The 

black arrow pointing to the right signals the data as used during the simulation of well B. 

 

Extension of the fracture half-length is delimited based on the maximum length achieved by the 

fracture propagation model. For this study, seismic events beyond 50 m from the last cell 

connected to the stage perforation are considered as outliers. The stress shadow is useful to observe 

the direction of stress induction. Therefore, it is possible to associate the direction of the 

microseismic cloud to the fracture propagation. Figure 6-7 highlights this observation, where 

several microseismic events are not considered due to their far location and for being out of the 

stress dominated direction (yellow dashed line circles in the SW and NE locations, respectively). 

 

These outliers are probably unrelated to the connectivity between the reservoir and the fracture 

network, which is the main objective of the zipper and alternate stimulations. These stimulations 

attempt to develop a large SRV as well as a vast network of hydraulic fractures covering as much 

as possible of the reservoir. The complete reservoir fracture network using the HHF planar and 

complex DFN is presented in Figure 6-8.  
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Figure 6-7. Development of 3D complex fracture network from filtered microseismic events 
available in specific stages and fracture network develop from the fracture characterization 
using the fracture propagation model. The green arrow points to North, red arrow to East, 
and the blue arrow is the depth. 
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Figure 6-8. 3D view of the simulation model in the well path after 5 years of production in 
the HHF planar and complex DFN scenario. The green arrow points to the North, red arrow 
to East, and the blue arrow is depth. 

 

Figure 6-9 shows a top view of simulated reservoir depletion after five years of production. High 

compaction of the reservoir restrains uniform access to gas saturation. The main production 

volume is a function of the size of the fracture network produced by the hydraulic fracturing job. 

After the SRV definition in Chapter 4, the volume associated with the natural fractures contributes 

less than 10% of the total production.  The main production volume is related to the vast and 

complex hydraulic fracture network and the SRV. 
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Figure 6-9. Top view of the reservoir fluid-flow simulation study after 5 years of production. 

 

 Geomechanical Model  

To improve the numerical model accuracy, it is necessary to develop a geomechanical model of 

the reservoir, to consider the mechanical behavior of the reservoir during depletion, and to evaluate 

the stress and pressure change during the history matching. 

 

The optimum way of doing this is by extending the reservoir grid model to account for the far-

field stresses (overburden, sideburden, and underburden), their effects on the reservoir surrounding 
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boundaries, and even the geomechanical subsidence effect on the surface facilities. All of this has 

a significant effect on reservoir fracture closure, permeability and thus on gas production. 

 

The optimum size and extension of the geomechanical model around the reservoir are uncertain. 

Osorio et al. (1999) and Gonzalez et al. (2014) suggest an increment of about five to ten times the 

original reservoir size. In this study, the size of the geomechanical grid is quadrupled, and the 

geomechanical top is extended to the surface while the rigid bottom base is limited to 22 km depth, 

which corresponds to approximately eight times the depth of the reservoir. This leads to a model 

that includes 388 080 grid cells in an 84x84x55 arrangement, covering an area of 256 km2 (Figure 

6-10).  

 

    

 

  

Figure 6-10. 3D view of the geomechanical grid used to evaluate the stress and fracture 
behavior during reservoir depletion. Notice the inclusion of cells representing the overburden, 
sideburden and underburden. Green arrow points to North, red arrow to East, and blue 
arrow is depth. 
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Figure 6-11. Geomechanical interpretation from well logs of the Muskwa, Otter Park, and 
Evie Formations (Virues et al., 2015). Similar interpretation methodologies were presented 
in Chapter 3. 
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Figure 6-13 Schematic of the permeability change following normal stress reduction as a 
response of pore pressure depletion modeled using Barton et al. (1985) method (CMG, 2017). 

 

In the Horn River Shale, the fracture mechanics parameters used to model the fracture permeability 

change depending on the effective normal stress. Basic data for performing this task are presented 

in Table 6-5. 

Table 6-5. Parameters used to determinate permeability behavior based on Barton et al. 
(1985) correlation, which is included in the geomechanical model. 

Parameter Symbol Units Value 
Initial Fracture Aperture e0 m 0.0072 

Initial Normal Fracture Stiffness kni kPa 2.00E+05 
Fracture Opening Stress frs kPa 0 

Hydraulic Fracture Permeability khf mD 5,000 - 25 000 
Fracture Closure Permeability kccf mD 10 000 

Residual Value of Fracture Closure 
Permeability krcf mD 10 
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Permeability modeling in the complex fracture network follows the principle that higher 

permeabilities concentrate closer to the wellbore and decrease exponentially as the fracture extends 

away into the reservoir. The same behavior is observed for fracture aperture in the fracture 

propagation model. Figure 6-14 shows in red color a representative hydraulic fracture from a stage 

at the center of the well-path according to the fracture height observed in microseismic data and 

the fracture propagation model. 

 

Figure 6-14. Profile of the discretized fracture permeability model in a complex fracture 
network. The red color highlights a representative hydraulic fracture from a stage at the 
center of the well path according to the fracture height observed in microseismic data and 
the fracture propagation model. The high change of thickness and permeability variation 
along the network proved to be the biggest challenge to model fracture permeability 
reduction during depletion. 

 


















































































































































































































