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Abstract 

Hydraulic fracturing is a technique to enhance hydrocarbon production by 

inducing fracture(s) into reservoir rock. A fracture is induced by injecting fluid 

into the reservoir at pressures greater than the formation breakdown pressure. The 

fracture(s) geometry, mode, initiation and propagation pressure, and other 

characteristics, may vary depending on geomechanical conditions such as in situ 

stresses and the rockôs physical and mechanical properties.  

Hydraulic fracturing was originally used to stimulate wellbores drilled into 

brittle hard rocks. These rocks typically behaved like linear elastic material and 

exhibited low permeability. Recently, there has been interest in stimulating 

unconsolidated and poorly consolidated formations which possess low shear 

strength and high permeability. In these cases, the assumption of linear elastic 

fracture mechanics (LEFM) and small leak-off from fracture walls may not be 

valid.  

Laboratory experiments have shown that hydraulic fracturing of 

weakly/unconsolidated sandstones can occur in the form of shear failure/fractures, 

(a) tensile fracture(s) or a combination of the two. The tensile fractureôs 

conductivity is a nonlinear function of the fracture width. Shear failure/fracturing 

results in dilative deformation, which enhances rock permeability. Shear dilation 

increases the local stresses and, consequently, increases the fracturing pressure.  

Most of the current continuum-based numerical models require a predetermined 

hydraulic fracture direction. Some recent continuum models have been adopted to 

capture fractures in a general direction, but they either lack a proper tensile 
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fracture-flow law, or do not simulate the development of shear failure/fracture and 

the interaction between the shear and tensile fractures. Beside continuum-based 

models, models have been developed based on the discrete element method. 

These models do not impose the limitations of continuum-based models, but are 

computationally costly and impractical for large-scale field problems. 

The main objective of this research is to develop a hydraulic fracture model for 

weakly/unconsolidated sandstones and combine it with field observations to study 

the main mechanisms involved and features required for modeling hydraulic 

fracturing. These include the fracturing direction, fracture modes and their 

interaction, and fracturing pressure and its variation over time. This proposed 

numerical model can simulate poroelasticity effects, rock shear failure/fracturing, 

tensile fracturing, leak-off, and shear-induced permeability variation.  

This thesis presents a method to implement the cubic law to describe the flow 

inside a tensile fracture in a continuum-smeared tensile fracture model. Touhidi-

Bahginiôs shear permeability model, which describes the shear-induced 

permeability enhancement of oil sands, is implemented to simulate shear failure. 

The smeared shear and tensile fracture schemes (including both geomechanical 

and flow aspects) are implemented to develop the smeared hydraulic fracture 

model.  

The model is validated by simulating a series of well tests in oil sands during 

cold water injection. According to the simulation results of the well tests, at 

injection pressures below the vertical stress, shear failure governs the reservoir 

response resulting in a breakdown pressure (to induce a tensile fracture) larger 
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than the maximum in situ stress. Sensitivity analysis illustrate  the high sensitivity 

of the fracturing pressure and length to the minimum and maximum in situ 

stresses, the mechanical properties of the reservoir sand such as the elastic 

modulus and cohesion, and the physical properties of the reservoir sand such as 

the absolute permeability.  

Propagation pressure is shown to be directly and fracture length is shown to be 

inversely proportional to the magnitude of the maximum principal stress as larger 

deviatoric stress would induce more intense shearing and larger dilation around 

the wellbore and the tensile fracture. Results also show lower propagation 

pressure and longer tensile fractures for sandstones with higher cohesion. 

A smaller elastic modulus is found to result in a shorter fracture and lower 

breakdown pressure but higher propagation pressure. It is also shown that 

absolute permeability of a reservoir has little influence on its breakdown pressure. 

However, lower permeabilities tend to lower the propagation pressure and 

increase the length of the tensile fracture.  
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Equation Chapter (Next) Section 1  

An invasion of armies can be resisted; an invasion of ideas cannot be resisted. 

Victor Hugo, The History of a Crime (Translation by T.H. Joyce and A. Locker) 

Chapter 1: Introduction   

Hydraulic fracturing generally refers to a process in which hydraulic pressure 

initiates and propagates a fracture in the ground (Adachi et al., 2007). Hydraulic 

fracturing is a tool to enhance hydrocarbon production by inducing fracture(s) in 

reservoir rock. A hydraulic fracture is induced by injecting fluid into a reservoir 

rock at pressures higher than fracture initiation pressure. The fracture(s) geometry 

(size, orientation, etc), mode (shear/tensile), initiation and propagation pressure 

and other characteristics may vary depending on the geomechanical conditions 

such as in situ stresses and the rockôs physical properties.  

Hydraulic fracturing was first used in the Houston gas field in western 

Kansas in 1947 (Howard and Fast, 1970) and has been successfully used for 

stimulation purposes to improve oil recovery. Hydraulic fracturing has been the 

stimulation method for more than 85 percent of gas wells and 60 percent of all oil 

wells in North America. This ratio is rising (Economides et al., 2002).  

In addition to well productivity enhancements, hydraulic fracturing has been 

implemented in a variety of other unrelated applications, including carbon 

sequestration (Reynolds and Buendia, 2017), in situ stress measurement (Hannan 

and Nzekwu, 1992), enhanced geothermal energy (Kumar et al., 2015), solid 

waste injection (Dusseault et al., 1998), groundwater remediation (Adams and 

Rowe, 2013), preconditioning in block cave mining (He et al., 2015), rock burst 

mitigation (Zhao et al., 2012), water well development (Adams and Rowe, 2013), 

and biosolid injection (Xia et al., 2007). The hydraulic fracturing process in weak 

rocks results in significant changes in rock strength and stiffness, porosity and 

permeability, and ground stresses, which are the parameters that largely influence 

the fracture response of the formation. Intricate relationships between these 

http://www.gutenberg.org/etext/10381
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parameters render the conventional fracture analysis methods insufficient to 

predict the fracturing process, particularly in weak sandstones. Hence, it is 

necessary to develop a proper modeling tool which incorporates these parameters.  

Originally, hydraulic fracturing was employed to stimulate hard-rock 

reservoirs, which typically behaved like a brittle linear-elastic material. These 

reservoirs were mostly impermeable or exhibited low permeability (Xu, 2010). 

Recently, there has been interest in stimulating unconsolidated and poorly 

consolidated formations where the material possesses low shear strength and 

higher permeability (Khodaverdian et al., 2010). Here the assumptions of linear-

elastic fracture mechanics and small fluid leak-off from fracture walls may not be 

valid.  

Researchers have found that the mode of failure during hydraulic fracturing 

of weakly consolidated sandstone is influenced by material properties such as 

dilative behavior, strength, porosity and permeability, injection pressure ramp-up 

rate, injection rate, in situ stresses, injection fluid properties, and possible solid 

concentrations in the injection fluid (Golovin et al., 2010). Moreover, wellbore 

orientation and completion type (e.g., number and direction of perforations) can 

affect the fracture geometry and propagation pattern (Daneshy, 2003, 2011). As a 

result, a complex fractured zone rather than a simple planar fracture may develop 

in weakly consolidated sandstones (Daneshy, 2003, 2011). 

Laboratory experiments have shown that hydraulic fracturing of 

weakly/unconsolidated sandstone could be in the form of shear failure/fracture, 

tensile fracture or a combination of these two modes (Daneshy, 2003). The 

hydraulic conductivity of a tensile fracture is a nonlinear function of the fracture 

width (Zimmerman and Bodvarsson, 1996; Waite et al., 1999; White, 2011). In 

shear failure, the permeability enhances due to dilation and formation of shear 

bands (Touhidi-Baghini, 1998). The shear dilation increases the local stresses and, 

consequently, increases the fracturing pressure (Pak, 1997). Due to the low 

strength of weakly consolidated sandstones, shear failure/fracturing of the 

reservoir rock during injection is likely and has been related to phenomena such 
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as multiple fracturing and fracture branching in field operations (Daneshy, 2003), 

which are generally neglected in numerical hydraulic fracture numerical models. 

Most of the current continuum-based numerical models require a 

predetermined hydraulic fracture direction (e.g., Ji (2008)). Even though some 

recent continuum models have been adopted to capture fractures in general 

directions (e.g., Xu (2010)), they lack a proper tensile fracture-flow law, or do not 

simulate the development of shear bands and their interactions with tensile 

fractures. Models have been developed by utilizing discontinuum mechanics in 

the form of the Discrete Element Method (DEM) and other methods. These 

models are computationally costly and impractical for large-scale field problems. 

1.1 Motivation  

Most current hydraulic fracture models, particularly those that are based on 

the discrete fracture approach, assume a two-wing planar fracture that is believed 

to occur in competent rocks. Laboratory tests indicate that weakly consolidated 

sand formations are prone to shear failure/fracturing around water injection wells, 

resulting in shear dilation; hence, higher permeability and higher compressive 

stresses around the wellbore.  The shear failure process may lead to the formation 

of a fracture network instead of a planar tensile fracture commonly observed in 

hard rocks. According to the literature (which will be reviewed in Chapter 2), the 

assumption of a two-wing tensile fracture with a well-defined fracture direction 

may not be an appropriate justification to simulate hydraulic fracturing in weakly 

consolidated sandstone formations. Therefore, new modeling approaches need to 

be developed.  

Smeared fracture modeling techniques are found to be more suitable than the 

discrete fracture modeling technique for hydraulic fracturing simulation in 

unconsolidated and weakly consolidated sandstones. However, there are 

limitations to some aspects of existing smeared fracturing models for hydraulic 

fracturing. They either do not distinguish between the flow conductivity of a shear 

failure/fracture and a tensile fracture (Xu, 2010) or they assign a constant 

permeability to the tensile fracture which is not a function of the fracture aperture 
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(Zhai, 2006). However, the physics of fluid flow in tensile and shear fractures is 

different.  Fluid flow in a tensile fracture can be considered as flow through an 

open space whereas flow in shear fractures (or failure zone) should be considered 

as flow through crushed materials. For a tensile fracture, fluid flow can be 

modeled by using the parallel plate theory. In such cases, the fracture hydraulic 

conductivity is a function of the fractureôs aperture. However, in a shear 

failure/fracture, the permeability of the crushed rock in the fracture band is a 

function of the fabric alteration and the dilative deformation of the shear bands. In 

existing smeared fracture models, shear fractures are only simulated as diffused 

shear failure zones.  

In the current research, a literature review was carried out to study the results 

of small- and large-scale laboratory experiments on unconsolidated and weakly 

consolidated sandstones. Next, field-fracturing data in the literature were 

collected to investigate the fracturing response of weak sandstone reservoirs. A 

combination of the field and laboratory data assessments provided some insights 

on the possible fracture modes and patterns in weak sandstones. 

A literature survey was also carried out on the existing numerical modeling 

tools used to simulate hydraulic fracturing in weakly consolidated sandstones. 

Various features of the numerical tools were evaluated, particularly those related 

to the prediction of the fracture direction, fracture modes, and the permeability 

variation of the rock matrix due to shear and tensile fracturing.  

In this research, a pseudo three-dimensional numerical tool has been 

developed to simulate hydraulic fracturing in weakly consolidated sandstones. 

The model is capable of simulating the possible failure modes and fracture 

rotation around injection wellbores. A smeared fracture approach was 

implemented and utilized based on the continuum mechanics assumption.  

1.2 Problem statement 

A significant amount of research has been directed towards understanding the 

hydraulic fracturing mechanism in weakly consolidated sandstone. These studies 
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cover a wide range of materials, stresses and injecting fluids. There are, however, 

aspects of the hydraulic fracturing process that remain unresolved for weakly 

consolidated sandstones. These issues include fracture modes and geometries for 

weak sandstones; and higher-than-expected fracture pressure in some field 

projects, which are underestimated by the numerical models.  

Shear and tensile failures/fractures are believed to be the two possible 

failure/fracture modes for hydraulic fracturing in weakly consolidated sandstones. 

The fracturing pattern in a reservoir is believed to be influenced by the formation 

of shear bands in the process zone ahead of the fracture, on the fracture walls, and 

elsewhere in the reservoir. Shear band development may precede tensile 

fracturing in weak sandstones. Further, it is believed that shear and tensile 

fractures interact with each other, resulting in un-planar (off-balance) fracture 

development in weakly consolidated sandstones. The development of shear bands 

and the concomitant shear dilation may result in stress alterations in the reservoir, 

requiring higher injection pressures to induce tensile fractures. Further, pressure 

redistribution in the medium can result in stress increases which can create 

conditions in which a tensile fracture may not be induced under the operating 

conditions. This can lead to the development of only a shear-fractured zone 

around the wellbore.  

A hydraulic fracture model is needed in which the conductivity of a tensile 

fracture is calculated according to governing fracture flow rules (e.g., cubic law) 

and the direction of a tensile fracture is not predetermined. Also, the potential 

transformation of a shear fracture to a tensile fracture and potential re-orientation 

of a tensile fracture due to shear banding at the fracture tip has not been addressed 

in the literature.  

1.3 Research objective 

The primary objective of this research is to develop a numerical tool to study 

the failure modes and pattern and the variation of fracturing pressure during field-

scale hydraulic fracturing of weakly consolidated sandstones.  A smeared fracture 

approach will be used to develop a numerical tool capable of simulating shear and 
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tensile fractures (the latter without a prescribed direction). This research will 

enhance the understanding of the mechanisms involved in the process of 

hydraulic fracturing in weakly consolidated sandstones. The main questions to be 

answered in this research are: 

¶ Why do some reservoirs require large fracturing pressure?  

¶ What factors play a role in increasing the fracturing pressure?  

This research will provide valuable information in guiding fracturing 

practices in field operations, for optimization and management of fracturing 

projects.  

1.4 Research methodology 

The methodology in this research consists of developing a pseudo-3D 

continuum-based numerical hydraulic fracture model capable of capturing both 

shear and tensile fracturing processes. A finite difference software, FLAC 

(ITASCA Consulting Group, 2006), was used to carry out the stress/strain 

analysis. A single-phase finite difference fluid flow analysis code was developed 

and linked to the geomechanical model using an iterative coupling scheme.  

A Mohr-Coulomb plasticity model with tension cut-off was used in this 

research to simulate the shear failure in the reservoir. Fracture mechanics criteria 

such as linear elastic fracture mechanics (LEFM) (stress intensity factor or energy 

release rate) were not used as they are deemed  inappropriate for weakly 

consolidated sandstones due to the large shear failure zone at the tensile fracture 

face and tip during the injection (Khodaverdian and McElfresh, 2000; McElfresh 

et al., 2002; Di Lullo et al., 2004; Bohloli and de Pater, 2006; Huang et al., 2011).  

The fracture energy regularization method (Crook et al., 2003) was used to 

reduce the mesh-size dependency in the simulation of the shear failure and tensile 

fractures. The mesh-size dependency in assigning the equivalent permeability to 

tensile fractured elements was also considered.  

For tensile fractures detected in an element considered to be a hydraulic 

fracture in the developed model, the fractures must be continuously connected to 
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the injection point (wellbore). If this criterion is satisfied, the fracture flow 

scheme is activated and simulated in the numerical model in accordance with 

fracture flow laws. Tensile fractures of isolated elements in the reservoir 

(elements not connected to the wellbore) were not considered as hydraulic 

fractures as fracture flow cannot be established in cracks that are not connected to 

the injection point. An algorithm was implemented in the numerical model to 

recognize connected tensile hydraulic fractures in the model and distinguish them 

from isolated tensile cracks (failures or fractures).  

1.5 Thesis layout  

The research is presented in six chapters.  

Chapter 1 (the current chapter) provides the background and the scope of the 

research. 

Chapter 2 presents a literature review of hydraulic fracturing with emphasis 

on hydraulic fracturing in weak sandstones.  

In Chapter 3, a permeability tensor model for tensile fractures is used to 

relate the permeability of an element, which is fractured in tension, to its 

deformation. The permeability tensor includes permeabilities in the directions 

parallel and perpendicular to the fracture. The smeared fracture approach makes it 

possible to predict a tensile fractureôs direction based on the numerical modelôs 

solution instead of prescribing the fracture direction in advance. The difficulty in 

simulating tensile fracture in a continuum model is how to relate the element 

deformation to its permeability such that it results in accurate tensile fracture 

conductivity. A procedure for the permeability calculations is presented in this 

chapter and the results are validated against available data in the literature.  

Chapter 4 describes the calculation of the permeability in the elements that 

fail in shear. The existing shear permeability models are described, their 

limitations and advantages are discussed, and a proper criterion is selected to 

calculate shear-enhanced permeability to further develop the hydraulic fracture 

model. The chapter also includes the results of the model validation including 
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both shear and tensile fracture criteria against a large-scale laboratory hydraulic 

fracturing experiment. 

In Chapter 5, the coupled model is used to simulate a series of well tests in oil 

sands. The chapter presents the numerical study used to assess the fracturing 

pressures of the reservoir in a sensitivity analysis with respect to the flow and 

geomechanical parameters of the formation. These parameters include, among 

others, the minimum and maximum principal stress, apparent tensile strength and 

cohesion of the oil sands, and absolute permeability. 

Chapter 6 summarizes the current research and presents the major findings 

from this work. It also includes suggestions to further develop the model. 

1.6 Significance of the work 

Hydraulic fracturing has been the stimulation method for more than 85 

percent of the gas wells and 60 percent of all oil wells in North America and the 

ratio is still rising (Economides et al., 2002). Investment in hydraulic fracturing 

has grown from $2 billion to almost $15 billion in the last decade (Marongiu-

Porcu et al., 2010) and has become the petroleum industryôs second largest outlay 

after drilling (Economides and Wang, 2010). This technique has become a 

standard practice to develop tight gas, shale gas and coal bed methane formations 

and is still popular in oil-bearing formations in all permeability ranges 

(Economides and Wang, 2010). 

The model developed in this research will greatly increase the understanding 

of the mechanisms involved in hydraulic fracturing of weakly consolidated 

sandstones, including fracture modes and patterns. Such improved understanding 

can help to manage  and optimize fracturing jobs. Understanding the failure mode 

of hydraulic fracturing in weak or unconsolidated sandstones is important in the 

optimum design of fracturing jobs and to avoid inadvertent fractures in reservoir 

or its caprock. 
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Equation Chapter 2 Section 1 

Chapter 2: Literature Review  

2.1 Introduction  

This chapter presents a literature review on fracture mechanisms and 

numerical hydraulic fracture models. Fracture mechanisms involved in hydraulic 

fracturing of unconsolidated and weakly consolidated sandstones were studied by 

reviewing publications on laboratory research and field fracturing observations. 

Numerical hydraulic fracture models are also reviewed with an emphasis on their 

capability in simulating fracturing mechanisms in weak sandstone reservoirs.  

2.2 Definition of failure versus fracture 

The literature on the material behavior presents different definitions for 

failure. Bieniawski et al. (1969) defined failure as a change in the state of 

behavior of a material. Examples are fracturing (new cracks form or existing 

cracks are extended) and rupture (the structure disintegrates into two or more 

pieces). Goodman (1989) described failure as the total loss of integrity of a rock 

sample, and Bésuelle et al (2000) related failure to the formation of a shear band 

accompanied with the sampleôs strain-softening response. 

Failure (material behavior) refers to the peak strength and post-peak behavior 

of the material where the material becomes unable to bear additional stress and its 

permeability starts to change significantly. Following the peak-strength state, 

micro-cracks join and form macro-cracks or a fracture (shear or tensile band) 

resulting in the loss of strength (strain softening/ fracturing). This fracture forms a 

highly permeable zone for fluid flow, which enhances the permeability of the 

matter.  

As failure (softening) progresses, the material totally loses its strength (or, in 

the case of unconsolidated and weakly consolidated geomaterial, its cohesion) and 

disintegrates. This thesis refers to this state as fracturing. Shear fracture in this 
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research refers to residual strength where a fracture has fully formed. Shear 

permeability of the material starts to evolve during the softening (failure) stage 

and is enhanced to the end of the fracturing stage.  

In addition to considering the material behavior, it is necessary to consider 

geometric constraints when distinguishing failure from fracture. Geometric 

constraints in this research refer to the numerical model mesh size effect. A large 

mesh size may lead to a diffused failure zone while strain localization and shear 

banding are expected according to observations (a clear example will be 

illustrated in Chapter 4 of this thesis). In this research, shearing is simulated in a 

diffused form since the mesh size is not fine enough to capture localization of 

strain. For this reason, all the diffused shear zones in the numerical results are 

referred to as shear failure, independent of the nature of the material behavior 

(i.e., failure or fracture). Failure is more spread and diffused in the material while 

fracture is more discrete and localized. 

2.3 Fracture geometry 

In hydraulic fracturing of competent impermeable rocks, a clear tensile 

fracture may develop in the direction normal to the minimum principal stress. In 

weak and unconsolidated sandstones, a tensile planar fracture may occur only 

when the injection rate is greater than the rate of fluid leak-off from the fracture 

into the formation. This usually happens when the pumping rate is high, or the 

rock permeability is low, or the injecting fluid is very viscous or contains solid 

particles that build up skin (Pak, 1997; Khodaverdian and McElfresh, 2000; de 

Pater and Dong, 2007; Golovin et al., 2010; Khodaverdian et al., 2010). At the 

other extreme, shearing can be the predominant fracturing mode in weak rocks 

when the leak-off is large due to high permeability (Pak, 1997; Khodaverdian and 

McElfresh, 2000; Khodaverdian et al., 2010). A transition exists where both shear 

and tensile modes of failure may occur simultaneously (Pak, 1997; Khodaverdian 

and McElfresh, 2000; Khodaverdian et al., 2010). 
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2.4 Fracturing mechanisms 

The fracturing mechanism in a rock may consist only of a single mode or a 

combination of three modes: opening mode, sliding mode and tearing mode, as 

shown in Fig. 2-1 (Daneshy, 2003). A tensile fracture is created by tensile stress 

and the main resistance comes from the minimum in situ stress and the tensile 

strength of the material. In this process, the fracture width is the result of the 

compression of the material surrounding the fracture walls. Larger amounts of net 

pressure (NFP1) make the fracture wider. The width is proportional to the fracture 

length and height (Daneshy, 2003).  

 

Fig. 2-1: Fracturing modes: a) Tensile mode, b) shear mode, c) tearing mode, d and e) 

combination of modes (Daneshy, 2003) 

Shear failure/fracture occurs when shear stress along a plane exceeds the 

shear strength of the material on that plane. In this process, two surfaces of the 

fracture slide over each other in opposite directions but there is no separation 

between them. This type of fracture does not reverse as easily as the tensile mode 

because it requires the two walls to slide back. Tearing mode of fracturing occurs 

due to tearing action in which two faces twist away from each other but no gap 

forms between them (Daneshy, 2003).  

                                                 

1
 Net fracturing pressure is defined as the difference between the minimum in situ stress and 

the fracturing pressure 
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By combining tensile and shear forces, a tensile-shear fracture may take 

place. In this case, the fracture results in a gap with lateral displacement 

(Daneshy, 2003) as illustrated in Fig. 2-1 d and e. It is likely that during hydraulic 

fracturing of weakly consolidated sandstones, shearing occurs at the initial stages 

of injection due to the materialôs low shear strength.  

Many researchers have performed theoretical and experimental investigations 

of the initiation and subsequent propagation of tensile fractures. (Hagoort et al., 

1980; Settari, 1980; Nghiem et al., 1984; Papanastasiou, 1997b; van Dam et al., 

2000; Wu, 2006; Ji, 2008). These studies have been driven by the assumption that 

a two-wing planar fracture is parallel to minimum principal stress. This 

assumption, however, may not result in realistic outcomes or may even yield 

misleading results (Di Lullo et al., 2004) when shear fracturing takes place (Di 

Lullo et al., 2004; Bohloli and de Pater, 2006; Huang et al., 2011). 

2.4.1 Fracturing mechanisms in laboratory experiments 

This section reviews the literature on small- and large-scale laboratory 

hydraulic fracturing experiments conducted to investigate possible fracturing 

modes during injection into weak sandstones.  

2.4.1.1 Tensile fracturing mode 

A tensile hydraulic fracture naturally aligns itself according to the direction 

of in situ stresses, as shown in Fig. 2-2. The fracture plane propagates in the 

direction normal to the minimum in situ stress since this direction requires the 

least energy for propagation.  

Tensile fractures observed in hydraulic fracturing experiments have been 

reported extensively in the literature (van Dam et al., 2000; Cook et al., 2004; de 

Pater and Dong, 2007; Golovin et al., 2010; Zhou et al., 2010). Tensile fracture 

occurs in a single plane (two-wing planar fracture) and grows in an orderly 

manner, and its trend is predictable. As more fluid is injected, the fracture grows 

and becomes longer in its original plane (Daneshy, 2003). This type of fracture is 

particularly seen where the leak-off is small (impermeable rock, high viscosity 

fluid or efficient external filter cake). Tensile fracture due to the formation of a 
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filter cake is known as a formation-damage-driven fracture (Khodaverdian et al., 

2010). 

 

Fig. 2-2: Dominant tensile mode of fracturing during hydraulic fracturing (Bohloli and 

de Pater, 2006) 

2.4.1.2 Shear fracturing mode 

Shear fracture during injection is known as mobility-driven fracture 

(Khodaverdian et al., 2010). Material properties, stress level, fluid rheology, solid 

concentration, permeability and pore pressure are the most important parameters 

affecting shear fracturing (Bohloli and de Pater, 2006).  

Shear fracture usually consists of multiple bands, channeling and out-of-

plane propagation (see Fig. 2-3) as observed in hydraulic fracturing experiments 

(Pak, 1997; Khodaverdian and McElfresh, 2000; Chang, 2004; Bohloli and de 

Pater, 2006; de Pater and Dong, 2007; Golovin et al., 2010; Jasarevic et al., 2010; 

Khodaverdian et al., 2010; Zhou et al., 2010; Olson et al., 2011). Injection fluids 

in hydraulic fracturing operations cover a wide range of low-to-high viscosity 

with no-to-high concentration of solid particles with different injection rates and 

confining stresses. In these observations, shear failure could be the dominant 

mechanism or part of a mixed mode of fracturing, for instance, a process zone 

exists ahead of the tensile fracture tip, and a large concentration of shear stress in 

that zone (Papanastasiou, 1997b; Wu, 2006), as illustrated in Fig. 2-4. 
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Sometimes shear failure/fracturing is the only dominating mechanism (Pak, 

1997; Khodaverdian and McElfresh, 2000) in weak sandstones. Shear fractures 

are more likely to occur in highly permeable rocks with no-or-small skin at the 

fracture wall (high leak-off) (Zhai and Sharma, 2005; Zhai, 2006; de Pater and 

Dong, 2007; Khodaverdian et al., 2010). The development of shear bands is a 

major reason that permeability is enhanced in the formation rock (Wong, 2003; 

Zhai and Sharma, 2005; Khodaverdian et al., 2010; Zhou et al., 2010).  

.  

 

Fig. 2-3: Shear failure and branching during hydraulic fracturing, a) shear and 

subparallel fractures during cross link gel injection with 35 lb/Mgal polymer loading  

(Khodaverdian and McElfresh, 2000), and b) shear failure during injection of bentonite 

slurry with concentration of 150 g/l (Bohloli and de Pater, 2006) 

 

 

Fig. 2-4: Shear stress concentration in the process zone ahead of the fracture tip (van 

Dam et al., 2000) 

2.4.1.3 Mixed mode 

Shear fractures may open under fluid pressure (mixed mode - shear prior to 

tensile fracture) and fluid can flow inside the fracture as shown in Fig. 2-3b. In 

(a) (b) 
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this case, the shear fracture creates a conduit for fluid flow, which may allow the 

fluid pressure to exert force on the shear fracture wall and convert the shear 

fracture to a tensile fracture.  

Further, shear failure may occur at the tensile fracture faces. Such a fracture 

is known as a mobility-driven fracture (Khodaverdian et al., 2010). Fig. 2-5a 

schematically demonstrates the fracture zone which consists of the main fracture 

and several sub-parallel fractures and branches. The development of an efficient 

filter cake on the fracture wall can significantly reduce the shear failure at the 

tensile fracture walls, resulting in damage-driven fractures as shown in Fig. 2-5b. 

 

Fig. 2-5: Schematic of possible mechanisms of fracture tip propagation: a) mobility 

driven shear and tensile fractures, and b) a formation-damage-driven fracture  

(Khodaverdian et al., 2010) 

Shear failure during hydraulic fracturing may increase the net fracturing 

pressure (Pak, 1997; Khodaverdian and McElfresh, 2000; Khodaverdian et al., 

2010). These shear fractures may reduce the length of the main fracture and cause 

premature tip screen-out during fracpacking (Khodaverdian and McElfresh, 

2000). In contrast, they can increase the capacity of the rock for slurry and waste 

injection (Cook et al., 2004).  

2.4.2 Field observations of failure modes in hydraulic fracturing  

Data collected from recovered cores, minebacks, microseismicity, overcores 

and borehole video, fracturing pressure response and surface tilts (Tiltmeter 

mapping) in sandstones, jointed granites and shales as well as laboratory tests 

indicate that hydraulic fractures may not always be planar single two-wing 

fractures as conventionally thought. There is a need for a new perspective 

(a) (b) 
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including a potential for multiple far-field fracture occurrence that should replace 

the old view of a single planar fracture (Mahrer et al., 1996).  

Some field observations cannot be explained by classical models (Settari, 

1988; Weijers et al., 2000; Daneshy, 2003; Onaisi et al., 2011). The dimensions of 

field fractures are usually much smaller (Settari, 1988; Weijers et al., 2000; 

Daneshy, 2003, 2005) and their widths are much larger than predicted by the 

conventional models (Settari, 1988; Daneshy, 2003), which can be attributed  to 

the plastic deformation of the material surrounding the fracture. The actual 

fracture aperture may also be narrower than predicted (Weijers et al., 2000; 

Daneshy, 2005) due to the possible formation of multiple fractures and branches. 

Neither a larger volume of fluid nor more proppants guarantee that a longer 

fracture can be induced (Daneshy, 2003).  

The literature also indicates higher measured fracturing pressures than the 

model calculations (Settari, 1988; Leshchyshyn et al., 1996; Weijers et al., 2000; 

Daneshy, 2003; Palmer et al., 2007; Osorio and Lopez, 2009). The Delft 

Fracturing Consortium worldwide survey on fracturing pressures indicated that 

net pressures encountered in the field are commonly 50% to 100% higher than 

their corresponding values predicted by conventional fracturing simulators based 

on linear fracture mechanics (de Pater, 1996) cited by Papanastasiou, (1997b)).  

2.4.2.1 Off-Balance Fracture Growth 

Daneshy (2003) introduced the new concept of off-balance growth in 

hydraulic fracturing. A tensile planar fracture whose growth pattern is predictable 

is called ñbalanced.ò The fracturing mode in an off-balance fracture is not solely 

Mode I and the fracture is not planar anymore; instead it is in a mixed mode and a 

multi-branch geometry. This fracture growth pattern is called ñoff-balance 

growthò.  Most hydraulic fractures in weak rocks occur in an off-balance pattern 

(Daneshy, 2003, 2005). 

Branching and shear fracturing are responsible for off-balance growth and the 

result is shorter and narrower fractures than what have been designed (Daneshy, 

2003, 2005). The narrow width causes a larger pressure drop along the fracture. 
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Also, fluid and proppant movement follows this off-balance pattern. Depending 

on their width, these shear fractures can open and intake proppants or prevent 

proppant placement (Daneshy, 2005).  

2.4.2.2 Types of Off-Balance Fractures 

According to Daneshi (2003), two distinct fracture characteristics are 

involved in off-balance growth: multiple fracturing and fracture branching. 

Multiple fracturing is a near-wellbore phenomenon referring to separate 

fractures created at the wellbore (Daneshi, 2003). This phenomenon has also been 

observed in laboratory experiments when the two stresses perpendicular to the 

wellbore axis are equal (Cook et al., 2004). This near-wellbore phenomenon, 

which is also known as tortuosity, is responsible for premature screen-out and/or 

low proppant concentration (Cleary et al., 1993; Aud et al., 1994).  

Multiple fracturing is dependent on the well completion design (e.g., 

borehole inclination; and number, size and distribution of the perforation). 

Additional important parameters in the development of multiple fractures include 

fluid pressure inside the wellbore, and wellbore inclination (Daneshy, 2003). 

Further details follow. 

¶ Injection rate:   Higher injection rates result in quick pressure increases while 

leak-off is still small. Large diameter perforation and shorter perforated 

intervals provide more flow rate to a specific part of the reservoir, increasing 

the probability of tensile fracture. Some researchers recommend high-rate 

injection to reduce the intensity of near-wellbore tortuosity (Cleary et al., 

1993; Weijers et al., 2000). 

¶ Length of perforation interval:  Multiple fracturing is less likely when the 

perforated interval is shorter (Cleary et al., 1993; Aud et al., 1994; Abass et 

al., 1996; Weijers et al., 2000; Daneshy, 2003).  

¶ Perforation diameter and direction: Perforating perpendicular to the 

direction of the minimum in situ principal stress can reduce the intensity of 

multiple fracturing (Daneshy, 2003). So can a larger perforation diameter 
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(Cleary et al., 1993; Aud et al., 1994; Weijers et al., 2000), by providing more 

flow rate to a specific interval.  

¶ Fluid viscosity: High viscosity fluids can also reduce multiple fracturing 

(Cleary et al., 1993; Aud et al., 1994; Leshchyshyn et al., 1996; Weijers et al., 

2000). Armirola et al. (2011) found that fluid leak-off in hydraulic fracturing 

controls the fracture geometry. High-viscosity fluids create larger fracture 

width due to the low leak-off. In addition, shear fracturing is less likely to 

occur when more viscous fracturing fluids are used (Armirola et al., 2011).  

¶ Borehole orientation: This parameter can affect multiple fracturing (Cleary 

et al., 1993; Osorio and Lopez, 2009; Onaisi et al., 2011) due to stress 

rotation. The most impact is when fracturing a horizontal wellbore in a 

reservoir where the minimum in situ stress is parallel to the wellbore axis 

(Abass et al., 1996; Osorio and Lopez, 2009).  

¶ Stress anisotropy: The material stress state is closer to the shear failure 

envelope when the stress difference is larger (i.e., shear failure is more 

probable) (de Pater and Dong, 2007; Golovin et al., 2010). Osorio and Lopez 

(2009) reported different results in their laboratory experiments as a greater 

difference between in situ stresses increased the probability of tensile 

fracturing. 

Fracture branching is another type of off-balance fracture growth. Each 

fracture branch can have its own sub-branches (Daneshy, 2003).  

 

Fig. 2-6: Multiple Fracturing , a near wellebore phenomena (Daneshy, 2005) 

Higher net fracturing pressure can be a sign of multiple fracturing and 

shearing (Leshchyshyn et al., 1996; Weijers et al., 2000; Osorio and Lopez, 
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2009), even in fracturing low permeability rocks such as shale (Palmer et al., 

2007).  

2.4.3 Summary of Field Observations 

The results of laboratory experiments are consistent with most field 

observations. The major common conclusions are that both tensile and shear 

fracturing may occur during hydraulic fracturing. Shear-enhanced permeability is 

possible and higher fracturing pressure may be expected when weak and 

unconsolidated sandstones are fractured. Fluid type and injection rate, as well as 

wellbore completion and deviation, are the parameters that can be selected in such 

a way to reduce fracturing pressure.  

An ideal numerical hydraulic fracture model should be equipped with enough 

physics to capture the potential fracturing modes and their interaction as well as 

multiple fracturing/branching and the possible fracture reorientation around a 

wellbore.  

2.5 Parameters that affect the hydraulic fracturing response 

The following parameters are believed to influence the fracturing response of 

weakly consolidated sandstones.  

2.5.1 Stress-dependent elastic properties 

Laboratory experiments on weakly consolidated sandstones indicate that the 

sandstonesô elastic modulus strongly depends on the effective confining stress. 

Fig. 2-7 demonstrates such dependence for Salt Wash Sandstone. Increased pore 

pressure reduces effective stresses, leading to a lower elastic modulus. Further, 

tensile fracturing reduces the effective confining stress around the fracture, 

resulting in low elastic moduli in the near-fracture zone.  
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Fig. 2-7: Variation  of elastic modulus with effective confining stress (Rahmati et al., 

2012; Rahmati, 2013) 

2.5.2 Rock Strength 

Stronger rocks are less prone to shear failure during injection. The higher the 

cohesion, the higher the likelihood of tensile fracturing preceding shear fracturing 

(Rahmati, 2013).  

2.5.3 Dilation  

Shear failure of weakly consolidated sandstones results in shear dilation, 

hence, increased permeability and faster pore pressure diffusion. This, in turn, 

increases the likelihood of additional shear failure. Further, dilation enhances in 

situ stresses (Pak, 1997) increasing the tensile fracturing pressure. 

2.5.4 Permeability 

Rock permeability is important because it influences pore pressure diffusion 

in the matrix, leading to the shear failure that, in turn, may result in higher net 

fracturing pressure. In weakly consolidated and unconsolidated sandstones, 

shearing results in dilative shear deformation, which leads to greater local stresses 

and higher fracturing pressure.  
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Pak (1997) presented a qualitative chart for the expected hydraulic fracture 

pattern in a wide range of geomaterials. This chart relates the fracture pattern to 

the permeability and cohesion of geomaterials (Fig. 2-1). According to the chart, a 

dominant planar fracture is expected in low permeability rocks with high 

cohesion, while multiple fractures are likely to occur in permeable sandstones 

with lower cohesion. In highly permeable rock with high cohesion, a rough and 

irregular fracture plane is expected, while for highly permeable rock with low 

cohesion, a zone of tiny inter-connected cracks is anticipated.  

 

Fig. 2-8: Hydraulic fracturing mechanism of different geomaterials (Pak, 1997) 

2.5.5 Fluid Viscosity 

Higher fluid viscosity reduces leak-off and results in a smaller poroelasticity 

effect, less permeability enhancement, and lower net fracturing pressure 

(Khodaverdian and McElfresh, 2000). It also reduces the possibility of shear 

failure. A viscous fluid may be injected into a highly permeable material and 

induce shear fracture while a less viscous fluid may be injected into a very low-

preamble material and result in tensile fracture. Therefore, the materialôs 
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hydraulic conductivity to the injecting fluid should be considered a determining 

factor in the mode of fracture. 

2.5.6 Stress Magnitude and Direction 

The tendency to shear failure increases when the difference between the 

minimum and maximum principal stresses is higher (de Pater and Dong, 2007; 

Golovin et al., 2010). Fig. 2-9 illustrates the stress paths of a material with two 

different initial conditions. As can be seen, higher maximum principal stresses at 

Point A would lead to shear failure while the same stress path starting at Point B 

would result in a tensile fracture. Based on their laboratory experiments, however, 

Osorio and Lopez (2009) reported a higher potential of tensile fracturing for those 

cases with a greater difference between the principal in situ stresses. 

 

Fig. 2-9: Effect of initial stress state on the failure mode 

Cook et al. (2004) reported the results of laboratory-numerical research on 

injecting drill  cuttings (slurry with viscosity of 50 cp) into Berea sandstone blocks 

under true triaxial testing conditions. The samples were rectangular (7.6 by 7.6 by 

16.5 cm) with a 0.6 cm well in the centre. The experiments showed multiple 

fractures for equal principal stresses. A distinct fracture, parallel to the direction 

of maximum horizontal stress, was observed for the experiments with un-equal 

horizontal principal stresses (Cook et al., 2004). 
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2.5.7 Wellbore Direction 

Abass et al. (1996) performed an experimental study on hydraulic fracturing 

of horizontal wells with openhole completion to study non-planar fractures and 

their consequences. They defined a non-planar fracture as any fracture that does 

not follow the conventional single-fracture geometry. They found three types of 

non-planar fractures: multiple parallel fractures, reoriented fractures and T-shaped 

fractures. The type of fractures depended on the deviation angle of the wellbore 

with respect to the maximum horizontal stress.  

Fracture initiation pressure is a reflection of the disturbed stress field around 

the wellbore and also is a function of a wellbore azimuth, while propagation 

pressure represents the minimum in situ stress (Abass et al., 1996). Referring to 

Fig. 2-10, as the angle between the horizontal wellbore axis and the maximum 

horizontal stress increases, fracture breakdown pressure increases (Abass et al., 

1996).  

 

Fig. 2-10: Initiation pressure as a function of the wellbore deviation angle from 

maximum horizontal stress (Abass et al., 1996) 

2.5.8 Injection Rate 

In the experiments conducted by Zhou et al. (2010), a lower injection rate of 

a viscous fluid of 3500 cp into unconsolidated sand of 300-600 md resulted in 

branching and sub-parallel fractures while a higher injection rate induced a planar 
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tortuous fracture. Fracturing pressure was 2.5 times the confining stress (7 MPa) 

for the lower injection rate, which may be attributed to higher pressure diffusion 

and more shearing. 

When fluid with a 2% solid concentration was injected into cohesionless 

sand, higher injection rates resulted in a transition from a single planar crack to 

multiple branching all around the wellbore (Golovin et al., 2010). In their large-

scale experiment on cubic samples of cohesionless sand, Jasarevic et al. (2010) 

observed multiple primary fractures formed at random locations all around the 

cased and perforated wellbore before the main fracture propagated in the direction 

perpendicular to the minimum stress (Fig. 2-11). They found that the length of 

these primary fractures is inversely related to the flow rate. 

  

Fig. 2-11: Multiple primary fractures form before propagation of the main fracture 

(Jasarevic et al., 2010) 

2.6 Review of Numerical Models for Hydraulic Fracture  

The following are three important aspects of hydraulic fracturing of 

unconsolidated sandstones which should be incorporated in the modeling (Xu and 

Wong, 2010): 

¶ The poroelastic deformation and shear and tensile failure/fracture of the 

matrix induced by pore fluid pressure;  

¶ Fluid flow in shear and tensile fractures as well as the matrix;  

¶ Initiation and propagation of the shear and tensile fractures in the matrix. 
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Tensile mode hydraulic fracturing has been extensively studied in past 

decades (Pak, 1997; Papanastasiou, 1997b; van Dam et al., 2000; Settari et al., 

2002b; Cook et al., 2004; Lian et al., 2006; Xue et al., 2006; Ji, 2008; Zandi et al., 

2010; Zhang et al., 2010). Several researchers have also investigated shear mode 

hydraulic fracturing of weak sand (Settari et al., 1989; Pak, 1997; Pak and Chan, 

2004; Zhai and Sharma, 2005; Wu, 2006; Zhai, 2006; Xu, 2010; Xu and Wong, 

2010).  

The assumptions of linear elastic fracture mechanics (LEFM) for crack-tip 

propagation and a tensile two-wing fracture are not valid in unconsolidated and 

weakly-consolidated sandstones when plastic deformation is involved 

(Khodaverdian and McElfresh, 2000; McElfresh et al., 2002; Di Lullo et al., 

2004; Bohloli and de Pater, 2006; Huang et al., 2011). 

Existing numerical hydraulic fracture models are based either on smeared 

fracturing (Chin and Montgomery, 2004; Zhai and Sharma, 2005; Zhai, 2006; Xu, 

2010; Xu and Wong, 2010; Xu et al., 2010), or discrete fracture (Hagoort et al., 

1980; Settari, 1980; Nghiem et al., 1984; Settari, 1988; Settari et al., 1989; Settari 

et al., 1990; Settari et al., 1992; Papanastasiou, 1997a; Papanastasiou, 1997b; 

Papanastasiou, 1999; van Dam et al., 2000; Settari et al., 2002a; Settari et al., 

2002b; Ji et al., 2004; Ji et al., 2006; Wu, 2006; Ji, 2008; Ji et al., 2009) or 

discrete element (Cook et al., 2004; Gil, 2005; Gil and Roegiers, 2006) 

approaches. They can also be divided into two major groups: models that need a 

predefined direction for the hydraulic fracture and models that can predict the 

fracture direction. Based on this classification, the following sections provide a 

description of existing numerical models of hydraulic fracturing. 

2.6.1 Models with Prescribed Fracture Direction 

2.6.1.1 Continuum Approaches 

Conventional hydraulic fracture models were developed for designing 

hydraulic fracturing treatments in the 1960s. In these models, fracture was 

simulated based on the material (volume) balance of injected fluid (Howard and 

Fast, 1970). The fracture volume at each time was equal to the total volume of 
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injected fluid minus the fluid volume leaked off from the fracture walls into the 

reservoir. The material balance of injected fluid is in the form of Eq. (2-1) (Ji, 

2008) where ὠ is the fracture volume and ή and ή are fluid injection and leak-

off rates, respectively. 

, .....................................................................................................................  (2-1) 

Using Eq. (2-1) , the assumed fracture shape and the pressure distribution in 

the fracture can be used to calculate the fracture length and width (Howard and 

Fast, 1970; Gidley et al., 1989; Ji, 2008). The most popular two-dimensional 

fracture models are Carterôs, PKN and GdK (Howard and Fast, 1970) models, 

which mainly differ in their basic assumptions. Carterôs model assumes that 

fracture width is uniform through the fracture body. In the PKN model, the plane 

strain condition and elliptical fracture cross section are assumed for each vertical 

cross section perpendicular to the fracture. However, in the GdK model, the plane 

strain condition is assumed for the horizontal cross section. Both models assume a 

fixed fracture height equal to the height of the pay zone. For injection with a 

constant flow rate, these models calculate the fracture aperture at the wellbore, 

fracture length and injection pressure. 

Conventional hydraulic fracturing models do not consider all the complex 

features (e.g., poroelasticity, plastic deformation and shearing around a fracture) 

and may not be adequate to simulate hydraulic fracturing in unconsolidated oil 

sands (Settari, 1988; Ji et al., 2004; Xu et al., 2010).  

The initial (old) fracture/reservoir models included two different grid systems 

for solving fracture flow and reservoir flow (and heat transfer) (Settari, 1980; 

Nghiem et al., 1984) in which the equations could be solved in an uncoupled, 

sequentially or iteratively coupled manner. The initial models did not account for 

the way in which stress/deformation affected reservoir flow and the fracturing 

process (Settari, 1980). Settari (1980) used a fracture/flow model based on mass 

balance law (GdK model). In the initial fracture-reservoir models, the pressure 

drop in the fracture was considered negligible and the fracture flow was treated as 

µ
= -

µ

f

i l

V
q q

t



27 

 

a boundary condition for reservoir flow (Hagoort et al., 1980; Settari, 1980; 

Nghiem et al., 1984). Hagoort (1978) derived equations to estimate  the fracture 

initiation, propagation and opening/closure pressures. Settari (1980) used these 

equations to consider the effect of pore pressure (poroelasticity) on fracturing. 

Nghiem et al. (1984) used the GdK fracture model and developed a 3D reservoir-

fracture model to evaluate the fracture initiation, propagation and closure 

pressures.  

Settari (Settari, 1988; Settari et al., 1989) introduced a method for the 

modular (partial) coupling of flow/stress/fracture simulation by coupling fluid 

flow to soil mechanics. It was showed that shear failure occurs around the fracture 

face due to low effective normal stress, as illustrated schematically in Fig. 2-12.  

In a coupled reservoir/stress/fracture model, Settari (1988) showed that the 

oil sandsô fracturing process is controlled by fluid leak-off which is dominated by 

the mechanical behavior of the sand, such as shear failure at the fracture face. In 

addition, studies have shown that shear stress concentration at the fracture tip 

results in a plastic zone at the tip (Papanastasiou, 1997b; van Dam et al., 2000; 

Wu, 2006).  

 

Fig. 2-12: Processes during fracturing of oil sands (Settari, 1988) 

In early hydraulic fracture models, fracture equations were solved 

independently of the reservoir equations by using an overall coefficient for the 

leak-off (Settari et al., 1990). In late 1970ôs, another method was introduced in 
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which the fracture/reservoir equations were solved in a couple manner very 

similar to conventional reservoir simulation (Settari et al., 1990).  

Settari et al. (1990) proposed partial coupling of the fracture and reservoir 

flow. Fracture equations were solved numerically during the propagation. A 

fracture grid was created dynamically independent of the reservoir grid. Leak-off 

was calculated for each element using an analytical/numerical model. Then, the 

average transmissibility (kh/m) of the reservoir blocks containing the fracture were 

calculated and transferred to the reservoir model. The conventional reservoir 

model treated the fracture as a stationary fracture (Settari et al., 1990). Settari at 

al. (1992) showed that a dynamic fracture with multiphase flow can be simulated 

by dynamic enhancement of transmissibilities in the fracture plane.  

A fracture model comprised of a geomechanical tool linked with a reservoir 

simulator can be an effective fracture modeling tool. In this model, the fracture is 

treated as the highly permeable part of the reservoir (Settari et al., 2002a; Settari 

et al., 2002b) and the fracture conductivity is combined with the permeability or 

transmissibility of the reservoir grid containing the fracture. Settari et al. (2002a) 

developed a 3D coupled fracture/reservoir/geomechanical model which simulates 

the fracture propagation during the fracturing job and the static fracture during the 

production. They used a dynamic transmissibility multiplier (the ratio of current 

permeability at the current pressure/stress to the original permeability under the 

original pressure/stress condition) in the fracture plane to simulate the fracture 

growth during the injection. This multiplier could be a function of pressure (for 

uncoupled modeling) or of effective stress (for coupled modeling). 

 Ji et al. (2004) presented modeling techniques for a fully coupled 

reservoir/fracture model of dynamic fracture propagation using a classic fracture 

model such as PKN or GdK. In their approach, fracture initiation (ὴ ) and 

propagation pressure (ὴ ) are calculated from the following equations: 

 ὴ „
̐

 , ..........................................................................................................  (2-2) 
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ὴ „
̐

 , .............................................................................................................  (2-3) 

where ʎ  is the initial minimum stress, +  is the critical stress intensity 

factor, ,П is the initial fracture half-length and „ is the minimum in situ stress. 

Fracture length can be found by interpolating the grid pressures to find the 

position of the fracture tip. The fracture length, fracture maximum width and 

width distribution along the fracture can be calculated according to the GdK 

fracture model. The fracture width together with the pore pressure in the fractured 

element are used to calculate the fracture transmissibility. Then, the reservoir 

calculations are repeated to update the grid pressure. This cycle is repeated until 

convergence is attained for each time step. 

In a 3D fully coupled flow-stress-fracture model developed by Ji et al. (2006; 

2009), a finite element geomechanical model was coupled to a conventional finite 

difference reservoir simulator. In the older model, the stress/pressure-dependent 

dynamic transmissibility multiplier was introduced to consider the effect of 

fracturing on flow and stress-strain behavior. This multiplier changed 

significantly in the elements where fracturing occurred. Ji et al. (2006) used 

multipliers pre-computed in tables depending on either stress (in the coupled 

version) or pressure (in the uncoupled version) (Ji et al., 2009).  

Ji et al. (2009) simulated fracture propagation implicitly by applying pressure 

on the fracture face. Fracture face displacements caused by the fracturing pressure 

are used to calculate the permeability multipliers (Ji et al., 2009). The reservoir 

and geomechanical/fracturing modules were coupled iteratively (Ji et al., 2009). 

The 3D planar fracture pressure and geometry were treated as dynamic boundary 

conditions in both the geomechanical and flow simulators, and the fracture was 

simulated as a highly permeable matrix. In the previous model (Ji et al., 2006), 

these multipliers were pre-computed as tables depending on either stress (in the 

coupled version) or pressure (in the uncoupled version) while in the new model 

(Ji et al., 2009), these multipliers were computed based on the fracture width 

(node displacement of the fracture face) from the geomechanical module. The 

equivalent permeability in the fracture plane (x and y direction in Fig. 2-13) was 
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assessed as a function of the fracture aperture based on cubic law and resulted  in 

the following equations for the permeability multiplier (Ji et al., 2009): 

 

, ...........................................................................  (2-4)

 

, ...........................................................................  (2-5) 

where Dx and Dz are the element (grid block) size in the x and y directions, 

respectively (see Fig. 2-13); the Ã coefficient is used to account for the factors 

decreasing fracture permeability such as fracture tortuosity, fracture face 

roughness and irregular shape of the channel; and × is the fracture width. 

 

Fig. 2-13: Quarter layout of the fracture/reservoir model (Ji et al., 2009) 

The matrix permeability is also updated according to the permeability 

relationship with stress/strain after calibration against laboratory tests or field data 

(Ji et al., 2009).  

Assuming the fracture direction in an impermeable rock, Papanastasiou 

(1997a; 1997b; 1999) solved the continuity equation (ύὸϳ ήὼϳ π, 

where w is the local fracture width and q is the flow rate) in conjunction with the 

lubrication theory (which relates the pressure gradient to the fracture width, for a 

Newtonian fluid of viscosity ‘) and ignored the leak-off from the fracture into the 

rock matrix. van Dam et al. (2000) used a similar approach by solving the 

Poiseulle law and continuity equation. Studies have shown that that an 

elastoplastic (hardening) rock response would result in a shorter and wider 
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fracture and higher net pressure than would elastic solutions for fracture 

propagation (Papanastasiou, 1997a; Papanastasiou, 1999; van Dam et al., 2000).  

2.6.1.2 Continuum-Discontinuum Approaches 

The continuum-discontinuum group of hydraulic fracture models includes 

special types of elements like thin-layer solid elements or zero-thickness joint 

elements. To place these special types of elements in the model, it is necessary to 

know the fracture direction and location.  

Xue et al. (2006) performed a coupled analysis of hydraulic fracturing using 

ABAQUS (based on the finite element method and cohesive elements using 

damage mechanics). Zhang et al. (2010) used ABAQUS to simulate a staged 

fracturing of a horizontal well in a thin pay zone. Their model included 

perforations, wellbore casing, cement, the pay zone, cap and base rocks, a micro-

annulus fracture and a vertical transverse fracture. They found that the micro-

annulus (see figure Fig. 2-14) fracture and the transverse fracture occurred 

simultaneously at early stages of the process and then the micro-annulus closed 

due to a higher stress concentration around the wellbore, but the transverse 

fracture propagated. It is worth noting that the micro-annulus fracture resembles 

multiple fractures discussed in laboratory experiments and field observations.  

 

Fig. 2-14: Continuum-Discontinuum model by (Zhang et al., 2010) 

Lian et al. (2006) simulated hydraulic fracturing using ABAQUS and found 

that permeability is more important in the fracture tip than in other places. Their 

study indicated that the void ratio of the medium reached the maximum value (in 

the model) at the fracture tip, resulting in a permeability increase. Similar results 

have been reported by other researchers (Khodaverdian and McElfresh, 2000; 
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Wu, 2006). This permeability enhancement may help the shearing process and 

increase the fracturing pressure. 

2.6.2 Models without Prescribed Fracture Direction 

The hydraulic fracture models that do not need any predetermined fracture 

direction are divided into two major groups: discontinuum and continuum models. 

In the discontinuum group, the discrete element method can simulate the rigid 

grains or deformable blocks and the interface between them. These types of 

models are impractical in terms of solution time and are incapable of simulating 

field-scale problems because of the large number of particles/blocks.  

In continuum models, the fracture is smeared and the equivalent properties of 

the fracture and matrix, such as permeability and porosity, are assigned to the 

continuum mesh. This approach makes it possible to model fracture flow, matrix 

flow and the stress/strain effect on permeability in a fully or partially coupled 

manner. This method has been used to simulate fracturing jobs such as solid waste 

injection in soft rock reservoirs (Chin and Montgomery, 2004) and the fracturing 

of unconsolidated sands (Zhai and Sharma, 2005; Zhai, 2006; Xu, 2010).  

2.6.2.1 Discontinuum Models (Discrete Element Models) 

Cook et al. (2004) used a 2D DEM code, MIMES (Modeling Interacting 

Multibody Engineering Systems (Rege, 1996)), and extended it to fracture 

propagation during an experimental slurry injection in Berea Sandstone (loosely 

cemented sandstone). Their model consisted of a horizontal cross section of a 4 m 

by 4 m block with a 20 cm hole at its center. Inspired by the molecular model of a 

fluid, they used a circular source to pressurize the borehole.  

Cook et al. (2004) showed that similar to their experiments, multiple fractures 

can occur when the two principal stresses are equal, leading to a higher storage 

capacity for the fractured medium, as shown in Fig. 2-15. In the case of different 

horizontal stresses, a distinct fracture occurs parallel to the direction of the 

maximum horizontal stress (Cook et al., 2004). Although this model can simulate 

the proper fracturing modes, it is limited because of its small size. 
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Fig. 2-15: Fracture pattern in DEM model by Cook et al. (2004); a) multiple fracturing 

in an isotropic stress condition, b and c) fracture perpendicular to the minimum stress at a 

stress ratio of 2:1 and 1:2 (Cook et al., 2004) 

Gil (2005) and Gil and Roegiers (2006) developed a DEM model using 

PFC3D to determine the potential and importance of the shear failure mechanism 

and the effect of leak-off during hydraulic fracturing in poorly consolidated 

sandstones (Anter sandstone). Gil (2005) found that shear failure seems to be 

more important than tensile failure for these rocks. His model dimensions were 

H=4.6 m and L=W=3.4 m, including 1,537 particles simulating the sample at a 

depth of 3,048 m. Gil showed that low viscosity fluids under low differential 

stress (acting on samples) caused unstable crack propagation (fracture that 

reached model boundaries). The cracks appeared all around the wellbore and 

formed a cylindrical cloud around it. Conversely, high viscosity fluid (more than 

500 cp) produced stable cracks regardless of the magnitude of differential 

pressure. The cracks were induced around the highest differential pressure area 

(near wellbore) without any preferential orientation.  

At higher differential pressures (17 MPa), the effect of viscosity was 

marginal and the results of all the models were similar (Gil, 2005; Gil and 

Roegiers, 2006). The results show that for Anter Sandstone, shear failure is the 

dominant failure mechanism during hydraulic fracturing. That could explain why 

the field fracturing pressure is much larger than what is predicted for 

unconsolidated sands (Gil, 2005; Gil and Roegiers, 2006). Although the model is 

capable of capturing the discontinuous nature of the fractures, 

permeability/porosity change and failure modes, it can only be used for small-

scale problems. 
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