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ABSTRACT

This thesis presents an analytical and experimental study which was performed 

to improve modeling of fractured horizontal-well performance in shale-gas reservoirs by 

including the effect of pressure-dependent natural-fracture permeability. To our 

knowledge, a detailed account of the effect of natural-fracture closure on fractured 

horizontal-well performance in shale has not been published in the open literature. The 

objective of this research is to contribute to the existing knowledge by presenting and 

validating pressure-dependent fracture permeability correlations and examining their 

effect on fractured horizontal-well performance by an analytical model.

This thesis considers several pressure-dependent matrix-permeability correlations 

presented in the literature and presents new experimental data for pressure-dependent 

fracture permeability acquired from shale and carbonate cores of the Bakken formation. 

Laboratory experiments were performed using the CMS-300 equipment in the Petroleum 

Engineering Department at the Colorado School of Mines to obtain permeability and 

porosity as a function of confining pressure. Surface roughness was also measured using a 

profilometer. Sensitivity analysis was performed to determine the correlation coefficients 

for the experimental data.

To investigate the effect of pressure-dependent permeability, experimentally 

developed correlations were included in an analytical model of a fractured horizontal well 

surrounded by a stimulated reservoir volume. The analytical model was derived by 

modifying the trilinear model (Ozkan. et ah. 2010) to account for pressure-dependent 

fracture permeability. In this research, pressure-related deformation is considered only in 

the fracture network. As a result of the analytical modeling, the effect of pressure- 

dependent fracture permeability is included in the dual-porosity transfer function. The 

analytical solution and the transfer function are nonlinear and an iterative procedure is 

required for numerical evaluations. Differences between the new model and conventional 

formulations are delineated and applications of the new correlations and the analytical 

model are demonstrated by history matching the performances of two wells in the 

Barnett and Haynesville formations.
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CH APTER 1 

IN TR O D U C TIO N

This thesis presents a research study for a Master of Science degree that was 

conducted at the Marathon Center of Excellence for Reservoir Studies (MCERS) in the 

Petroleum Engineering Department of the Colorado School of Mines. The main objective 

of the research was to study the effects of pressure-dependent natural-fracture 

permeability on the productivity of shale reservoirs. Although several models have been 

proposed to model pressure-dependent primary (matrix) permeability not much 

information has been reported in the literature regarding the reduction of natural 

fracture (secondary) permeability as the pressure declines.

In the research, existing models were used to correlate the pressure-dependency of 

fracture permeabilities measured in core tests. Analytical modeling techniques were used 

to incorporate pressure-dependent fracture permeability into dual-porosity idealizations 

of naturally fractured reservoirs. These models were used to study the impact of fracture 

stress sensitivity on the long-term productivity of wells in shale reservoirs. One of the 

contributions of the research is the documentation and correlation of the pressure- 

dependency of natural fracture permeabilities in shale. The second important 

contribution is the qualitative and quantitative delineation of productivity reduction as a 

result of natural-fracture closure as the reservoir pressure declines.

1.1 O rganization of the Thesis

This thesis explains the motivation, methodology, hypothesis, and the objectives 

of the study and presents the results, conclusions, and recommendations. The thesis is 

divided into six chapters.

Chapter 1 is an introduction that explains the motivation behind the study and states 

the hypothesis of the research along with the objectives and methods of the study.

Chapter 2 presents a literature review of papers and publications related to the research.

Chapter 3 introduces the concepts and correlations for fracture deformation and 

pressure-dependent permeability.
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Chapter 4 contains the derivation of the analytical formulation and explains the basic 

approach as well as the mathematical issues.

Chapter 5 presents the results of the research including the pressure-dependent fracture 

permeability correlations and productivity estimations.

Chapter 6 covers the conclusions of the research and the recommendations for future 

studies.

1.2 M otivation of the Research

Due to the growth of global energy demand and the slow development of safe, 

reliable, and efficient alternative energy sources, it is predicted that the significance of 

hydrocarbon resources to meet the energy needs of the modern societies will continue 

into the next several decades. In addition, demand of the resources is expected to 

increase due to population growth, new uses for resources, and an increase in demand for 

the resources to raise living standards.

Conventional petroleum resources are rapidly diminishing without new 

discoveries. As a result of limited oil supply from the existing resources, crude oil prices 

have hit the peak recently. With technological advancement in exploration and 

production (hydraulic fracturing and horizontal/multi-lateral drilling), unconventional 

resources are a promising alternative to the energy market. The high price of oil and the 

volatility in the supply have motivated the development of shale-gas plays.

Shale-gas reservoirs are made up of organic-rich shale formations deposited in 

thin and irregular layers and contain large amounts of gas. These resource plays have 

become strategically important especially in industrialized countries where the 

dependence on imported energy sources is seen to be a great risk for sustained 

development as well as a threat to national security.

Shale gas initially became commercially feasible during the 1980s and 1990s in 

the United States with successful discovery of the Barnett Shale in North-Central Texas. 

Barnett Shale ignited the aggressive developments of shale oil and gas in the United 

States which reached nearly 0.5 trillion cubic feet of natural gas production per year in
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2005. Following this, the oil and gas industry began pursuing other shale plays, including 

Fayetteville, Haynesville, Marcellus, Woodford, Eagle Ford, and others. Shale gas has 

been recognized as a game changer for the U.S. natural gas market in the past 5 years.

The dry shale gas production in the United States has increased from 1.0 trillion 

cubic feet in 2006 to 4.8 trillion cubic feet in 2010. The map in Figure 1.1 shows the 

locations of the shale plays in the United States. According to the U.S. Energy 

Information Administration, an estimated undeveloped 24 billion barrels and 750 trillion 

cubic feet of oil and gas resources exist in discovered shale areas. 645 trillion cubic feet 

(86%) from the total 750 trillion cubic feet is technically recoverable at present 

(Courtesy of http://www.eia.gov/analysis/studies/usshalegas). The largest shale-gas play 

developments are focused on the Marcellus (410.3 trillion cubic feet, 55% of the total), 

Haynesville (74.7 trillion cubic feet, 10% of the total), and Barnett (43.4 trillion cubic 

feet, 6% of the total). These estimations are based on the resource area, well spacing, 
and average expected ultimate recovery for each shale play. Estimates of the technically 

recoverable shale-gas recourse are certain to change over time as technology advances.
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One of the important aspects of shale reservoirs is their stress sensitivity. In a 

stress sensitive reservoir, the permeability and porosity change as pore pressure changes 

during production. This occurs where the elasticity of rock and large pressure changes 

cause significant changes in the pore volume and connectivity. Production performances 

of shale reservoirs are a strong function of a dense and conductive network of fractures in 

the drainage volume of the well. In overpressured shale reservoirs, pressure-dependency 

may manifest itself in the permeability of the natural fractures, in addition to the 

primary (matrix) permeability. The natural fracture networks are usually generated or 

rejuvenated as a result of the stress and strain change induced by hydraulic fracturing in 

shale-gas reservoirs. Because they are poorly propped, conductivity of the natural 

fractures is highly susceptible to the changes of stress and strain during production. 

Therefore, incorporating pressure-dependency of natural fracture permeabilities is a 

significant step toward more realistic assessments of the production potential and the 

economic outlook of shale reservoirs.

1.3 Hypothesis

Using the existing knowledge of permeability alterations due to rock compaction 

and fracture closure, and based on the preliminary experimental data, it is hypothesized 

tha t stress-dependent conductivity of poorly propped natural fractures has considerable 

impact on the long-term production of shale reservoirs. It is further postulated that the 

fracture permeability can be correlated with stress. The use of uniaxial stress and 

isotropic permeability assumptions allows the representation of the effect of effective 

stress in terms of pressure. Therefore, under the assumptions of this research, pressure- 

dependent permeability correlations can be used to incorporate the effect of stress- 

dependent permeability into dual-porosity models of shale reservoirs with fractured 

horizontal wells. It is presumed that the pressure-dependency of the matrix (primary) 

permeability is negligible compared with the natural-fracture (secondary) permeability in 

dual-porosity systems.
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1.4 Objectives

The purpose of the study is to investigate the stress sensitivity of fracture 

networks in shale and its impact on the overall productivity of shale reservoirs. This 

study will compare the results from the dual-porosity models with pressure-dependent 

permeability with those from conventional dual-porosity models. An important 

expectation from this research is an improved description of fluid transfer from matrix to 

fracture, when fracture permeability changes with pressure.

The main objectives of the proposed research are stated below:

1. Review the existing models for the stress sensitivity of permeability.

2. Collect experimental data and information about the effect of stress sensitivity 

on natural-fracture permeability in shale.

3. Develop correlations for pressure-dependent natural-fracture permeability.

4. Develop an analytical model of a hydraulically fractured horizontal well in shale 

that incorporates a pressure-dependent permeability modulus in a dual-porosity 

model. Generate the computational code (in Fortran 90) for the model.

5. Compare the results of the pressure-dependent permeability model and the 

conventional dual-porosity models to delineate the effect of stress sensitivity.

6. Incorporate pressure-sensitivity into the analytical transfer functions used in 

dual-porosity models.

1.5 Phases of th e  R esearch

The research has consisted of exploratory, constructive, and verification phases.

The exploratory phase of the research comprised the definition of the problem, 

including,

(i) the statement of the hypothesis.

(ii) investigation of the existing knowledge and data,

(iii) definition of the specific objectives and the boundaries of the research, and

(iv) selection of the research methods.



During the constructive phase.

(i) new data were collected, interpreted, and correlated, and

(ii) analytical models were developed to study and understand the effect of

pressure-dependent fracture permeability in shale-gas reservoirs.

The final phase of the research was the verification phase, which comprised of

(i) the verification of the correlations and analytical models developed in the

research, and

•(ii) interpretation of the results.

1.6 M ethod of Study

Empirical and analytical methods have been used in the research. Empirical 

methods were used to define the problem based on the existing observations and the 

data obtained in the exploratory phase. Empirical methods were also used in the 

constructive phase to interpret the data and develop correlations for pressure-dependent 

natural-fracture permeability. Stress-dependent permeability correlations presented in 

the literature were also examined. However, only pressure-dependent permeability 

correlations were used in the research due to uniaxial stress and isotropic permeability 

assumptions. In the empirical studies, the data collected from the literature were used 

and new correlations were generated through experiments. Several pressure-dependent 

permeability moduli, described in Chapter 3, were applied with geomechanical properties 

as well as the relation between fracture properties and the stress. To model rock 

deformation, shale-gas reservoirs were considered as perfectly elastic media that behave 

in a linear and reversible nature.

Analytical methods were used in the constructive phase to develop a flow model 

for fractured horizontal wells in shale-gas reservoirs. The analytical model incorporates 

the effect of pressure-dependent fracture permeability by using the empirical correlations 

developed in this study. To construct the analytical model, solutions to the diffusion 

equation were derived for the matrix and fracture media and then coupled. The dual

mechanism dual-porosity solution (Ozkan, et ah. 2010) was used as a base model. The 

analytical model was derived in the Laplace transform domain. Furthermore, to linearize

6



the gas diffusion equation and incorporate the pressure-dependent fracture permeability, 

the pseudopressure approach was utilized. The computational code was written in 

FORTRAN 90.

Empirical techniques using the experimental, field, and simulated data were 

employed to verify the results of the empirical correlations and the analytical model. 

Results were analyzed and interpreted to determine the effect of pressure-dependency of 

fracture permeability.

7



CH APTER 2 

LITERATURE REVIEW

Fluid flow in naturally fractured reservoirs is described by analytical or numerical 

models. Each method possesses unique advantages for different purposes as well as 

limitations. An analytical model requires fewer input parameters compared to a 

numerical model. Furthermore, results from analytical models may be obtained faster 

than the corresponding numerical models. However, numerical models are usually less 

restrictive in applicability due to the reduced level of assumptions. The process of 

mathematical formulation of a numerical model is relatively simpler but the generation 

of the computational algorithm is more laborious and the numerical models typically 

require more data.

The problem addressed in this proposal is a hydraulically fractured horizontal 

well in a naturally fractured shale-gas reservoir with a pressure-dependent fracture 

permeability. The solution presented herein is analytical and based on the prior work in 

the areas of fluid flow in porous media, naturally fractured reservoirs, hydraulically 

fractured wells, horizontal wells, shale-gas reservoirs, and stress sensitive reservoirs.

The analytical solution techniques documented by Farsi aw and Jaeger (1959) are 

extensively used to solve problems relating to fluid flow in porous media. Green's 

functions and the method of sources and sinks are among the most common analytical 

techniques used to obtain flow solutions for horizontal and fractured wells. The 

derivations of the analytical solutions customarily involve the application of Laplace 

transformation. Solutions derived in the Laplace-transform domain are inverted to real 

time by using a numerical inverse Laplace transform algorithm, such as the one proposed 

by Stehfest (1970), when analytical inversion is not possible.

For the analytical solution techniques to be used, the diffusion equation 

describing fluid flow in porous media must be linearized by assuming constant fluid 

properties, small fluid compressibility, and small pressure gradients. These assumptions 

are not valid for the flow of real gases in porous media; however, the concept of real-gas 

pseudopressure, introduced by Al-Hussainy and Ramey (1966). and Al-Hussainy, et al.
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(1966) can be assumed to linearize the gas diffusion equation for the purposes of this 

research (the deviation of the gas-pseudopressure from the liquid-pressure behavior at 

late-times and for high flow rates are deemed ineffectual on the conclusions of this 

research regarding the effect of pressure-dependent natural-fracture permeability).

Because a stimulated reservoir volume (SR.V) consisting of a network of natural 

fractures is essential for production of fractured horizontal wells in shale formations, it is 

of interest for this study to consider dual-porosity idealization of a naturally fractured 

medium. An idealized dual-porosity model of a naturally fractured reservoir (with a 

uniform fracture distribution) was presented by Warren and Root ( 1963). Based on the 

assumption that matrix porosity contributes significantly to storage capacity but 

negligibly to the flow capacity, this idealized model was developed to study the 

characteristic behavior of naturally fractured reservoirs. This model incorporates the 

effect of natural fractures by assuming pseudosteady fluid transfer from the matrix to 

the fractures. Warren and Root (1963) used a shape factor for isotropic, cubic matrix 

blocks that defined the geometry of the matrix elements. The model was introduced in 

terms of two characteristic parameters: storativity. g o . and transmissivity. À, of the dual- 

porosity medium. The storativity is a ratio of the storage capacity of the fracture 

network to the storage capacity of the total system. The transmissivity is a measure of 

the ratio of the flow capacities of the matrix and the fracture. The basic formulation of 

Warren and Root (1963) was modified by Kazenri (1969) introducing transient flow from 

matrix to fractures. Furthermore, Kazenri. et al. (1976) added the multiphase flow 

concept and numerically solved the dual-porosity system in three dimensions. In their 

work. Kazenri. et al. (1976) also presented a new definition of the shape factor.

The above mentioned studies consider rock properties to be constant. However, 

some naturally fractured reservoirs are sensitive to effective stresses changes caused by 

the changes in pore pressure. Compaction of porous media reduces its permeability and 

porosity. More recently, Pedrosa (1986) investigated pressure-transient responses in 

stress-sensitive formations to construct type curves for oil and gas. These type curves are 

obtained by analytically solving one dimensional, isothermal, homogenous, single-phase, 

infinite, radial-flow equations with pressure-dependent permeability and porosity at a 

constant flow rate. The model presented by Pedrosa introduced the concept of 

permeability modulus, which is the fractional change of permeability with unit change in
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pressure. This is equivalent to exponential variation of permeability with pressure. 

However, the proposed model was simplified by using the Taylor expansion of the 

diffusivity and the permeability moduli, which limited its applicability. Cells, et al. (1994) 

presented an analytical model that considers flow in naturally fractured, stress-sensitive 

reservoirs in order to analyze the transient pressure responses. This model was 

constructed to handle the unsteady- and pseudosteady-state flow of oil reservoirs.

Best and Katsube (1995) discussed the characteristics of shale reservoirs focusing 

on permeability and its contribution to hydrocarbon exploration in overpressured areas. 

Shale formations act as seals to conventional hydrocarbon accumulations (traps) due to 

their extremely low permeability and the depositional structure of their mineral grains. 

Moreover, kerogen contained in shale is considered as a potential reservoir. According to 

Best and Katsube, overpressure conditions are extremely sensitive to absolute 

permeability. The nanodarcy-scale of shale permeability is responsible for the generation 

of overpressure conditions. After the critical depth of burial, the permeability and 

porosity do not change much. In addition, common mechanisms known to cause 

abnormal pore pressures are (1) disequilibrium compaction caused by trapped water in 

the pores, (2) released water from clays within a closed system, (3) increase in 

temperature with depth in a closed system, and (4) tectonic stresses. Best and Katsube 

further argue that there is no agreement on whether the permeability-pressure 

relationship can be represented by a single mathematical expression.

Gutierrez, et al. (1999) conducted an experiment to study stress-dependent 

permeability of de-mineralized fractures in shale. The experiment was performed under 

different effective normal stresses and shear displacement. As a result, fracture 

permeability was reduced significantly during increasing effective normal stress across 

the fracture, and after shearing of the fracture under constant high normal stress. 

However, fractures never completely close under very high normal stresses, and 

consequently, if they lose their conductivity completely, this is a consequence of 

cementation. Soeder (1988) conducted a similar experiment in Devonian shale to analyze 

the porosity and permeability with the Klinkenberg effect. The porosity was 

approximately 10%, and permeability was in a range of 5 to 50 microdarcy with strong 

pressure dependence. According to the author, the gas productivity depends on a wide 

range of geologic factors including the organic content, thermal maturity, natural facture
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spacing, and the mobility of the gas content. It was concluded that a rock with the 

above conditions cannot produce marketable amounts of natural gas without hydraulic 

fractures. Luffel, et al. (1993) also performed an experiment to measure matrix 

permeability in gas producing shales. Luffel, et al. ran a degassibility test using helium 

and methane to measure the gas permeability of the shale matrix and the occurrence of 

gas desorption. In addition, the authors characterized the microfractures in cores. The 

fractures had an aperture of 10 microns.

Raghavan and Chin (2000) presented a fully coupled geomechanical and huid- 

flow model to analyze pressure-transient responses of wells in stress-sensitive reservoirs 

with nonlinear elastic and plastic constitutive behavior. The model presented by 

Raghavan and Chin used three basic principles, linear momentum, mass conservation, 

and Darcy's law, to compute pressure responses using finite-element discretization. The 

proposed model was tested by problems with known solutions to verify the numerical 

accuracy and ability to retain correct physical principles. In addition to the model 

development, Raghavan and Chin (2004) added correlations to evaluate productivity 

changes in stress-sensitive reservoirs that may be used for production forecasts. Using the 

developed numerical model, the stress impact on physical and mechanical properties was 

analyzed extensively.

Kwon, et al. (2004) experimentally investigated anisotropy and effects of clay 

content and loading. They developed a correlation using a cubic law to represent 

permeability reduction at different pressures. The permeability measurement showed 

different results based on flow direction (parallel and perpendicular to bedding) and clay 

content. The permeability measurement parallel to the bedding was about one order of 

magnitude greater than that perpendicular to the bedding. Furthermore, the degree of 

permeability anisotropy was reduced at higher pressures.

Franquet, et al. (2004) presented the effect of pressure-dependent permeability in 

tight gas reservoirs, with transient radial flow. The study investigated the consequences 

of ignoring pressure-dependent permeability. The authors introduced a modified real-gas 

pseudopressure, which incorporated pressure-dependent permeability, to provide correct 

values for permeability and skin factor from pressure-transient analysis. They concluded 

that poor evaluation of the mechanics of rock compressibility under various states of
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stress may result in predictions with substantial errors; as a result, the production 

forecast can be misleading.

Xiangjiao. et al. (2009) presented a numerical well test model for gas reservoirs 

using the finite element method with stress sensitive permeability at abnormally high 

pressures. According to the report, there is a major challenge in traditional well tests- 

analysis techniques when applied to wells that have a high positive skin factor. This 

challenge motivated the authors to develop a new performance prediction model. The 

model developed by Xiangjiao, et al. combined the laminar inertial turbulent (LIT) 

equation with the material balance equation including the effective compressibility of 

formation. The results indicated tha t the pressure responses of a stress-sensitive reservoir 

are identical to that of a normal reservoir in an earlier period. According to the 

observations, the transitional period is controlled by a stress-sensitive permeability that 

shows a longer transition at low permeability.

Wang, et al. (2009) discussed potential effects of organic matter on pore networks 

and fluid flow in gas shales with several field examples. Wang, et al. addressed the 

characteristics of four types of porous media in the gas shale: nonorganic matrix, organic 

m atter, natural fractures, and hydraulic fractures. They defined the primary fluid flow 

mechanisms of shale-gas as free gas flow, desorption, diffusion, and imbibition suction. 

To date, the mechanisms of free-gas flow through organic matter are speculative. Wang, 

et al. discussed that the range of porosity in gas shales is typically from 2 to 15% at. 

reservoir depths. The permeability is extremely low making it difficult to be properly 

quantified in the laboratory. The effect of confining stress is introduced by pressure 

dependent permeability and the Klinkenberg slippage effect. However, these effects are 

only substantial when the pore pressure is less than 500 psi. Nevertheless, the 

permeability reduction should be accounted for due to the considerably high permeability 

reduction in shale as compared to consolidated sandstones or carbonates.

Tao, et al. (2010) interpreted pressure transient behavior using, a model 

combining a fully coupled displacement discontinuity method and the Barton-Bandis 

joint deformation model. This model is an indirect boundary element method used to 

determine the fracture aperture changes by pressure changes in fractures. The authors 

focused on fracture deformation because the fractures dominate the flow behavior and



are more sensitive to pressure and stress change than the matrix. The fracture 

permeability decreases as the pore pressure depletes during production for an isotropic 

stress condition. However, under a highly anisotropic stress condition, the fracture 

permeability increases at intermediate times due to shear dilation. According to Tao, et 

ah, it is necessary to obtain additional geomechanical data to accurately evaluate 

transient pressure responses with this model.

The dual-mechanism dual-porosity formulation presented by Ozkan, et ah (2010) 

contains a detailed description of flow in micro scales of fractured shale matrix. This 

formulation incorporated the stress-dependent permeability (Raghavan and Chin, 2004) 

in the fracture network as well as the Darcy and diffusive flows in the matrix. With the 

standard assumptions of pseudopressure approach, this model further assumed the 

continuity of pressure at the matrix-fracture interface for coupling purposes. Following 

de Swaan-0 (1976), Ozkan. et ah assumed that the flux from each matrix block was 

instantaneously and uniformly distributed in one-half the fracture volume enveloping the 

matrix block. The dual-mechanism dual-porosity model was derived in the Laplace 

transformation domain. The authors noted that the productivity and flow rate profiles 

generated by the model were similar to the observed field responses.
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C H A P T E R  3 

P R E SSU R E -D E P E N D E N T  NATURAL  

FR A C T U R E  PERM EABILITY

This chapter presents the existing knowledge and interpretation of fracture 

deformation (closure) due to stress and the resulting changes in fracture porosity and 

permeability. The concept of fracture deformation has been elusive for a long time. Thus, 

existing correlations are documented in this chapter to review the critical points of 

current knowledge. Experimental data obtained using the CMS-300 procedure are 

presented and used to scrutinize the correlations. The CMS-300 experimental procedure 

is explained in detail. Because core samples from the Bakken formation were used in the 

experiments, a brief discussion of the properties of the Bakken field is also included. The 

correlations discussed in this chapter will be integrated into the trilinear-flow model 

(Brown, et ah, 2009) in Chapter 4. The results of the trilinear-flow model with pressure- 

dependent permeability will be examined in Chapter 5 to assess the effect of pressure- 

dependency of natural-fracture permeability on the performances of fractured horizontal 

wells.

3.1 Fracture D eform ation due to  Stress

Fractures exist in many oil and gas formations and are the principle source of 

flow capacity in many of these reservoirs. Changes in fracture flow capacity and 

conductivity are expected to have an important influence on reservoir performance. 

Fractures are characterized mainly by their length, aperture (width), orientation, density, 

spacing, and porosity. Some of these characteristics, such as aperture and porosity, which 

determine the conductivity of the fracture, are functions of effective stress. Thus, the 

conductivity of natural fractures is affected by the stress changes in the formation.

Fracture closure under the effect of effective stress has been an important subject 

in rock mechanics studies. The mechanical behavior of the porous and fractured media 

responds to changes in temperature and effective stress and strain. The mechanical
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responses include changes in void volumes of porous and fractured media, with 

accompanying changes in permeability (Rutqvist, et ah, 2002).

Normal stress-induced closure/opening and shear-induced dilation are two basic 

mechanisms that change fracture apertures and fracture transmissivity. The normal 

stress is generally the main cause for the aperture change. In addition, the changes in the 

apertures are nearly uniform along the length of the fracture. The shear dilation is not 

significant with a low horizontal to vertical stress ratio in most cases (Min, et ah, 2004). 

The stresses can be redistributed as a result of the closure of fracture apertures. The 

effect of geomechanical properties have been studied theoretically and experimentally to 

understand the behavior of fractures under stress (Baghbanan and ding. 2007). The 

stress applied to a fractured rock can have a significant influence on its effective 

permeability due to the closure of aperture during production. The stress may change 

within the pore volume due to de-pressurization. Furthermore, a varying aperture is 

likely to exist in a fracture network. Thus, it is important to understand and model the 

influence of stress-induced deformation (closure) on natural fracture permeability. In this 

thesis, the 1-D stress effect was considered. Therefore, the stress effect was expressed in 

terms of pressure. The pressure-dependent permeability correlations were incorporated 

into the trilinear model.

3.2 Correlations for Fracture Deform ation and Pressure-D ependent 

Perm eability

At present, there are no sufficient arguments to support a firm statement on how 

fracture conductivity changes as a result of stress-induced deformation or closure. The 

main challenges are to model the complex fracture geometry resulting from different 

orientations and sizes of fractures, and to express the complex mechanical deformation as 

a function of the interactions between individual fractures. Thus, different correlations 

have been proposed to model complex fracture systems with deformation of fractures.

For the purposes of this research, nine correlations have been selected from the 

literature to compare with experimental data. The correlations, have been chosen based 

on the practical applicability (that is, the convenience in incorporating into existing 

fractured horizontal-well models in shale formations) and data availability. Some
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correlations presented in the literature require specific experimental data and/or 

coefficients which are not the focus of this research. Therefore, these correlations have 

been disregarded in this research. Table 3.1 lists the correlations considered in this work.

In general, the correlations in Table 3.1 display an exponential relationship 

between the permeability and the pressure change. The input data required for most of 

these correlations are similar and include the initial fracture permeability, kfh initial 

fracture porosity, and fracture compressibility, cfl. Some of the correlations require 

additional or alternative information to be applicable. The input variables have to be 

measured experimentally. However, in reality, the data required to use the correlations in 

Table 3.1 may not be available. Therefore, a desirable feature of the correlation to be 

used in applications is sufficient accuracy with minimum input variables. The optimum 

correlations are discussed in Chapter 5.

The fracture compressibility, cf, required by some of the correlations in Table 3.1 

is a key variable to determine the effect of stress on long-term productivity. For this 

research, the compressibility is calculated based on experimental porosity data using the 

following equation.

Similarly, Young’s modulus, E. and Poisson’s ratio, r. are important to determine the 

stress-sensitive properties but usually difficult to measure due to apparatus limitations. 

These geomechanical properties are iterated to match the experimental data. The 

coefficients a1 and in Correlation 1 in Table 3.1 are also determined through iteration. 

The pressure-dependent permeability is correlated as a function of the changes in 

fracture width in Correlations 2 and 7. In this research, all fractures in the reservoir are 

assumed to have the same width.

Correlations 3. 4. 6. and 8 in Table 3.1 are derived by integrating the 

compressibility equation, Eq. 3.1, as follows:

1 A iy   1 A^.

Ty Ap Ap
(3.1)

(3.2)
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Assuming C f  is constant with respect to pressure, we obtain from Eq. 3.2

In—  -  - c f (p2 - / } )  
VrV I

-< 'A p

(3.3)

(3.4)

Some of the correlations in Table 3.1 use the Taylor series expansion of the right-hand 

side of Eq. 3.4. The Taylor series expansion of the exponential function is given by

ex = 1 + — + —  + ... (3.5)
1 ! 2 !

Substituting Eq. 3.5 into Eq. 3.4 yields

= 1 + C/(,P2 - f l)  + L d â _ A j _  + ... (3.6)

If c^Ajy « 1, then the higher order terms can be neglected to yield

^ 2  = Eof ^  = E -i(l- <vAp) (3.7)

Therefore, Correlations 4 and 8 in Table 3.1 are appropriate if the fracture 

compressibility is small.

Correlations 5 and 9 are derived by using the isotropic, linear-elastic model to 

simulate the constitutive behavior. Two geomechanical variables of the constitutive 

model are the Young’s modulus, E, and Poisson’s ratio, v The constitutive equation is 

presented, in matrix form, in Eq. 3.8.
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The uniaxial 1-D strain is derived from Eq. 3.8 by 

( 1  +  v )  ( 1 - 2  v )

'  = '  = ^  E ( ï - - -

and applied to porosity functions. A power-law relationship is applied to relate 

permeability changes and rock porosity. Correlations 1,2,  and 7 are empirical 

correlations that were developed using experimental statistics data.

(3.9)

3.3 Experimental D ata for Stress-Induced Perm eability Change

Although several pressure-dependent permeability correlations have been 

discussed in the literature, most of the discussions consider the primary permeability in 

the porous matrix. Experimental data for permeability-stress relationship in natural 

fractures have not been sufficiently documented. Therefore, the core samples from middle 

Bakken, taken approximately at 9,026 ft, in Williston basin of North Dakota were used 

in the experimental study. The selection of the Bakken cores was mainly because they 

were readily available to us. Moreover, the success of hydraulic fracturing and horizontal 

drilling in the Bakken field made these cores a good candidate for the purposes of this 

research.

Because of its high oil and gas production potential, the Bakken formation has 

become one of the most significant tight oil and gas plays in the United States. Bakken
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shale formation covers 200,000 square miles of the Williston basin in North Dakota and 

Montana continued up to Canada. Figure 3. shows the location of Bakken formation in 

the Williston basin.

Saskatchewan —

Manitoba

Bakken
x I Formation

Montana

Wyoming

S Minnesota 
North Dakota /  x

South Dakota

Figure 3.1 -  The map shows the location of Bakken formation in Williston Basin. 
(Courtesy of http://oilshalegas.com/bakkenshale.html)

The Bakken formation consists of three distinct layers: upper, middle, and lower 

zones. Middle Bakken is the primary target for the development and composed of mostly 

a limestone. Upper zone, consisting of black shale, is the source and seals the main 

reserves. According to USGS, in 2008, the estimated undiscovered volumes of oil and gas 
are 3.65 billion barrels and 1.85 trillion cubic feet of associated dissolved natural gas, and 

148 million barrels of natural gas liquids in the Bakken Formation.

Figure 3.2 shows the core samples used in the experiments. All cores were cut 

cylindrically into 1” in diameter, and the length of the cores varied from 0.8” to 1.5”. The 

average length is approximately 1”. The cores were cut mostly perpendicular to the 

bedding plane to represent the reservoir, except a few, which were cut parallel to the 

bedding plane to analyze the effect of fracture closure at different conditions. Then, the 

cores were cleaned with toluene for several days in a soxhlet extraction set up. After the 

cores were cleaned, the matrix permeabilities and porosities were measured using the 

CMS-300 procedure.

19

http://oilshalegas.com/bakkenshale.html


Table 3.1 - Pressure-dependent fracture aperture, permeability, and porosity correlations
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Figure 3.2 -  The photo shows the Bakken sample (a) original sample with 1” scale;
(b) top view of sample; (c) 1” Bakken core plugs.

The CMS-300 is an automated core measurement system that measures the 

porosity and permeability of the reservoir rock samples at each confining stress in the 

range from 500 to 9,800 psi. The grain volume is measured using Boyle’s Law by the 

CMS-300 system to calculate the pore volume and porosity. The grain volume is 

considered to be incompressible for the experiment. The pore volume can be measured 

between 0.02 to 25 cm* using the CMS-300 tool. The CMS-300 tool is able to measure 

the permeability between 0.1 microdarcy and 5 darcy. In the experiments, matrix 

permeability could not be measured due to the tightness of the cores. Thus, it was 

concluded that the matrix permeability was below 0.1 microdarcy, and as a result, it was 

necessary to create a fracture to permit flow through the core samples. The cores were 

cut vertically at the center of the cores. The fractured cores were held together with
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Teflon tapes. Figure 3.3 depicts the experimental set-up of the cores for the CMS-300 

experiments. Confining stress was increased gradually from 1.000 psi to 3,000 psi by

1.000 psi increments to study the effect of stress on fracture closure. The confining stress 

was created around the core by nitrogen gas. This created the biaxial conditions during 

the experiment.

Fracture 
kf & 4>f

Confining Pressure 
(N)

Fluid Flow 
(He)

Matrix 
km & 4>

 Teflon Tape

Figure 3.3 -  The schematic shows the core samples used in the CMS-300 experiments.

Helium gas was injected at a constant rate at 245 psi to the core. Effective porosities and 

permeabilities of the fractured cores were measured repeatedly using the CMS-300 

equipment in the CSM PE department. The flowchart in Figure 3.4 summarizes the 

procedure used in the CMS-300 experiments.

The effective permeability ,of fractures was measured repeatedly at different 

confining stresses using the CMS-300 equipment. Based on the three measurements of 

effective permeability, the fracture permeability, porosity, and width were calculated 

using the following equations (Alamdari, 2011).
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Figure 3.4 -  The flow chart presents the CMS-300 experimental procedure.

Kffective. ~  + (M'Y (3.10)m uf / 

w2
kr = 103 — (3. 11) 
f  12

* = i S r i  , u 2 1

w ,  = -  k j  (3.13)

The results of the calculations are presented in Figures 3.5 through 3.10. Table 3.2 

contains the data for this experiment.
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Figure 3.5 -  Bakken core 1 fracture permeability.
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Figure 3.6 -  Bakken core 1 fracture porosity.
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Figure 3.7 -  Bakken core 1 fracture width.
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Figure 3.8 -  Bakken core 3 fracture permeability.
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In addition, some experimental data have been obtained from the Ph.D. research 

of Alamdari (2011). Two selected carbonate core plugs from different sources including a 

Silurian dolomite outcrop were used by Alamdari (2011). Figure 3.11 shows the 

carbonate permeability-confining pressure relationship from the work of Alamdari (2011).

140
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Figure 3.11 -  Permeability-confining pressure relationship for two carbonate cores.
(Courtesy of Alamdari, 2011)

The experimental data shown in Figure 3.11 have been used to test the 

applicability of the correlations presented in the literature and to obtain correlation 

coefficients for natural and hydraulic fractures. However, the cores used by Alamdari 

(2011) were for tight carbonate reservoirs; not for ultra-tight shale formations. Therefore, 

the experimental results from Bakken cores were used to test the correlations presented 

in the literature.

3.4 Surface Roughness

The fracture permeability is not only a function of effective stress but is also 

dependent on the roughness of the fracture surface. Fractures in nature can have 

complex geometry and it is extremely difficult to model the impact of geometry on 

permeability. The surface roughness is the irregular shape and pattern of the fracture 

surface that is difficult to capture in experiments and incorporate into models. For this
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A core#32

♦
♦  A

♦  A
♦
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thesis, the surface roughness was measured using a profilometer (Tencor P-10) prior to 

stress deformation to observe the relationship between permeability and surface 

roughness. The profilometer is capable of measuring cross-sectional view of roughness 

below 10 Â and waviness parameters up to 14 in width and 2.25 in thickness. Some 

uncontrolled influences of the environment, such as mechanical, acoustic, thermal, and 

electrical conditions of operations, can interfere with the fidelity of the output data. In 

this thesis, an attempt has been made to determine the impact of fractures surface 

roughness on effective permeability of the fracture. The procedure used the CMS-300 

permeability measurements and the surface roughness data to obtain meaningful 

correlations.

The Bakken cores were cut into two halves using IsoMet Low Speed Saw to 

minimize the variations on the surface. The distribution of surface roughness were 

measured on each half approximately 1 cm along the central axis of the cores. The cores 

were scanned at 200 pm/s and the data were recorded at 50 Hz. The surface roughness 
was measured at every 4 pm. The recorded distribution is presented in Figures 3.12 

through 3.15. The effect of surface roughness on permeability is discussed in Chapter 5.
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Figure 3.12 -  Surface roughness on Bakken core sample 1A.
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Figure 3.13 -  Surface roughness on Bakken core sample IB.
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Figure 3.14 -  Surface roughness on Bakken core sample 3A.

20

-40 i i i i i
0 2,000 4,000 6,000 8,000 10,000 12,000

Scan length, pm

Figure 3.15 -  Surface roughness on Bakken core sample 3B.
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CH APTER 4 

ANALYTICAL FLOW MODEL

This chapter introduces the derivation of the analytical model. The model is 

developed in two parts. In the first part, a simpler radial-flow model is derived for a 

vertical, fully penetrating well in a naturally fractured reservoir (Ozkan. et ah, 2010). 

The reservoir consists of spherical matrix blocks and the natural fractures possess 

pressure-dependent permeability. The objective of this model is to derive a transfer 

function defining matrix to fracture fluid transfer. This transfer function is used in the 

second part in a trilinear flow model for a multiple fractured horizontal well in a shale 

reservoir. In the trilinear flow model, a stimulated reservoir volume (SRV) consisting of a 

natural fracture network is considered around the well and the hydraulic fractures.

4.1 General Assumptions
In this work, hydraulic fractures, shale matrix, and natural fractures are modeled 

as porous media. Flows in natural fractures and shale-matrix are coupled by the 

transient dual-porosity idealization (Kazemi, 1969). The dual-porosity model derived in 

this work will be specifically applicable to fractured horizontal wells in shale reservoirs 

with pressure-dependent natural fracture permeability. Figure 4.1 shows the schematic of 

the system to be considered.

Fluid flow in porous media is governed by the diffusion equation. The diffusion 

equation is derived from the mass balance equation for a porous control volume:

= (4-1)of
where ÿ  stands for porosity, p  stands for density, and V stands for fluid velocity. 

Substitution of Darcy’s Law for the velocity, F, use of the definition of isothermal 

compressibility for porosity, (f) . and an equation of state for density, p . yields the 

diffusion equation. The diffusion equation relates pressure, p. to the distance from the 

well, and time, f, as a function of rock and fluid properties.
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Figure 4.1 -  Schematic of the system.

Several simplifying assumptions are made in order to facilitate an analytical 

solution of the diffusion equation:

1. Flow is isothermal and the fluid is single phase gas.

2. Pseudopressure definition linearizes the diffusion equation for flow of real 

gases.

3. The reservoir is naturally fractured, but otherwise homogenrous.

4. The rock deformation is perfectly elastic, linear, and reversible.

5. Stress is distributed uniformly and remains constant at t he matrix and

fracture interface.

Also, for the purposes of this research, the permeability tensor will be assumed 

isotropic. These assumptions are generic and may be applicable in many different models.

In Section 4.2, assumptions specific to the flow model developed in this work will be

discussed.
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4.2 D ual-P orosity  M odel w ith  Pressure-Dependent Fracture Perm eability

The first step in analytical modeling is the construction of a dual-porosity model 

with pressure-dependent permeability and derivation of a new transfer function to 

describe matrix to fracture fluid transfer subject to pressure-dependent fracture 

permeability. The analytical derivation of the dual-porosity flow model follows the same 

lines as presented by Ozkan. et ah (2010). The solutions are derived separately for the 

m atrix and the fracture, and then coupled by using pressure and flux continuity 

conditions on the interface between the two regions.

4.2.1 Definitions

For convenience, the flow model is derived in terms of consistent units and 

dimensionless variables. Here, definitions of the dimensionless variables and terms used 

in the general form of the flow model are presented.

Dimensionless pseudopressure and time are defined, respectively, by

Aæç , for £ = /  or m  (4.2)C. D  rjn
<JscPsrT

where

Ani A jr ) = --, (/>) -  nr(p) = 2 f /T -^—dp . for Ç = f  or m

with

(4.3)

= 2 [ /?_- dp . for = /  or m  (4.4)

A  = . (4.5)

Pm ~ , (4-6)

and

t-D = T7 ' , 7T̂ - for Ç = f  or m  (4.7)

Dimensionless distances in the spherical (r) and radial (R) directions are defined by
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r D  ~  i (4 .8)

^  = y . (4-9)

and

R n = J -  (4-10)

The dimensionless diffusivity terms of the matrix and fracture are respectively defined by

’ - ■ i s # -  14111

and

<4.12,

From the real gas law, the density is given by

^  = ( 4 - 1 3 )

The Darcy velocity for the matrix and fractures are respectively defined by

4 ,  dP„
(4-14)

and

4  ^
( 4 - i 5 )

To demonstrate the procedure by which we incorporate the pressure dependent 

permeability into the model, we use the pressure-dependent fracture permeability
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correlation for Rock Type 1 (Raghavan and Chen, 2004, Table 3.1 in Section 3.2) given 

by the following expression

kf — kEp f ,  (4.16)

Assuming that the flux from each matrix block is instantaneously and uniformly 

distributed in one-half the surrounding fracture volume (de Swaan O, 1976), that is,

| v « A , Y  = 4 ^ | - ,  (4.17)

the source term is defined as follows

F  =  P Â u  =
A tt

P r ,  k -“ d p , ,

Lc a J {r= im.Bm.r)- C'A) L ̂ dr
{r=lm.Bw .t)

P o
K  ôPu 
M. dr

(4.18)
' r=rm .2?„, .t)

A transmissivity term is also defined by 

A —

ktAr,„
(4.19)

4.2.2 Flow in a Spherical Matrix Block

Eq. 4.1 is rewritten in one dimensional spherical coordinate system as follows:

Using the definitions in Section 4.2, yields

(4.20)

_ L A r p,„M ,
z R T

(  K , d p P  

x A  ô r
= <V tl

P .n M e  dpm
z R T  d t

(4.21)
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11 ri'2
VuiD ~ llniDi = (4.30)

and. in 4.25 through 4.28, we make the substitution

u.uiiiD {rD-> RrnD^d ) ~ rDlnniD {rD■ ̂ mD'^d) ' (4.31)

Then we have

= ^  - (4.32)
d rb  ôt-D

UmD{rD^mDi^D = 0) = 0 . (4.33)

UuiD  { r D = 0j-̂ r/jZ?5 b?) = 0 . (4.34)

Um D  { r D  ~  h  R m D '  T )  =  ï à f D  { R iuD i T  ) “  1'n l,D  ( ̂ in D  ' 5 d  ) 1 (4.35)

Taking the Laplace transform of Eqs. 4.33 through 4.36 yields

= 0 - (4.36)
b r l

UuiD  (-̂Z) = ^ i ^ i u D i 8 ) ~ 0 . (4.37)

UiuD  (b) = b ̂ n i D '  S) -  aJ /̂D (-R]„n-S) ■ (4.38)

In obtaining Eq. 4.37, we have used Eq. 4.34, and in Eq. 4.39, we have defined

a  = 1 _ ™ / Æ ttD’S) (4-39)
111fD {RuiD't8')

The solution of Eq. 4.36 subject to the boundary conditions given by Eqs. 4.37 

and 4.38 is given, in the Laplace transform domain, by

^ d^ ’dA ^ s ) = (4.40)
sinh(^/s7?,„a .)

or, using Eq. 4.31,

« w w u *  -  a g S Z L d k w wrD s in h (y s7(J)ffl. )
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The derivative of the matrix flow solution is given by

(i H m
drD

(4.42)
y  -  )J ai7ifD(K>D-s)

■s)

Eq. 4.42 will be coupled with the fracture network flow solution to obtain the dual- 

porosity model solution.

4.2.3 Flow in a Fracture Network with Pressure-Dependent Permeability

The second step in the derivation of the dual-porosity flow model is deriving the 

fracture network flow solution. Starting from Eq. 4.1, flow in a radial fracture medium is 

defined by the following material balance equation:

i a (4.43)

Note that F(R .t) in Èq. 4.43 denotes the source term representing the mass influx from 

matrix per unit volume of fracture per unit time. Eq. 4.43 is rewritten using the 

definitions from Section 4.2.1 as follows

1 0 kf 0A 2 Pm kn
R 07? z & 07? hf Z P. 0r

Pi ôpf

(/■=/„, .t)

Using the dimensionless variables, Eq. 4.44 is further simplified to obtain

1 0
7?^ 07?p

R r
fD

D
-  2 /L (^ £ - )

D
fD  '

fD

r= r .R ,„ .f) 0U

(4.44)

(4.45)

Assuming î)fD ^rjm  =1, in the Laplace transform domain, Eq. 4.45 becomes: 

d m (1 0
7?^ 07?^

R LfD
D 0R T orr

sm [D -  0 (4.46)
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4.2.4 Dual-Porosity Flow Equation with Pressure-Dependent Fracture Permeability

Using the condition of the continuity of pressure and flux at the matrix-fracture 

interface, we can substitute the derivative of the matrix pseudopressure from Eq. 4.42 

into Eq. 4.46 to obtain

1 a
R r

0121 fD -  sf{s)infD =  0 (4.47)

Eq. 4.47 is the coupled fracture and matrix (dual-porosity) flow equation where the 

transfer function representing the matrix to fracture fluid transfer with pressure- 

dependent fracture permeability is given by

=  i - « A  
5^ A A

(4.48)

In Eq. 4. 48, w is the storativity,

" ' S a '  , “ ‘J ’

A is the transmissivitv.

^  = 1 2 Æ ) ( U f ) ,  (4.50)
4, 44

and S' is Laplace transform parameter. The f(s) term in Eq. 4.48 will be used in the 

trilinear flow model for a fractured horizontal well. This function is flexible to be used 

for any pressure-dependent permeability correlation. Note tha t the a  term in the transfer 

function is a function of pressure and makes the solution nonlinear. Therefore, the 

numerical evaluations require an iterative approach to update the a  term from the 

previous iteration step.
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4.3 Trilinear Flow  Model

The trilinear flow model considers a multiply fractured horizontal well 

surrounded by a stimulated reservoir volume (SRV) in a shale-gas reservoir. The model 

assumes single-phase flow of a constant compressibility fluid and it is assumed that gas 

flow is handled through pseudopressure transformation. Uniformly distributed, identical 

hydraulic fractures are assumed to be placed along the horizontal well. The distance 

between hydraulic fractures is dF. The SRV consisting of a naturally fractured porous 

medium between hydraulic fractures is simulated by the dual-porosity idealization 

discussed in Section 4.2.

Figure 4.2 shows a sketch of the symmetry element considered in the trilinear 

flow model (Brown, et ah. 2009) where linear flows in three contiguous flow regions are 

coupled: the outer reservoir beyond the tips of the hydraulic fractures (denoted by the 

subscript O), the inner reservoir between hydraulic fractures (denoted by the subscript 

I), and the hydraulic fracture (denoted by the subscript F). Each region can have 

distinct properties. The inner reservoir may be homogeneous or naturally fractured and 

the hydraulic fractures may have finite conductivity. The subscripts m and f are used to 

denote the matrix and fracture media of the dual-porosity reservoir.

f
HYDRAULIC
FRACTURE

w F. , F. C,F

XF <

Figure 4.2 -  Schematic of the trilinear-flow model. (Brown, et ah, 2009) 

The trilinear-flow solution is given by (Brown, et ah. 2009)

OUTER RESERVOIR
"O- • O- v'tO

U J i i l i

INNER RESERVOIR 
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FRACTURED

k f .. j. Cjf,
K.- - m- C*.

%HORIZONTAL WELL



where Sc is the flow choking skin at the intersection of the hydraulic fracture and 

horizontal well,

S„ - k ,hi In
h  )

k FwF l2rJ7

CFD is the dimensionless fracture conductivity,

r  -  kFwF
'-'FD ~

V f

and

=

CpD 1̂ FD
+

(4.52:

(4.53)

(4.54)

In Eq. 4.54,

Pf = ta n h

A

TED

a  =
CrD^’cD

Po =  V 5 ' /  Vod t a n h  [ V ^ /  “  1)

Vo
VoD —

Vi

and

Vfd = —  
Vi

(4.55)

(4.56)

(4.57)

(4.58)

(4.59)

In the above equations

to ~  ̂> (4.60)
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V, =  2 .6 3 7  x U r 4 — 4 — , (4.61)

^  =  2 . 6 3 7 x l 0 - 4 — 4 — , (4.62)

n =  2 .6 3 7  x 1(T4 k" (4 '6 3 ^

x r) =

Vn =
V

(4.64)

(4.65)
VD ’

and

u = a /(^ ) . (4.66)

In 4.66, f(s) is given by Eq. 4.48.

The dimensionless production rate, %, and dimensionless cumulative rate, QD, were 

calculated as a function of constant bottom-hole pressure in Laplace domain, respectively, 

by

1 (4.67)
VD = 9 -

and

1 (4.68)
Qd 3 —

^ MW)

To compute the trilinear flow solution given in Eq. 4.51, a FORTRAN code has 

been written. Because the solution is in the Laplace transform domain, numerical 

inversion of the results by using Stehfest’s algorithm has been used. The simulation 

results are presented in Chapter 5..
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C H A PT E R  5 

AN ALYSIS RESULTS

This chapter presents the discussion of the results obtained during the research. 

First, the results on correlating pressure-dependent permeability based on experimental 

data are presented. Then, the results are discussed for the trilinear flow model (Brown, 

et ah. 2009, and Ozkan. et ah. 2010). As explained in Chapter 4. a new transfer function 

has been used to incorporate the correlations in Table 3.1 into the trilinear flow model. 

The trilinear flow model is used to examine the effect of stress on long-term productivity. 

Moreover, history matching is performed with Haynesville and Barnett field data to 

validate the correlations and the model developed in this research.

5.1 Empirical Correlations for Pressure-D ependent Fracture Perm eability

For the empirical correlations presented in this section, experimental data 

obtained from a Bakken sample and the PhD dissertation of Alamdari (2011) have been 

used. The data from five middle Bakken cores and two carbonate cores (one from a 

Silurian dolomite outcrop) have been chosen for the analysis. Porosities and 

permeabilities of the cores have been measured using the CMS-300 equipment in the PE 

department. The cores have been cut vertically at the center to study the effect of 

fractures on recovery from the cores. The effective permeability of fractures has been 

determined at different confining stresses. Based on the effective permeability, the 

fracture width, permeability, and porosity have been calculated.

For this research, the correlations presented in Table 3.1 have been assessed with 

the experimental data to verify their use to model permeability deformation of natural 

fractures during production. All correlations have demonstrated an exponential 

permeability reduction trend as the pore pressure declined, and, as a consequence, the 

correlations were further examined based on their practicality for the intended use.

The correlations presented in Table 3.1 have been proposed in the literature 

mainly for pressure-dependent rock-matrix (primary) permeability. Therefore, in this 

study, one of the objectives was to validate the use of these correlations for the pressure-
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dependent natural-fracture permeability. Furthermore, the correlations in Table 3.1 

include some constants and coefficients which need to be determined for the specific 

application. Information available in the literature only covers the values or the ranges of 

these constants and coefficients for applications to rock-matrix permeability. In this work, 

experimental data for the pressure-dependency of fracture permeability have been used 

to match the correlations to verify their applicability and sensitivity analyses have been 

performed to estimate the correlation constants and coefficients. Table 5.1 summarizes 

the best-fit results for the constants and coefficients to be used in the correlations given 
in Table 3.1.

The matches of the Bakken and carbonate core data with each correlation in 

Table 3.1 are shown in Figures 5.1 through 5.21. According to the sensitivity analysis, 

among all correlations presented in Table 3.1, Correlation 3 presented by Raghavan and 

Chin (2004) is the most practical correlation (it is simple to use and does not require 

extensive data) that demonstrates the best fit for the Bakken- and carbonate-core data. 
It must be noted that the qualitative results derived in this chapter based on the 

sensitivity study and the validation of the correlations in Table 3.1 may be generalized 

for most natural fractures. However, the correlation constants and coefficients obtained 

here are specific to the cores from which they have been derived and should only be used 

as a reference when estimating these constants and coefficients for similar applications.

160 
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S 120 # 100

k 80 
% 60 
S 40 |  20 

0
0 1,000 2,000 3,000 4,000 5,000 6,000

Confining Stress, psi
Figure 5.1 -  Correlation 1 (Rutqvist, et ah, 2002) with carbonate core 22 and 32.
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Figure 5.2 -  Correlation 2 (Rutqvist, et al., 2002) with carbonate core 22 and 32.
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Figure 5.3 -  Correlation 3 (Raghavan and Chin, 2004) with carbonate core 22 and 32.
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Figure 5.4 -  Correlation 4 (Raghavan and Chin, 2004) with carbonate core 22 and 32.
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Figure 5.5 -  Correlation 5 (Raghavan and Chin, 2004) with carbonate core 22 and 32.
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Figure 5.6 -  Correlation 6 (Celis, et ah, 1994) with carbonate core 22 and 32.
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Figure 5.7 -  Correlation 7 (Rutqvist, et ah, 2002) with carbonate core 22 and 32.
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Figure 5.11 -  Correlation 2 (Rutqvist, et al., 2002) with Bakken core 1 and 3.
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Figure 5.12 -  Correlation 3 (Raghavan and Chin, 2004) with Bakken core 1 and 3.
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Figure 5.13 -  Correlation 1 (Rutqvist, et ah, 2002) with Bakken core 1 and 3.
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Figure 5.14 -  Correlation 2 (Rutqvist, et al., 2002) with Bakken core 1 and 3.
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Figure 5.15 -  Correlation 3 (Raghavan and Chin, 2004) with Bakken core 1 and 3.
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Figure 5.16 -  Correlation 4 (Raghavan and Chin, 2004) with Bakken core 1 and 3.
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Figure 5.17 -  Correlation 5 (Raghavan and Chin, 2004) with Bakken core 1 and 3.
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Figure 5.18 -  Correlation 6 (Celis, et ah, 1994) with Bakken core 1 and 3.
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Figure 5.19 -  Correlation 7 (Rutqvist, et al., 2002) with Bakken core 1 and 3.
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Figure 5.20 -  Correlation 8 (Minkoff, et al., 2003) with Bakken core 1 and 3.
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Figure 5.21 -  Correlation 9 (Minkoff, et al., 2003) with Bakken core 1 and 3.

5.2 Surface Roughness

In the above results, it has been assumed that the effect of fracture-surface 

roughness on permeability could be included as a lumped parameter in the correlation 

constants and coefficients. To test this assumption, the surface roughness of the fractures 

was measured in this study by using a profilometer in the Physics department of 

Colorado School of Mines. It must be noted that the measurements were not completely 

satisfactory due to the machine limitations. First, the surface roughness varied 

significantly along the fracture but the measurements could only be made in a 1-cm 

section along the center of the cores.
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Table 5.1 -  Constants and coefficients for the correlations in Table 3.1 estimated from 
the experimental analysis of pressure-dependent natural-fracture permeability

C O R R E L A T IO N  P A R A M E N T E R S

B A K K E N C A R B O N A T E

CORE 1 C O R E  3 C O R E 22 CO RE 32

81 3.19E-4 3.20E-4 4.20E-4 4.50E-4

Cj 2.15 2.35 2.50 2.G0

dpi 3.70E-4 2.64E-4 4.8GE-4 5.21E-4

bi2 7.38 5.20 14.55 15.00

fynnxJ 12.23 10.11 30.18 42.57

df2 1.10E-4 1.00E-4 9.00E-5 7.00E-5

da 2.02E-4 2.61E-4 2.92E-4 4.02E-4

mf4 1.60E-4 2.00E-4 2.0E-4 2.0E-4

T) 0.30 0.30 0.G8 0.G5

Vr, 0.47 0.47 0.47 0.44

En 1.0E6 1.0EG 1.0E6 1.0EG

Nr> 2 2 2 2

da 1.01E-4 1.31E-4 1.4GE-4 2.01E-4

A',- 2 2 2 2

k 7 7.38 5.2G 14.55 15.GO

b . - 12.23 10.11 30.18 42.57

dir 6.00E-5 6.00E-5 G.00E-5 G.00E-5

N r 2 2 2 2

m /s 9.00E-4 1.10E-4 1.15E-4 1.40E-4

Ah 2 2 2 2

a. 0.35 0.35 0.85 0.G5

Vn 0.47 0.47 0.48 0.44

E;i 1.00EG 1.00EG 1.00E6 1.00E6

Ay 2 2 2 2



Second, the machine was designed to measure much smoother surfaces. Therefore, 

although the results of the experiments are reported here, they are for information only 

and should be taken cautiously. Additional studies with more appropriate experimental 

set-up and measurement procedures are recommended.

The average roughness, Ra. and the maximum peak to minimum roughness. Rt. 

obtained in the measurements are shown in Table 5.2. Using the effective fracture width 

given in Eq. 5.1 below, the fracture permeability was computed from Eq. 5.2.

= (5.i)

(5.2)

Table 5.2 -  Roughness data measured by the profilometer

SAM PLE CORE
AVERAG E  

R O U G H N ESS, pim

M AXIM UM  PEAK TO 

M INIM UM  ROUGHNESS, pirn

Bakken 1A 11.64 153.76

Bakken IB 40.51 1 11.51

Bakken 3A 3.58 10.02

Bakken 3B 4.37 30.00

The data in Table 5.3 indicates that, for the surface roughness characteristics in 

Table 5.2. the variation in permeability (the difference between the permeabilities 

computed with and without consideration of the surface roughness) is 13%. Therefore, it 

may be concluded that the effect of fracture surface roughness is relatively insignificant 

for the purposes of this research. This result may be justified on the basis of the 

macroscopic definition of permeability used in this study. In other words, an average 

fracture aperture is sufficient to define the permeability in this case. This approach is 

akin to neglecting the individual effects of tortuosity and pore-throat size distribution in 

the definition of rock-matrix permeability at core scale. For the study of flow at the pore
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(or microscopic) scale, the effect of surface roughness may not be lumped with the other 

correlation parameters. However, from a practical view point, it is not possible to infer 

the surface roughness characteristics of natural ■ fractures from any conventional 

measurement. Therefore, the brief discussion of the effect of surface roughness on 

fracture permeability has been provided here only for completeness and will not be 

pursued further in this research.

Table 5.3 -  Effective width and permeability data accounting for surface roughness

Sample Core
Fracture 

Width, pm

Effective 

Fracture 

Width, pm

Fracture 

Permeability, D

Fracture Effective 

Permeability, D

Bakken 1A 458 435 17,480 15.748
Bakken IB 458 377 17,480 11,843
Bakken 3A 254 237 5,376 4.674
Bakken 3B 254 235 5,376 4,612

5.3 Effect of Pressure-Dependent Fracture Permeability on Transient 
Pressure and Production Responses of Fractured Ftorizontal Wells in Shale- 
Gas Reservoirs

The trilinear model (Brown, et ah. 2009) was developed to obtain the pressure 

transient response of multiply fractured horizontal wells in tight shale formations. The 

initial model did not consider the effect of stress on permeability. Because the 

experimental results indicate considerable fracture deformation as pressure depletes, the 

pressure-dependent fracture permeability should be incorporated into the trilinear model. 

In this thesis, the matrix-to-fracture transfer function used in the trilinear model has 

been modified to account for the boundary condition at the matrix-fracture interface 

when fracture permeability changes with pressure. Correlation 3 (Table 3.2) presented by 

Raghavan and Chin (2004) is used to represent the pressure-dependent natural-fracture 

permeability in the results discussed below.
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Table 5.4 -  Data used in the comparison of trilinear model with and without pressure-

dependent permeability

WELL, R E SER V O IR , A N D  FLUID D A T A

Specific gravity of gas, SG  

Initial reservoir pressure, ph psi 

Reservoir temperature, A °F 

Formation thickness, /?, ft 

Wellbore radius, r„, ft

Reservoir size perpendicular to well axis, xe, 
ft
Half-distance between hydraulic fractures,

A
Constant matrix permeability, km, md 

Initial matrix porosity,

Initial matrix compressibility, ctulj, psi"1 

Number of fractures in pay thickness

0.55 

2,300 

109 

250 

0.25 

500 

250 

IE-8 

0.05 

9E-4 

20

Initial fracture permeability, kG, md

Initial fracture porosity, 4)/;
Initial fracture compressibility, ct̂  
psi1
Fracture thickness, ft
Hydraulic fracture permeability, kp, 
md

Hydraulic fracture porosity,

Hydraulic fracture compressibility, 
ctF, psi"1
Hydraulic fracture half-length, xF, ft

Hydraulic fracture width, wF, ft
Hydraulic fracture flow rate, %r, 
Mscf/D

2,000

0.45

9E-4

0.001

1E5

0.38

9E-4

250

0.01

94
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5.4 History M atching

In order to further verify the use of the trilinear-flow model with pressure- 

dependent natural-fracture permeability for the evaluation of fractured horizontal-well 

performances in shale-gas reservoirs, we have history matched the pressure data from 

two gas wells in Haynesville and Barnett formations. Because the examples included 

pressure data with rate changes, the following superposition equation was used to 

generate the variable-rate pressure responses by using the constant-rate solution, m1D, 

obtained from the trilinear model:

1 (5.3)
A/zb = - y i — ^  -  W ,  % = 0

/=l

Eq. 5.3 was used to match the pressure history. The reservoir parameters and the 

pressure-dependent permeability correlation coefficients were adjusted until flowing 

bottom-hole pressure was reasonably matched. Correlation 3 in Table 3.2 was used to 

represent the pressure-dependent permeability in these examples.

The first data set used for history matching is from a multiply fractured 

horizontal gas well in Haynesville shale and were taken from Wang and Liu (2011). 

Haynesville shale is located in Arkansas, Louisiana, and East Texas. The Haynesville 

field is lithologically heterogeneous, black organic-rich shale that contains vast quantities 

of recoverable natural gas (approximately 20-35 trillion cubic feet). Haynesville is 

considered as one of the largest natural gas fields in the United States. The horizontal 

well in the example was drilled 10,600 ft vertically and extended 3,200 ft laterally. In 

addition, hydraulic fracturing was performed at 10 stages for 4 perforations per stage.

Figure 5.26 shows the gas production for the Haynesville well for over 3 months. 

The flowing bottom-hole pressure was calculated from the tubing-head pressure using 

two-phase (water-gas) flow correlations and is presented in Figure 5.26. In the early- 

portion of the production, the well was shut in for approximately 10 days. Before the 

shut-in period, a rapid decline in the initial pressure was observed which is characteristic 

to overpressured reservoirs. Because the effect of overpressuring is not considered in the 

trilinear model, the history match focused on the production after the shut-in period.
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Figure 5.26 -  Gas production data from the Haynesville shale-gas well.
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Figure 5.27 -  Trilinear model incorporating stress effect (Correlation 1) to match the

Haynesville field data.
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Figure 5.28 -  Trilinear model incorporating stress effect (Correlation 3) to match the
Haynesville field data.
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Figure 5.29 -  Trilinear model incorporating stress effect (Correlation 4) to match the
Haynesville field data.
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Figure 5.30 -  Trilinear model incorporating stress effect (Correlation 5) to match the
Haynesville field data.
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Figure 5.31 -  Trilinear model incorporating stress effect (Correlation 6) to match the

Haynesville field data.
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5.36 -  Trilinear model incorporating stress effect (Correlation 1) to match the
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Figure 5.37 -  Trilinear model incorporating stress effect (Correlation 3) to match the
Barnett field data.
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Figure 5.41 -  Trilinear model incorporating stress effect (Correlation 7) to match the
Barnett field data.
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Figure 5.43 -  Trilinear model incorporating stress effect (Correlation 9) to match the
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Similar to the Haynesville-well example above, the early pressures dropped 

rapidly due to overpressuring effect and were not considered in the history match No 

good match was obtained with Correlations 5 and 9 by using the same correlation 

constants as for the Hayncsville well. Thus, these parameters were modified as shown in 

Table 5.7 to obtain a satisfactory match. Similar to the Haynesville-well example above, 

no match was obtaine with the data when Correlation 2 was used.

Table 5.7 -  Constants used in Correlations 5 and 9 for the history match of the Barnett
shale-gas pressures

C O R R E L A T IO N  P A R A M E T E R S

E, 30E4
y7 0.2

a» 0.7
N, 2
Et, 20E4

0.3
a„ 0.6
N„ 2
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C H A PTER  6 

C O N C LU SIO N S A N D  REC O M M ENDATIO NS

In this thesis, an analytical trilinear flow model has been modified to incorporate 

the pressure-dependent natural-fracture permeability to improve the description of fluid 

flow in shale-gas formations. Pressure-dependent permeability correlations from the 

literature have been delineated and assessed based on the experimental data obtained 

during the research. The practicality of the model and the pressure-dependent 

permeability correlations have been demonstrated by the examples presented herein.

This chapter presents the specific conclusions of the study. It also presents the 

topics that may extend the current work into future studies.

6.1 C onclusions

The main conclusions of this research fall into two categories: conclusions about 

the pressure-dependent permeability correlations, and conclusions about the modified 

trilinear model.

The conclusions reached by the CMS-300 experiments may be summarized as

follow:

1) The results from the CMS-300 experiments validate the need for the use of 

pressure-dependent natural-fracture permeability in shale-gas reservoirs.

2) Some selected pressure-dependent permeability correlations provided in the 

literature may be used for natural fractures provided that adjustments are 

made in the correlation constants and coefficients based on experimental 

data.

3) Several correlations ‘ may be used for pressure-dependent fracture 

permeability without discernible advantages.

4) For the macro-scale definition of fracture permeability considered in this 

research, surface roughness was not considered as an individual parameter 

of interest and its effect has been lumped into the correlation constants and
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coefficients. An experimental assessment of the appropriateness of this 

approach indicated a maximum error of 13% for the specific results 

presented in this work.

The following conclusions are confirmed from the trilinear model:

1) The effect of pressure-dependent natural-fracture permeability plays a 

significant role on long-term productivities of horizontal wells in shale-gas 

reservoirs.

2) The trilinear flow model modified for pressure-dependent permeability in 

this work predicts the production decline of wells in shale-gas reservoirs 

better than the models that use the constant fracture-permeability 

assumption.

6.2 Recom m endations

The following is a list of the potential extensions for future studies:

1) The trilinear flow model should be further tested with long-term production 

data to observe the effect of pressure dependent permeability for a broader 

range of conditions.

2) Gas desorption should be incorporated into the model to improve the 

prediction of the behavior of horizontal shale-gas wells.

3) Pressure-dependent permeability should be investigated under multiphase- 

flow conditions and its effect on relative permeability relations should be 

delineated.

4) The results obtained with the trilinear model should be compared with the 

results from commercial simulators to document the differences and 

potential improvements.
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