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Supervisor:  Kamy Sepehrnoori 

 

Shale formations have globally emerged as the sustainable hydrocarbon resources 

in the advent of the technologies for the economic production from these formations: 

horizontal drilling combined with multiple-stage hydraulic fracturing. The viable 

production from these resources requires a maximized stimulated reservoir volume 

encompassing a complex induced fracture network, which is highly dependent on the 

stimulation design. The optimization of the ultimate recovery requires integrated fracturing 

models with reservoir models in virtue of the limitations on the field data acquisition and 

their reliability, the high-cost of re-stimulation plans, and low-fidelity current reservoir 

simulation workflows.            

We proposed 2D and 3D hydraulic-fracturing models on the basis of the cohesive 

zone model (CZM) and extended finite element method (XFEM) with a combination of 

the following capabilities: (1) inclusion of fracture intersections via pore-pressure 

coupling; (2) fully-coupled poroelasticity in matrix, continuum-based leakoff, and slit flow 

in fracture(s) with the cohesive behavior for fracture growth. These models were validated 

in comparison with KGD solution, and were employed for the hydraulic-fracturing design 

and understanding microseismic event distributions. Moreover, the output of these models 
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in a specific 2D case was integrated with a reservoir simulation workflow for the prediction 

of long-term production from the induced fracture network. 

Our 2D and 3D fracture-intersection cases demonstrate the significant role of the 

following parameters in the growth pattern of fractures upon intersection: (1) the length of 

the initially open segment of the natural fracture at the intersection; (2) the horizontal stress 

contrast; (3) the distance between the injection point and the intersection. Notably, 

hydraulic fracturing in higher depths with higher horizontal stress contrasts and closer 

injection points to the intersection causes more extensive natural-fracture opening and 

shear slippage. Also, we demonstrated the application of the proposed 3D fracture 

intersection model for further understanding of the anomalies observed in the Vaca Muerta 

Shale. This study revealed that the microseismic events at shallower depths, later times, 

and deviated from the expected planar distribution are mainly associated with shear 

slippage along weak interfaces due to the induced stresses by hydraulic fracturing. 

Thereby, our explicit modeling of fluid infiltration into the natural fracture(s) at the 

intersection leads to better understanding of the nature of microseismic events.  

Our multiple-stage, multiple-wellbore, hydraulic-fracturing model for naturally 

fractured reservoirs includes the operational and field components during the shale 

stimulations such as perforation tunnel length distribution, horizontal wellbores, 

stochastically-retrieved fully-cemented natural-fracture network, plugs for the stage 

stimulation (via connector elements), and external stimulation scenarios (controlled by 

programming the connector elements in an external user subroutine). The application of 

this model on synthetic cases shows the following: (1) sequential fracturing with limited 

number of clusters per stage leads to more control on the cluster stimulation in the presence 

of the non-uniform perforation tunnel length distribution and wellbore model; (2) 

proportional cluster efficiency with the perforation tunnel length (promoting the consistent 
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perforation technology); (3) over-estimation of the cluster stimulation in the absence of the 

wellbore model and/or the natural-fracture network; and (4) more-viscous fracturing fluids 

conclude less complex induced fracture network (in agreement with the common field 

observations). The initial natural-fracture network in this model was retrieved from the 

proposed object-based method. Also, the transfer of the induced fracture network into an 

embedded discrete fracture model is featured by the higher fidelity in the estimation of 

long-term gas production from naturally fractured reservoirs.             

For the investigation of the effect of in-situ stresses on the reservoir engineering 

problems, we implemented the coupling of a geomechanics module with the UTCOMP 

reservoir simulator. We first validated this implementation via comparing the results with 

GPAS and CMG results at various cases. Our improvements in the geomechanics module 

(lowering the frequency of calling the geomechanics module and the order of the finite-

element shape functions) significantly reduced the computational expenses while 

maintaining the solution accuracy. Overall, water flooding shows more sensitivity to the 

number of the reservoir-simulation time steps per geomechanics call than gas flooding 

cases (e.g., CO2 injection). 

Our reservoir simulation model for re-fracturing included various injection and 

production steps to show the effect of the re-fracturing fluid injection in a depleted 

formation on the ultimate recovery. This study showed the significant effect of the re-

fracturing water injection in production via changing a single-phase to two-phase gas flow 

regime and deeper water invasion into the matrix due to the pressure depletion (after 

primary production). 
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Chapter One: Introduction 

This chapter provides an introduction to the emergence of unconventional oil and 

gas formations as sustainable hydrocarbon resources, the problem description including the 

hydraulic-fracturing simulation methods, the research objectives, and the structure of the 

dissertation. The research objectives section explains our research tasks as follows: 1) the 

development of hydraulic-fracturing models; 2) coupling a geomechanics module with a 

reservoir simulator; and 3) the development of reservoir models to investigate the 

subsequent obstacles in production from the stimulated formations by hydraulic fracturing.  

 

1.1 SHALES, THE RECENT UNCONVENTIONAL RESOURCES 

Shale gas resources are constituted of ultra-low permeable, organic-rich formations 

with desorption of gas as a major but slow-rate and long-lasting producing mechanism. 

The production from shale gas resources in the U.S. contributes predominantly in the 

reduction of natural gas imports (U.S. Energy Information Administration 2013). The 

abundant condensate gas production and export from the U.S. shale resources have 

significantly contributed in the global sharp oil price decline since August 2014 

(Platts.com). 

Crucial to enhancing gas flow and desorption in the shale reservoirs is the presence 

of a complex natural-fracture network since it behaves as a flow channel network 

connecting the non-producing zones of gas to the wellbore. However, economic production 

from shale gas cannot be achieved by natural mechanisms alone; it requires technologies 

like horizontal drilling and hydraulic fracturing, the most common methods of production 

stimulation in shale gas reservoirs. 
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These technologies have drastically extended the horizontal wells’ lengths, and the 

number of fracturing stages and clusters per stage, which, on the other hand, raises 

questions on the prediction capabilities of the conventional simulation tools for multiple 

interacting fractures. Moreover, multiple-stage fracturing proliferates the number of the 

possible fracturing scenarios most of which do not likely optimize the stimulation jobs. 

Due to the lack of a precise fracturing simulator for multiple closely spaced fractures, one 

may generalize the existing data from the successful fracturing jobs, which is mostly not a 

rigorous approach (Rickman et al. 2008). 

Optimization of fracturing treatments is essentially limited by the ability to actually 

“observe” the fracture geometry in deep reservoirs (Warpinski et al. 2013). The geometry 

of hydraulic fractures (length, height, aperture, and propagation pattern) significantly 

contributes to long-term gas production and is inspected roughly and indirectly by post-

fracturing data acquisition methods such as tiltmeter fracture mapping and microseismic 

monitoring (Cipolla et al. 2010). This later and more common method, however, cannot 

identify opening-mode or hydraulic fractures since the only detectable events using this 

method are shear slippage events (Warpinski et al. 2013) which may or may not occur 

during commonly aseismic hydraulic fracturing. Moreover, the microseismic signals can 

get easily contaminated by a wide variety of noises and attenuated through the thick, faulty, 

and soft formations (Ziarani et al. 2014). In addition, the interpretation of the microseismic 

mapping commonly concludes more planar fracture growth (Cipolla et al. 2011). 

The technical restrictions on the hydraulic-fracture data acquisition, the limitation 

on the extendibility of a successful fracturing job data to the other fields, and the high cost 

of re-stimulation plans, if possible, urge to develop analytical or numerical tools for optimal 

hydraulic-fracturing design. Furthermore, due to the occurrence of cap rock and shale gas 

reservoir in close proximity and the environmental concerns about ground water 
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contamination by fracking jobs, the induced fractures need to be cautiously placed in order 

not to propagate into the upper and lower geological layers. Such a rigorous hydraulic-

fracture design in shale rocks demands numerical optimizing tools which should also be 

versatile for a variety of shale formations in mineralogy and stress state and capture 

increasingly more complex fracture networks than expected in these resources (Warpinski 

et al. 2013; Weng et al. 2011). 

 

1.2 DESCRIPTION OF THE PROBLEM 

Hydraulic fracturing is defined as a fully coupled porous solid-fluid interaction 

problem where the driving mechanism of fracturing is the fluid pressure on the fracture 

walls. Hydraulic fracture initiates in case this fluid pressure exceeds the minimum in situ 

principal stress plus the tensile strength of the rock (Fjaer et al. 2008). The coupled 

phenomena in this multi-physics problem include the fracturing-fluid flow within the 

fracture, the fluid flow in the surrounding porous media, the permeation (leakoff) of the 

fracturing fluid into the formation, the matrix mechanical deformation, and the fracture 

growth (Mohammadnejad and Khoei 2013). In other words, the simulation of hydraulic 

fracturing is a multi-physics problem that couples fluid mechanics with solid and fracture 

mechanics. 

The fracturing-fluid leakoff and spurt loss depend on fracturing-fluid pressure, and 

more leakoff causes more pressure drop along the fracture and less fracture propagation. 

Rock deformation alters the matrix porosity and permeability and therefore the fluid flow 

in the surrounding porous media. This later phenomenon is observed also in the field scale 

through the ground subsidence due to the long-term production from oil and gas reservoirs 

and the constant overburden pressure on top of the reservoir.  
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The hydraulic fractures potentially open and close (hysteresis effect) due to 

fracturing pressure alteration (Hansford and Fisher 2009) which can be a consequence of 

unstable fracture propagation (discussed in Chapters Two and Three). Furthermore, the 

more complexity in the hydraulic-fracture patterns is partially attributed to stress shadows 

of pre-existing or simultaneously growing fractures (discussed in Chapters Two and 

Three), or the residual stresses from the previous completion operations (Daneshy 2011). 

These physical complexities challenge the majority of the existing models which are based 

on linear elastic fracture mechanics (LEFM), and restricted to linear rock failure and single-

cluster planar fracture propagation.  

In order to approve a specific hydraulic-fracture design (obtained from the 

hydraulic-fracturing models), the induced fracture network must be transferred into a 

reservoir simulator to evaluate the long-term production and the economic appraisal of 

production. The integration of a hydraulic-fracturing model with a reservoir simulation 

model fulfills a missing part in each model: the estimation of the production effectiveness 

for the hydraulic-fracturing model, and mechanistic induced fracture network for the 

embedded discrete fracture model (EDFM). As such, using the outcome of a stochastic 

natural-fracture model (without the poroelastic analysis of the natural-fracture activation) 

in an EDFM may widely violate the geomechanical constraints on the dilation of a natural-

fracture network during the hydraulic-fracturing operations. Furthermore, neglecting the 

complexities in the induced fracture network through the use of planar, parallel, and equal-

length hydraulic fractures (a common practice in the literature) in the absence of natural 

fractures likely promotes history matching with further number of independent variables. 

This increases the non-uniqueness of the solution, and decreases the capability to forecast 

or interpret production. 
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The hydraulic-fracturing operations and production from the stimulated formations 

may adversely influence the induced fracture properties (e.g., aperture or conductivity) and 

the post-re-fracturing production via clay swelling or pore blockage by the fracturing fluid 

(e.g., water), respectively. The investigation of these issues requires the development of 

reservoir simulation models including the induced fracture network. 

The in-situ stresses also influence the fluid flow through the porous media 

especially in stress-sensitive (or unconsolidated) reservoirs. This effect may be in favor of 

or against the hydrocarbon production from a homogeneous or naturally-fractured 

reservoir, respectively; the opposite effects reflect the absence or presence of a natural-

fracture network and its contribution in the fluid flow through the reservoir. The study of 

this problem requires the coupling of a reservoir simulator with a geomechanics module 

which is capable of obtaining the reservoir deformation and the consequent material 

property alterations (e.g., changes in porosity and permeability) due to the transition of the 

pore-pressure distribution throughout the formation during the long-term production. 

Moreover, the outcome of such coupling may be useful for the prediction of surface 

subsidence (critical for offshore platforms), caprock failure, and fault reactivation. The 

coupling between a reservoir simulator and a geomechanics module introduces a 

multiphysics problem which can be solved in various schemes: 1) fully implicit (fully 

coupled), good for strongly stress sensitive formations; 2) iterative coupling, good for less 

stress sensitive formations; or 3) explicit coupling, almost the same as iterative coupling 

with small time steps.     
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1.3 RESEARCH OBJECTIVES 

This dissertation explores and proposes a few numerical techniques for the 

simulation of hydraulic fracturing, geomechanics coupling with a reservoir simulator, and 

the effect of hydraulic fractures in long-term hydrocarbon production. Thereby, the main 

theme of the current work encompasses the role of the in-situ stresses in the stimulation 

process and the fluid flow through porous media.  

For this purpose, the dissertation starts with proposing the cohesive zone model (in 

the context of the finite element method) for the multiple-stage hydraulic-fracturing 

simulation in virtue of the shortcomings of the pre-existing models such as restrictions to 

singled-layered or homogeneous formations, and limitations of the fracture initiation 

criteria to brittle materials (in contrast to shales exhibiting the quasibrittle behavior).  

We develop hydraulic-fracturing models to explore the application of numerical 

finite element analyses (via classic and extended finite element methods) for the design 

and optimization of hydraulic fracturing in naturally fractured shale formations. The 

presence and activation of the natural fractures has been reportedly associated with the 

economic development of shale formations, which reveals the significance of including the 

natural-fracture network in the hydraulic-fracturing simulations. However, the presence of 

this natural-fracture network imposes numerous complexities in the numerical modeling of 

fracture growth such as follows: 1) the uncertainty in the distribution of these natural 

fractures; 2) the probable intersection of these fractures with each other and the prospective 

hydraulic fractures. The first complexity can be addressed by the stochastic modeling of 

the natural fractures honoring the seismic attributes for the fracture intensity. Also, the 

second complexity promotes the emergence of a new fracture intersection model on the 

basis of the cohesive zone model. 
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A cohesive fracture mechanics-based method can include the fracture tip effects 

such as material softening at the fracture tip process zone in quasibrittle rocks (e.g., shales). 

This method can be implemented via the adoption of the cohesive zone model (CZM) in 

the finite-element-method framework. This simulates the quasibrittle fracture propagation 

in shale rocks compared to ductile and brittle fracture propagation in steel and glass, 

respectively (Bazant and Planas 1998).  

Furthermore, despite the common perception about the restriction of CZM in 

modeling non-intersecting fractures, Gonzalez-Chavez et al. (2015) investigated 

intersecting hydraulic and natural fractures simply by modifying the cohesive elements’ 

middle nodes at the intersection. Also, CZM can be applied between the walls of the 

growing, nonplanar hydraulic fractures via extended finite element method (XFEM), which 

is based on the partition-of-unity enrichment of elements crossed by the fracture and 

asymptotic enrichment of the finite element at the fracture tip (further discussed in Chapters 

Four and Five).  

Therefore, throughout this dissertation, cohesive zone model is widely used for the 

simulation of multiple-stage hydraulic-fracture growth in the presence or absence of the 

natural fractures. Also, the development of EDFM (Moinfar et al. 2014) in the UTCOMP 

reservoir simulator (Ghasemi-Doroh 2012) has provided a tool to evaluate the production 

performance from the induced fracture network obtained from the hydraulic-fracturing 

simulations.  

Our geomechanics coupling with UTCOMP consists of two main tasks: 1) 

improvement of the numerical efficiency of the geomechanical computations in a previous 

implementation in GPAS (Pan 2009); and 2) the extension of this implementation to 

UTCOMP. Notably, this development concluded a stand-alone geomechanics module in 
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the flow chart of UTCOMP, which can be easily transferred to the other reservoir 

simulators. 

As the ultimate objective of the current work, we attempt to integrate the developed 

hydraulic-fracturing model with a reservoir simulation model (based on EDFM) where the 

induced fracture network (containing all fracture-growth complexities due to the in-situ 

stresses) is translated to EDFM input files which are used for the reservoir simulation using 

UTCOMP. This work is also complemented with a clay swelling model and its effect on 

the alteration of the induced fracture apertures.  

Also, our final simulations attempt to explain the reduction of the cumulative post-

re-fracturing production in virtue of excessive pore blockage by the re-fracturing fluid due 

to the pressure depletion during the primary hydrocarbon production.                         

       

1.4 STRUCTURE OF THE DISSERTATION 

Chapter Two elaborates the cohesive zone model in details and demonstrates our 

primary results on the simulation of 2D multiple-stage hydraulic fracturing. This chapter 

also shows the effect of the fixed boundary conditions on fracturing pressures and post-

injection fracture growth.   

Chapter Three extends the model proposed in Chapter Two to 3D geometries, 

modifies the fixed boundary conditions in Chapter Two to the loading boundary conditions, 

offers the replacement of the loading boundary conditions with infinite elements, and 

demonstrates the effect of the stress shadowing effect on height growth under sequential 

and simultaneous fracturing scenarios.    

Chapter Four improves the proposed fracture propagation model in Chapters Two 

and Three with waiving the constraint on the fracture path(s): the pre-defined cohesive 
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plane(s) defined in the FEM model. This improvement is accomplished using XFEM which 

allows fractures to cross the finite elements via enrichment of the shape functions of those 

elements by Heaviside and fracture-tip asymptotic enrichment functions. This chapter 

provides a validation for the XFEM fracture growth solution and demonstrates the variation 

of the multiple-stage fracture propagation trends depending on the fracture spacing. 

Chapter Five uses the same proposed model for fracture propagation as described 

in Chapter Four and shows the capability of this model to offer the best fracture spacing 

for the geometrically optimal fracture growth (parallel fractures). Also, this chapter shows 

a technique to economically compare different fracturing combinations by introducing a 

normalized injected volume. 

Chapter Six proposes a novel technique for fracture intersections using pore-

pressure cohesive zone model which is described in Chapter Two. This technique allows 

the inclusion of natural fractures in the hydraulic-fracturing simulations and establishes a 

new mechanism for tensile-induced shear failure of natural fractures following the 

fracturing-fluid infiltration into the natural fractures. This chapter also demonstrates the 

role of the following parameters in the natural-fracture activation: 1) the horizontal stress 

contrast; 2) gouge zone permeability; 3) the initial length of the open segment of the natural 

fracture at the intersection; and 4) the distance between the injection well and the fracture 

intersection. Moreover, this chapter provides a validation for the application of pore-

pressure cohesive elements for the hydraulic-fracturing simulation via comparison of the 

numerical solution with the KGD solution. Ultimately, the proposed fracture intersection 

model is applied for an unconventional field case (The Vaca Muerta Shale, Argentina) to 

understand the anomalies in the microseismic event distribution. 

Chapter Seven uses the proposed method for modeling fracture intersections in 

Chapter Six to investigate the effect of the initial reservoir pore pressure and fracture 
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intersection angle on the natural-fracture activation. Notably, the extensive natural-fracture 

activation is deemed as the main reason for the economic stimulation of unconventional 

resources. The uncertainty in the initial pore pressure of unconventional resources as well 

as the alignment of natural fractures promotes the introduction of an iterative algorithm to 

determine the threshold horizontal stress contrast for the natural-fracture activation.  

Chapter Eight introduces a procedure for the object-based simulation of the natural-

fracture network using a stochastic technique to distribute natural fractures on the basis of 

the field observations for clustered fractures in two directions. Also, this procedure is 

improved to honor the spatial intensity of the fractures inferred from relevant seismic 

attributes (e.g., curvature, or lineament density). The proposed method for the natural-

fracture distribution in this chapter is especially useful for the multiple-stage hydraulic-

fracturing models in Chapter Nine where the natural-fracture network is included in the 

model.  

Chapter Nine demonstrates a comprehensive procedure to mechanistically simulate 

multiple-stage, multiple-wellbore hydraulic-fracturing operations in naturally fractured 

reservoirs. This procedure integrates a model for the natural-fracture distribution (as 

described in Chapter Eight), the fracture intersection model (as described in Chapter Six), 

and a wellbore model in the poroelastic multiple-stage fracture propagation model (as 

practiced in Chapters Two and Three). The comparison of the results in the presence or 

absence of the natural-fracture network or the wellbore model demonstrates the significant 

influence of these models on the ultimate induced fracture network. 

Chapters Ten through twelve concentrate on the geomechanical effects on the long-

term production from conventional and unconventional hydrocarbon resources. For this 

purpose, UTCOMP and CMG-GEM reservoir simulators are either improved or utilized to 
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investigate the behavior the reservoirs under in-situ stresses or the presence of a complex 

fracture network.      

Chapter Ten describes our implementation to iteratively couple a geomechanics 

module with UTCOMP in order to include the effect of the porosity and permeability 

alterations under the in-situ stresses on the long-term production forecast. The viability of 

this coupling is examined through various reservoir simulation problems such as primary 

production, water flooding, and gas injection. 

Chapter Eleven introduces modifications in the flow chart of UTCOMP to 

incorporate the induced fracture networks obtained from hydraulic-fracturing simulations 

into EDFMs. This chapter also proposes a technique to modify the induced fracture 

characteristics due to the clay swelling upon invasion of the fracturing fluid (consisting of 

water at different ion content from the formation water) into the induced fracture network. 

Chapter Twelve elaborates on two obstacles in production from re-fractured shale 

formations: the depletion of the reservoir pressure (the main driving mechanism for 

hydrocarbon production in shales) during the primary production; and more adverse pore 

blockage by the re-fracturing fluid. We use CMG-GEM software program for this study 

and the ultimate results sort out the dominating parameters to maximize the post-re-

fracturing hydrocarbon production.       

Chapter Thirteen summarizes and concludes all findings throughout this 

dissertation and provides multiple suggestions for the extension of this work. 
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Chapter Two: Two-dimensional Double-stage Cohesive Fracture 

Analysis in Quasibrittle Shale Formations: Simple Stress Shadowing 

Effect and Post-shut-in Growth1   

2.1 SUMMARY 

Over the last three decades, shale gas reservoirs have emerged as gigantic 

hydrocarbon resources. Economic production from shale gas cannot be achieved by natural 

mechanisms alone; it requires technologies such as hydraulic fracturing in multiple stages 

along a horizontal wellbore. Developing numerical models for hydraulic fracturing is 

essential since a successful fracturing job in a shale formation cannot be generalized to 

another due to different shale characteristics, and restricted access to the field data 

acquisition. Empirical methods and linear elastic fracture mechanics (LEFM)-based 

numerical techniques are still the prevailing design tools in most hydraulic-fracture 

applications though they provide a reasonable prediction only for brittle rocks. The plastic 

zone and softening effects at the fracture tip have been neglected in modeling hydraulic 

fracturing, which results in the prediction of a conservative fracture geometry and an 

imprecise fracture pressure. These effects can be identified by the cohesive zone model 

(CZM) in contrast to LEFM. Moreover, CZM is able to model fracturing interfaces; for 

instance, natural fractures, which are mechanically weaker than the adjoining materials. In 

addition, petrophysical log data have extended the range of ductility in shale layers even 

though these layers belong to the same shale formation. Brittle shales are more likely to 

contain further natural fractures while ductile shales act as good seals for the fractured 

layers. In this chapter, we modeled multiple-stage fracturing in a quasibrittle shale layer 

using pore-pressure CZM for porous media besides including the material softening effect. 

                                                 
1This chapter is derived from a conference paper published in the proceedings of the 2014 SIMULIA 

Community Conference (Haddad and Sepehrnoori 2014) and an article published in the Journal of 

Unconventional Oil and Gas Resources (Haddad and Sepehrnoori 2015). 
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We sought to determine the superiority of CZM compared to LEFM in shales. Also, we 

investigated various scenarios in number and sequence of fracturing stages for different 

rock properties. Moreover, we examined the fracture behavior after the fracturing-fluid 

shut-in. We found that the stress shadow effects on induced fractures significantly influenc 

the characteristics of subsequent induced fractures. 

 

2.2 INTRODUCTION 

2.2.1 Basics of Fracture Mechanics 

Fractures in engineering materials can be generally classified into two groups: 

brittle and ductile. Fractures in most geotechnical materials fall into the first group, brittle 

fractures, because of their crystallized structures. Brittle fractures grow very rapidly with 

little or no plastic deformation under the crack-growth loading conditions. Brittle fractures 

propagate through either cleavage (trans-granular) or inter-granular paths depending on the 

strength of the grain boundaries and the grains. However, many shale plays have shown a 

quasibrittle behavior under fracturing stresses. This behavior is characterized by the 

gradual mechanical degradation of the material at the fracture tip in contrast to the abrupt 

fracture growth in brittle materials. 

Fracture initiation and growth are highly dependent on the status of the region 

around the fracture tip known as the fracture process zone. Material damage and nonlinear 

deformation occur in this zone. The process zone in brittle fractures is limited to a few 

grains. 

There are three advanced major theories to describe the fracture process in order to 

develop predictive capabilities: linear elastic fracture mechanics (LEFM); cohesive zone 

model (CZM); and elastic-plastic fracture mechanics (EPFM). LEFM assumes three 
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different fracture modes: Mode I, II, and III which include all possible ways a crack tip 

may deform. Mode I is the opening mode and the associated forces are exerted normal to 

the crack faces. Mode II is referred to the in-plane shear mode and the associated forces 

are parallel to the crack causing the crack to shear along itself. Mode III is referred to out-

of-plane shear mode and the associated forces cause the crack to tear apart and slide and 

move out of its original plane. 

In LEFM, due to singularity in stress distribution on the crack tip, the local crack-

tip stress concentration is characterized by a single parameter known as the stress intensity 

factor (SIF). This factor depends on the applied stress, the size and location of the crack, 

as well as the geometry of the specimen and is defined from the elastic stresses near the tip 

of a sharp crack under remote loading (or residual stresses). SIF is used to predict the stress 

state near the crack tip. When this stress state increases up to a critical value known as 

fracture toughness (a material property), a small crack grows and the material fails. Also, 

SIF relates the local crack-tip fields to the global aspects of the problem. 

The stress and strain fields in the vicinity of the crack tip can be achieved by 

asymptotic solutions around the crack tip which are valid only in a small region near the 

crack tip. The crack-tip stress state has a square-root singularity. The crack tip is 

surrounded by the plastic zone where plastic deformation and material damage occur. 

Within this zone, the LEFM solution is invalid whereas outside this zone, LEFM provides 

valid solutions if the plastic/damage zone is “small enough” which is called small-scale 

yielding criterion. As an approximation, the plastic-zone size for Mode I can be derived by 

setting the opening stress equal to the yield stress.  

Energy principles play an important role in modeling crack problems. As a 

motivation, crack propagation always involves dissipation of energy including surface 

energy, plastic dissipation, etc. Crack-growth criteria can be postulated by energy release 
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rate. This approach is an alternative to the SIF-based fracture criteria. In contrast with SIF 

being a local crack-tip parameter, energy release rate is a global parameter connecting 

global and local fields in fracture problems. The energy-based crack-growth condition can 

be expressed as the following: the crack grows when energy release rate exceeds the critical 

energy release rate (a material property and equal to the dissipated energy by the formation 

of new surfaces, the fracture process, and plastic deformation). Contour integrals (J-

integrals) known as energy measures are used in rate-independent quasistatic fracture 

analyses to characterize the energy release by the crack growth. In linear materials, the 

energy release rate can be related to SIF using Irwin’s theory (Irwin 1957). In addition, the 

energy release rate provides a method for analyzing fractures in nonlinear materials. 

There are three different criteria for crack propagation direction for homogeneous, 

isotropic linear elastic materials: the maximum tangential stress criterion, the maximum 

energy release rate criterion, and in-plane shear-mode SIF equal to zero. They estimate 

slightly various crack initiation angles despite that all of them imply that in-plane shear-

mode SIF equal to zero. Presumably, macroscopic cracks propagate straight ahead under 

Mode-I conditions. The crack curvature evolves such that to maintain zero in-plane SIF in 

response to the loading. If the local crack-tip stress field experiences large changes in the 

local stress intensities due to loading changes, mixed-mode fracture occurs. 

 

2.2.2 Plasticity Rock Models  

Plasticity models in rocks are characterized by the yield surface and flow rule 

(plastic strain after yielding). During yielding, the material volume can change, which is 

called dilation. Yielding in rocks is associated with internal friction between rock grains, 

which originates from the interference at the grain scale. In rocks, yield stress depends on 
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the hydrostatic pressure meaning that deeper formations yield at higher stresses. Generally, 

the major plasticity models are enlisted as the following: 1) Mohr-Coulomb model; 2) 

extended Drucker-Prager model; 3) modified Drucker-Prager/Cap model; 4) critical state 

(clay) plasticity model; and 5) jointed material model (Dassault Systèmes 2012a).  

The material model selection depends on the analysis type, the kind of material, the 

experimental data available for the calibration of the model parameters, and the range of 

pressure stress values experienced by the material. Rocks are characterized via common 

tests such as triaxial tests at different confining pressures and the calibration of the material 

model by changing cohesion, friction angle, and triaxial tensile strength values. 

The extended Drucker-Prager model is one of the basic useful material models in 

rock mechanics since it models frictional materials such as granular-like soils and rocks, 

and also the materials in which the compressive yield strength is greater than the tensile 

yield strength. This model allows a material to harden and/or soften isotropically. It also 

allows the volume change with an inelastic behavior: simultaneous inelastic dilation 

(volume increase) and inelastic shearing. This model can be implemented in conjunction 

with the porous elastic material model and progressive damage and failure models. Also, 

it is appropriate for simulating the material response under essentially montonic loading, 

the type of loading in hydraulic fracturing. 

One more advanced material model is a modification of the Drucker-Prager model 

which is called cap model and adds a cap yield surface to the linear Drucker-Prager model. 

This modification is to restrict the model in hydrostatic compression and to help control 

volume dilatancy when the material yields in shear. This model simulates the constitutive 

response of cohesive geological materials, provides a reasonable material response on the 

cap region under large stress reversals, and is acceptable only for essentially monotonic 

loading on the failure surface region. The cap model as well as the nondilatant Drucker-
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Prager and Mohr-Coulomb models leads to a softer response and a lower-limit load 

compared to the corresponding dilatant versions.  

Critical state (clay) plasticity model is a rock model for simulating the constitutive 

behavior of cohesionless materials. This model was originally developed at Cambridge in 

1960s. The yield behavior depends on the hydrostatic pressure. In this model, the critical 

state line separates two distinct regions of behavior. On the “dry” side of the critical state, 

the material softens (and also dilates) whereas on the “wet” side, it hardens (and also 

stiffens and compacts). The hardening/softening behavior depends on the volumetric 

plastic strain. On the critical state line, the material can yield indefinitely at constant shear 

stresses without changing volume. The yield behavior can be affected by the magnitude of 

the intermediate principal stress. 

For materials containing a high density of parallel-joint surfaces in different 

orientations, the jointed material model is proposed to provide a simple, continuum model. 

It is assumed that the spacing of the joints of a particular orientation is sufficiently close 

compared to the characteristic dimensions of the model. These joints can be smeared into 

a continuum of slip systems. What makes this model much more interesting is that it is 

applicable for modeling of geotechnical problems where the medium is significantly 

faulted. Also, this model provides a reasonable material response under large stress 

reversals (including joint opening/closing and cyclic shear). We are able to have three 

independent material behaviors along the planes of joints plus one bulk material behavior. 

Jointed material options must be added to an isotropic elastic model by the keyword editor 

in ABAQUS (Dassault Systèmes 2012a).  
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2.2.3 Hydraulic-Fracturing Simulation Methods 

The application of hydraulic fracturing is not only the stimulation of 

unconventional resources, but also water well production enhancement, rock stress 

determination (i.e., formation evaluation), conventional oil and gas production, geothermal 

reservoir stimulation, carbon sequestration, coal-bed methane development, rock burst 

mitigation, and coal-mine methane drainage (Adams and Rowe 2013). This plethora of the 

hydraulic fracturing applications motivates the industry to acquire new numerical 

optimizing tools for hydraulic fracturing. Briefly, the simulation of hydraulic fracturing is 

a multi-physics problem that couples fluid mechanics with solid and fracture mechanics; 

the driving force of fracturing is the fluid pressure on the fracture walls. Natural fractures 

and pre-existing hydraulic fractures can affect the sequentially induced fractures by the 

variation in the stress field, which is known as the stress shadowing effect. 

The first attempts at mathematical simulation of hydraulic fracturing dates back to 

the 1960s when Perkins and Kern (1961) offered simplifying assumptions for an extremely 

complex problem which included simplified fluid flow, fracture shape and leakoff from the 

fracture. This attempt was followed by restricted analytical solutions mostly in the context 

of LEFM for stationary simple cracks (Rice and Cleary 1976; Cleary 1978).  

The development of these analytical models was followed by the well-known PKN, 

KGD, and penny-shaped bi-wing fracture models by Nordgren (1972), Daneshy (1973), 

and Abe et al. (1976), respectively. Subsequently, a pseudo-3D model (P3DH) was 

developed by Settari and Cleary (1986) featured by a single vertical fracture propagating 

in both lateral and vertical directions in the fracture plane. In this 3D model, the fracture 

opening is obtained by solving a boundary integral equation. However, it is strongly 

sensitive to the confining stress, the stiffness contrast of the adjacent strata, and fluid 

properties. Also, because the model neglects the vertical fluid flow component, it over-
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predicts fracture height for a poorly contained fracture. Subsequently, a model for a 2D 

solution-dependent moving crack including fluid leakoff was proposed by Boone and 

Ingraffea (1990) and modified by Carter et al. (2000) for a fully 3D hydraulic fracture; 

however, that model neglected fluid continuity in the medium surrounding the fracture. 

The current prominent computational methods for the simulation of hydraulic 

fracturing are as follows: 1) boundary integral method (Crouch 1976; Crouch and Starfield 

1983) also called displacement discontinuity method (Olson 1995; Adachi et al. 2007; 

Wong et al. 2013) or boundary element method (BEM); 2) finite element method (FEM) 

(Secchi and Schrefler 2012; Dahi-Taleghani 2009; Dahi-Taleghani and Olson 2011); and 

3) virtual internal bond method also called discrete element method (DEM) (Huang et al. 

2012). 

The boundary integral or displacement discontinuity method has been widely 

adopted for crack modeling. This method was proposed for the first time by Crouch (1976) 

and Crouch et al. (1983) to evaluate the mixed mode SIFs and crack propagation simulation 

using a quadratic scheme to enhance the solution accuracy for curved cracks. The 

displacement discontinuity technique results in efficient and accurate fracture propagation 

in elastic homogeneous media. Olson (1995; 2008) and Wong et al. (2013) modeled 

nonplanar 2D and 3D fracture growth in linear elastic media using boundary integral 

equations and LEFM-based fracture propagation criteria applied on a group of virtual 

elements. Their model takes into account the viscosity and toughness-dominated fracture 

growth as well as fluid lag behavior, fluid loss using Carter’s leakoff model, and 

heterogeneous in-situ stress. The displacement discontinuity technique results in an 

efficient and accurate fracture propagation in elastic homogeneous media. 

However, the main advantage of the boundary integral method, discretizing only 

the boundary of the body, can become a serious challenge in problems with unknown 
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boundaries (e.g., crack propagation) which require remeshing leading to simulation 

difficulties during re-meshing (Huang et al. 2012). Also, this method has limited 

applicability for heterogeneous reservoirs (Lecampion 2009) especially with anisotropic 

and nonlinear material behavior, and requires a fundamental solution to discretize the 

governing equations (Nenning 2010). 

The classical FEM restricts the fracture path to the element edges (Secchi and 

Schrefler 2012; Fu et al. 2012) or along a pre-defined path named cohesive layer (discussed 

in this chapter). However, the explicit inclusion of fractures via unstructured meshes in this 

method has shown a great potential for the field-scale simulation of hydraulic fracturing in 

naturally fractured reservoirs in virtue of acquaintance about the major natural-fracture 

network (discussed in Chapters Six, Seven, and Nine).    

Compared to FEM, virtual internal bond method requires much finer meshes not 

applicable in the geological formation scales. Therefore, among these methods, FEM has 

shown favorable characteristics for the simulation of fracturing in multi-layered field-scale 

formations. 

Besides the contrasts in the discretization schemes of the discussed methods, the 

models for the material behavior at fracture tips further differentiates these methods. In this 

regard, empirical or LEFM-based models are the prevailing design tools in most hydraulic-

fracture applications with reasonable predictability for brittle rocks. These models predict 

conservative results whether applied to ductile or quasibrittle shales, soft rocks (e.g., clay), 

or weakly consolidated sandstones because they neglect the fracture-tip process zone ahead 

of the crack tip (Yao 2011).  
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2.2.4 Motivations to Use Cohesive Zone Model 

According to rock mechanics, the size of the fracture-tip process zone compared to 

a characteristic length (e.g., fracture length) classifies the rock type, Figure 2-1 (Bazant 

and Planas 1998). Based on this classification, the favorable fracture mechanics tools for 

brittle, ductile, and quasibrittle rocks are LEFM, elastic-plastic fracture mechanics 

(EPFM), and the cohesive zone model (CZM), respectively. A cohesive fracture 

mechanics-based method is able to include the fracture tip material softening in quasibrittle 

rocks such as shales while LEFM and EPFM neglect these effects. Figure 2-1 demonstrates 

the significance of softening and hardening regions and the consequent load carrying 

capacity of the formation ahead of the fracture tip. As observed in this figure, the softening 

region in the quasibrittle rocks extends longer ahead of the fracture tip in contrast to that 

in the other rock types. This characteristic further promotes the idea to investigate the 

cohesive zone model in the fracture growth through quasibrittle rocks (e.g., shales).    

 

 

Figure 2-1: Rock classification in fracture mechanics; LEFM, EPFM, and CZM are the 

best for modeling fractures in brittle, ductile, and quasibrittle rocks (Bazant 

and Planas 1998). 

The cohesive method can be adopted using the finite element method (FEM) to 

investigate multiple-stage fracturing in heterogeneous resources. Here, heterogeneity may 

infer variable in-situ stresses, elastic moduli, Poisson’s ratio, fracture toughness, pore 
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pressure, and leakoff coefficient throughout the reservoir. The latest efforts in using a 

cohesive model for the hydraulic-fracturing simulation were in the works done by Yao 

(2011), Carrier and Granet (2012), Shen and Cullick (2012), Chen (2012), and Shin and 

Sharma (2014) using the commercial software program Abaqus. Yao (2011) investigated 

the validity of the cohesive fracture results in a comparison with the results from the 

pseudo-3D and PKN models. Carrier and Granet (2012) demonstrated the ability of a 2D, 

plane-strain, single-stage, and CZM-based hydraulic-fracturing model in the simulation of 

toughness- and viscosity-dominated propagation regimes. Shen and Cullick (2012), and 

Shin and Sharma (2014) modeled the sequential and simultaneous fracturing, respectively, 

in addition to analyzing the sensitivity of the results to the fracture spacing and rock and 

fluid mechanical properties. Chen (2012) investigated the capability of CZM in simulating 

viscosity-dominated, 2D, hydraulic-fracture propagation comparing the numerical results 

with the corresponding analytical solutions. 

This chapter attempts to demonstrate an introduction on the stress interaction of 

hydraulic fractures propagating under different injection scenarios. The hydraulic fractures 

are modeled using cohesive elements in the FEM framework. Depending on the fracture 

spacing, each propagating fracture can be influenced by the stress shadows of the other 

pre-existing or propagating fractures. The influenced characteristics include fracture 

aperture and length. 

The results of this chapter introduce a rigorous model that uses the cohesive fracture 

mechanics-based method to optimize multiple-stage hydraulic-fracturing jobs especially in 

quasibrittle shale resources. The significant production enhancement due to complex 

fracture networks in shale formations motivates operators to proliferate the number of 

fracturing stages and fracture clusters per stage; this increases the stress interactions 

between the hydraulic fractures, which requires a practical tool to model that interaction.                     



 26 

This chapter contains the following sections: description of the governing 

equations; simulation results; and conclusions. The governing equations include the 

poroelastic equations, pore fluid flow equations, fracture fluid flow equation, and 

mathematical model for cohesive fracture analysis. The included parametric studies allow 

us to determine the most important parameters in fracture propagation under stress 

shadowing effects of pre-existing fractures. 

 

2.3 METHOD  

Hydraulic-fracturing simulation requires the coupling of four phenomena (Zielonka 

et al. 2014): 1) deformation of porous rock; 2) fluid flow in porous media; 3) fracture fluid 

flow (including leakoff); and 4) fracture initiation and propagation. The constitutive 

equations for these coupled simulations are based on the following theories and laws, 

respectively: 1) Biot’s theory of poroelasticity; 2) pore fluid flow based on Darcy’s or 

Forchheimer’s law (depending on the fluid flow velocity); 3) slit flow in thin gaps (fully 

developed Poiseuille flow); and 4) cohesive law (i.e., cohesive zone model; which is 

attractive especially for quasibrittle materials). These theories and laws are briefly 

described in the following. 

 

2.3.1 Biot’s Theory of Poroelasticity 

The quasistatic deformation of a homogeneous, isotropic, and poroelastic media 

can be expressed by the equilibrium equation as expressed in Equation (2-1) in the absence 

of the body forces. 

𝜎𝑖𝑗,𝑗 = 0,                                                                                                                         (2-1)  
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where 𝜎𝑖𝑗 denotes the total stress on the plane perpendicular to i-axis and in j-direction, 

and the index ,j in the differentiation operator in j-direction. The constitutive equation 

relates this stress to the strain as Equation (2-2). 

𝜎𝑖𝑗 − 𝜎𝑖𝑗
0 = 2𝐺휀𝑖𝑗 + (𝐾 −

2

3
𝐺) 휀𝑘𝑘𝛿𝑖𝑗 − 𝛼(𝑝 − 𝑝0)𝛿𝑖𝑗,                                                 (2-2) 

𝐺 =
𝐸

2(1+𝜈)
,                                                                                                                       (2-3) 

𝐾 =
𝐸

3(1−2𝜈)
,                                                                                                                     (2-4) 

where 𝜎𝑖𝑗
0  denotes the total stress at initial time; G and K represent dry elastic shear and 

bulk moduli; E and 𝜈 are the dry Young’s modulus and Poisson’s ratio, respectively; 𝛼 

denotes the Biot’s coefficient according to Equation (2-5); 휀𝑖𝑗 represents the total strain on 

the plane perpendicular to i-axis and in j-direction; p and 𝑝0 are the pore-pressure scalars 

in the current and initial times, respectively; and 𝛿𝑖𝑗 denotes the Kronecker delta. 

𝛼 = 1 −
𝐾𝑑

𝐾𝑔
,                                                                                                                     (2-5) 

where 𝐾𝑑 and 𝐾𝑔 denote the dry (drained) rock bulk modulus and the grain bulk modulus, 

respectively. 𝐾𝑑 is indirectly assigned using Equation (2-4) whereas 𝐾𝑔 is directly defined 

in the material model. 

Equation (2-2) requires to be rewritten for the effective stresses which are used for 

the poroelastic analyses in Abaqus. Thereby, the Terzaghi’s effective stresses 𝜎𝑖𝑗
′  which 

are defined for fully saturated porous media as Equation (2-6). 

𝜎𝑖𝑗
′ = 𝜎𝑖𝑗 + 𝑝𝛿𝑖𝑗.                                                                                                              (2-6) 

Substituting Equation (2-6) in Equation (2-2) results in Equation (2-7). 

𝜎𝑖𝑗
′ − 𝜎𝑖𝑗

′ 0
= 2𝐺휀𝑖𝑗 + (𝐾 −

2

3
𝐺) 휀𝑘𝑘𝛿𝑖𝑗 − (𝛼 − 1)(𝑝 − 𝑝0)𝛿𝑖𝑗.                                     (2-7) 

We can further simplify this equation by defining an effective strain term as 

 휀𝑖𝑗
′ = 휀𝑖𝑗 −

𝛼−1

3𝐾
(𝑝 − 𝑝0)𝛿𝑖𝑗.                                                                                           (2-8) 

Therefore, the constitutive Equation (2-7) can be rewritten as 

𝜎𝑖𝑗
′ − 𝜎𝑖𝑗

′ 0
= 2𝐺휀𝑖𝑗

′ + (𝐾 −
2

3
𝐺) 휀𝑘𝑘

′ 𝛿𝑖𝑗.                                                                         (2-9) 
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This equation is similar to the constitutive equation for linear elastic materials with 

one difference: expressing stresses and strains with effective stresses and strains, 

respectively. Abaqus uses this equivalence by internally computing the Terzaghi’s 

effective stresses and strains from total stresses and strains. Also, in case the Biot’s 

coefficient is equal to one, the effective and total strains will be identical. 

 

2.3.2 Pore Fluid Flow 

In our simulations, we honor a Lagrangian formulation for the porous media, with 

displacements and pore pressures as the nodal variables. The porous medium is modeled 

by attaching the finite element mesh to the solid phase, and the fluid can flow through this 

mesh. The continuity equation for the flow through porous media can be written as 

Equation (2-10) assuming infinitesimal volumetric strains and including storage terms due 

to the pore-pressure change and the control volume deformations with time. 

1

𝑀
�̇� + 𝛼휀�̇�𝑘 + 𝑣𝑘,𝑘 = 0,                                                                                                 (2-10) 

where the first two terms cumulatively represent the fluid storage with time, 𝑣𝑘 denotes the 

superficial pore fluid flow velocity, and M is the Biot’s modulus which is calculated using 

Equation (2-11). 
1

𝑀
=

0

𝐾𝑓
+

𝛼−0

𝐾𝑔
,                                                                                                               (2-11) 

where 
0
 denotes the initial reservoir porosity and 𝐾𝑓 represents the pore fluid bulk 

modulus. The consolidation analyses in Abaqus use two input bulk moduli 𝐾𝑔 and 𝐾𝑓 via 

*Porous Bulk Moduli keyword. Assigning a value less than one to the Biot’s coefficient 

is possible for not only the porous media but also for the cohesive fracture. 
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The pore fluid flow velocity in Equation (2-10) follows Darcy’s or Forchheimer’s 

law for the porous media Reynolds number below or above 10, respectively. This Reynolds 

number is expressed as 

𝑅𝑒 =
𝜌𝑣𝑑30

𝜇𝑓
,                                                                                                                     (2-12) 

where 𝜌 denotes the pore fluid density, 𝑣 represents the superficial velocity magnitude, 𝑑30 

is the diameter greater than 30% of the porous media constitutive grains, and 𝜇𝑓 is the pore 

fluid viscosity. The Darcy’s or Forchheimer’s law can be expressed as 

𝑣𝑖 = −
𝑘

𝜇𝑓
𝑝,𝑖 = −

1

1+𝛽√𝑣𝑤.𝑣𝑤

�̅�

𝛾
𝑝,𝑖,                                                                                  (2-13) 

where k and �̅� denote the permeability and hydraulic conductivity, respectively; 𝛾 is the 

pore fluid specific weight (equal to 𝜌𝑔); 𝛽 represents a velocity coefficient (nonzero for 

Forchheimer’s law and zero for Darcy’s law); 𝑣𝑤 is the fluid flow velocity magnitude; and 

the subscript ", 𝑖" denotes a differential operator in i-direction. In this work, we assume that 

Darcy’s law is valid for all cases and 𝛽 = 0. Thereby, Equation (2-10) can be re-written as  
1

𝑀
�̇� + 𝛼휀�̇�𝑘 =

�̅�

𝛾
𝑝,𝑘𝑘.                                                                                                      (2-14)            

The specific weight and hydraulic conductivity in this equation are specified in 

Abaqus via the *permeability keyword. 

This poroelastic model in Abaqus has been validated via a comparison between the 

numerical (Abaqus) solutions by Altmann et al. (2010) with the analytical solutions by 

Rudnicki (1986) for a single-point injection problem in a homogenous 3D domain with 

adequately far boundaries from the injection point.  

 

2.3.3 Slit Flow in Thin Gaps 

A hydraulic-fracture flow model should consist of two components: (1) fluid 

leakoff, and (2) tangential flow through the fracture. Generally, leakoff is assumed 
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uncoupled from the fluid pressure and restricted to linear, 1D flow regimes mainly based 

on Carter’s 1D fluid flow model (Howard and Fast 1957). However, the pore-pressure 

cohesive zone model in Abaqus provides both hydraulic-fracture flow components in a 

rigorous continuum- or Darcy-based approach. This model simulates leakoff through a 

filter cake with Equations (2-15) and (2-16). 

𝑣𝑇 = 𝑐𝑇(𝑝𝑓 − 𝑝𝑇),                                                                                                         (2-15) 

𝑣𝐵 = 𝑐𝐵(𝑝𝑓 − 𝑝𝐵),                                                                                                        (2-16) 

where 𝑣𝑇 and 𝑣𝐵 represent the fluid leakoff velocities towards the top and bottom surfaces 

of the fracture; 𝑝𝑇 and 𝑝𝐵 denote the fluid pressures on the top and bottom surfaces of the 

fracture; 𝑝𝑓 is the fluid pressure inside the fracture; and 𝑐𝑇 and 𝑐𝐵 denote the leakoff 

coefficients.       

Also, the tangential flow component for the incompressible flow of Newtonian 

fluids with thin slits (e.g., hydraulic fractures) can be expressed by the substitution of the 

Reynolds’ permeability (𝑔2 12⁄ ) in the Darcy’s law as 

𝑞𝑓 = −
𝑔3

12𝜇𝑓

𝜕𝑝𝑓

𝜕𝑠
,                                                                                                             (2-17) 

where 𝑔 denotes the fracture gap, and s is the axis along the fracture. Using Equations (2-

15), (2-16), and (2-17) for the leakoff and tangential flow components in the continuity 

equation, we conclude a final form for the slit flow in thin gaps of fractures as 

�̇� + 𝑐𝑇(𝑝𝑓 − 𝑝𝑇) + 𝑐𝐵(𝑝𝑓 − 𝑝𝐵) =
𝜕

𝜕𝑠
(

𝑔3

12𝜇𝑓

𝜕𝑝𝑓

𝜕𝑠
),                                                        (2-18) 

The leakoff coefficients and the fracturing flow viscosity are given to the model via 

*Leakoff and *Gap Flow keywords, respectively. 
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2.3.4 Cohesive Zone Model in a Fully Coupled Pore-Pressure-Stress Analysis 

The concept of cohesive zones was applied to fracture modeling for the first time 

by Dugdale (1960) and Barenblatt (1962). Needleman (1987) argued that cohesive 

elements are attractive when interface strengths are relatively weak compared to the 

adjoining materials; for instance, the strength of cement in a natural fracture is less than 

the surrounding rock strength (Gale and Holder 2008). Cohesive behavior models the 

separation between two initially bonded surfaces. This model idealizes complex fracture 

mechanisms using a macroscopic “cohesive law”, which is the relation between the traction 

across the interface and the separation and includes damage initiation and evolution 

conditions, necessary for progressive damage. Moreover, this model partially mitigates 

both pressure and stress singularities at the hydraulic-fracture tip (Carrier and Granet 

2012). 

A modified cohesive zone model, namely pore-pressure CZM, has been adopted in 

the finite element program Abaqus/Standard (Version 6.12-3) for modeling hydraulic rock 

failure as a result of fluid pressure in the fracture gap (Dassault Systèmes 2012a). In this 

model, gradual material damage occurs as a result of high cohesive-zone pore pressures 

exceeding the strength of cohesive layer and initial compressive stresses. The cohesive 

model in Abaqus can be integrated with a detailed geomechanics model through the 

coupled pore-pressure-stress analysis, linear and nonlinear material models for rocks, first-

principle contact interaction, and linking field-scale with near wellbore models. 

Figures 2-2a through 2-2c demonstrate the traction–separation response for a 

specific mode-mixity combination, a typical cohesive layer configuration and induced pore 

flow pattern as a result of fracture propagation in a fully coupled pore-pressure-stress 

analysis, and the traction along the cohesive layer, respectively. 
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(a) Typical traction-separation response 

 

(b) Flow around fracture 

 
(c) Cohesive layer assimilation by springs 

Figure 2-2: Pore-pressure cohesive zone model: (a) typical cohesive traction-separation 

law with linear damage evolution; (b) pore-pressure cohesive layer 

configuration including process zone ahead of fracture tip and induced fluid 

flow in the porous media due to fracturing process; and (c) the traction along 

the fracture. Contours in Figure 2-2b demonstrate the pore-pressure 

distribution in the media. The traction-separation law can be assimilated by 

Hook’s law, the springs in the damage zone, Figure 2-2c. 

In Figure 2-2a, 𝑡𝑚
0  and 𝛿𝑚

0  are respectively the size of mixed-mode traction and 

separation vectors at damage initiation. The corresponding stress and separation vectors 

are governed by the following elastic constitutive law: 

𝑡 = {

𝑡𝑛
𝑡𝑠
𝑡𝑡

} = [
𝐾𝑛𝑛 𝐾𝑛𝑠 𝐾𝑛𝑡

𝐾𝑛𝑠 𝐾𝑠𝑠 𝐾𝑠𝑡

𝐾𝑛𝑡 𝐾𝑠𝑡 𝐾𝑡𝑡

] {

휀𝑛

휀𝑠

휀𝑡

} = (
1

𝑇0
𝑐𝑜ℎ) �̿�. 𝛿 ,                                                        (2-19)         

where 𝑡  is the traction stress vector on the cohesive zone interface, 𝛿  denotes the interface 

separation, and 𝑇0
𝑐𝑜ℎ is the cohesive zone initial thickness which is used for the calculation 

of the cohesive layer stiffness and usually taken as unity in order to avoid unrealistic 

Process zone 
Cohesive 

Elements 

Pore Flow 
Direction 



 33 

cohesive layer stiffening. The off-diagonal terms in the elasticity matrix vanish for the 

uncoupled behavior between the opening and shear components. Moreover, damage in a 

traction–separation response is quantified by the deviation from the elastic material 

behavior as follows: 

𝑡𝑛 = {
(1 − 𝐷)𝑡�̅�,   𝑡�̅� ≥ 0

𝑡�̅�,   otherwise (no damage during compressive stresses)
,                            (2-20) 

𝑡𝑠 = (1 − 𝐷)𝑡�̅�,                                                                                                              (2-21) 

𝑡𝑡 = (1 − 𝐷)𝑡�̅�,                                                                                                              (2-22) 

where 𝑡�̅�, 𝑡�̅�, and 𝑡�̅� are the stress components predicted by the elastic traction-separation 

behavior for the current strains without damage. Here, the subscripts n, s, and t represent 

the opening, shearing, and tearing-mode properties and D is known as the damage variable 

and is evaluated by the post-elastic traction–separation response. The cohesive elements 

with zero load carrying capacity, Kcoh = 0 in Figure 2-2c or D = 1, at all integration points 

are attributed to the fully degraded (failed) elements or the induced fracture. The fracture 

tip is located where partially and fully degraded cohesive elements reach each other. Here, 

no damage is assumed under compressive stresses.  

Progressive damage is accomplished by two essential consecutive steps: (1) 

damage initiation, and (2) damage evolution. Among various damage initiation and 

evolution criteria, the common ones are the quadratic nominal stress, Equation (2-23), and 

BK model (Benzeggagh and Kenane 1996), Equation (2-24), respectively, which were used 

in this chapter. These criteria integrate all probable mixed-mode damage mechanisms 

simultaneously. The damage variable, D, in energy-based evolution is specified by either 

a linear (default) or exponential softening response. 

(
〈𝑡𝑛〉

𝑡𝑛
0 )

2

+ (
𝑡𝑠

𝑡𝑠
0)

2

+ (
𝑡𝑡

𝑡𝑡
0)

2

= 1,                                                                                         (2-23) 

𝐺𝑛
𝑐 + (𝐺𝑠

𝑐 − 𝐺𝑛
𝑐) (

𝐺𝑠+𝐺𝑡

𝐺𝑛+𝐺𝑠+𝐺𝑡
)
𝜂

= 𝐺𝑐,                                                                               (2-24) 
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where t and G represent the fracture traction and energy release rate, and the superscripts 

0 and c denote the damage initiation and critical states for the corresponding properties. 

The symbol 〈 〉 is the Macaulay bracket and returns either zero or the same value for the 

negative or positive number in its argument, respectively. 휂 is a material property defining 

the contribution of the shearing and tearing modes to the total critical energy release rate 

and equal to 2 for brittle and 3 for ductile materials (Benzeggagh and Kenane 1996). In this 

dissertation, the exponent value of 2.3 is preferable since the material is assumed 

quasibrittle. 

The damage evolution section of the traction-separation response may follow a 

linear or exponential trend as offered in Abaqus; however, the experimental 

characterization of this section for rocks is hardly possible due to the almost abrupt failure 

of the specimens upon fracture initiation. Therefore, in this dissertation, the linear trend is 

used for damage evolution.      

Cohesive elements potentially cause nonlinear and non-smooth structural responses 

leading to numerical difficulties in solution convergence. Moreover, in implicit analysis 

programs such as Abaqus/Standard, unstable crack propagation through cohesive elements 

often causes convergence problems. This problem is mitigated in Abaqus using built-in 

viscous regularization which permits stresses to be outside the limits set by the traction–

separation law, makes the stiffness matrix of the softening material positive definite for 

sufficiently small time increments, and is defined by Equation (2-25) (Dassault Systèmes 

2012a). 

𝐷�̇� =
1

𝜇
(𝐷 − 𝐷𝜈),                                                                                                           (2-25) 

where 𝜇 is the viscosity relaxation parameter and D and 𝐷𝜈 are the inviscid and viscous 

damage variables, respectively. D is calculated in the inviscid backbone model. Therefore, 

the damaged viscous material shows the following response: 
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𝑡 = (1 − 𝐷𝑣)𝑡̅.                                                                                                               (2-26) 

The viscosity parameter depends on the problem and meshing and requires 

numerical experiments for finding the optimum value. A small value for this parameter 

compared to the time increment size improves the solution convergence while high values 

adversely affect the convergence, problem definition, or the final solution. Ideally, the 

solution of the viscous system relaxes to that of the inviscid case as 𝑡 𝜇⁄ ∞, where t 

denotes time. In the current chapter, the optimum value for this parameter was obtained 

equal to 0.015 and 0.03 for single- and double-stage fracturing, respectively. 

This procedure fully couples the solution of fluid continuity and stress equilibrium, 

the big advantage of modeling porous media in Abaqus. This transient problem requires 

the following: (1) time integration of the diffusion effects with the carefully selected time 

increments, explained below; (2) proper stress state initialization to roughly satisfy initial 

geostatic stress equilibrium; and (3) finite strain analysis in contrast to the common 

infinitesimal-strain analyses, which contributes significantly to permeability modification 

and displacements [see Terzaghi’s consolidation problem (Dassault Systèmes 2012b)]. 

Based on the coupling of spatial and temporal scales of the transient soils 

consolidation problem, Vermeer and Verruijt (1981) proposed a minimum allowable time 

increment criterion, Equation (2-27), below which no useful information is generated by 

solutions and the results will contain spurious oscillations. 

Δ𝑡 ≥
𝜇𝑓

6𝐸𝑘
(Δℎ)2,                                                                                                              (2-27) 

where 𝜇𝑓 is the fluid viscosity, Δh is the size of the finite element mesh near the boundary 

condition change, E is the elastic modulus of the soil skeleton, and k denotes the soil 

permeability. In order to use smaller time increments, the mesh should be refined. The 

upper limit on time increment size is dependent on accuracy, not on the solution stability, 
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and the integration procedure is unconditionally stable except for the possible numerical 

problems due to the nonlinearities. 

Hydraulic fracturing is coincident with finite deformations (in contrast to 

infinitesimal deformations); it requires a finite-strain (in contrast to infinitesimal-strain) 

consolidation analysis. For instance, finite-strain analysis results in around 40% more 

deformations than that in small strain analysis in the Terzaghi’s consolidation problem 

(Dassault Systèmes 2012c). In contrast to small strain analysis, finite strain analysis causes 

significant changes in element volumes and consequently, to element porosity and 

permeability. 

Most geotechnical problems have initial nonzero stress states in the medium. The 

response of a system differs for various initial stress states, specifically in nonlinear 

analyses. Abaqus provides the geostatic procedure to set up the initial stress state. The 

initial effective stresses due to the geostatic loading can be specified as model data. 

However, it may be difficult to specify initially equilibrated stresses with the geostatic 

loads. The geostatic procedure re-establishes the initial equilibrium based on specified 

boundary conditions and external field loads such as gravity. However, in many problems, 

the geostatic procedure is inadequate and it is crucial to specify the correct initial 

conditions; otherwise, the system is initially out of equilibrium which might lead to failure 

in starting the solution. For instance, saturated flow analyses require consistent total and 

effective stress values on boundaries depending on their depth, grain and wetting phase 

specific weight, saturation, and porosity. 

The poroelastic models including the pore-pressure cohesive elements for the 

hydraulic-fracture spaces in Abaqus (Dassault Systèmes 2012a) are constructed according 

to a complicated process as described in Appendix One. Also, the developed user 

subroutines which are required for these models are provides in Appendix Three.     
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2.4 RESULTS AND DISCUSSION 

One of the advantages of our 3D fracturing model is its capability to simulate 

propagating multiple-stage fractures. Therefore, we are able to investigate different 

configurations for multiple-stage fractures. In the first case, to demonstrate the interaction 

of multiple propagating fractures, we built two simple hydraulic-fracturing models in 

Abaqus for single- and double-stage fracturing as shown in Figures 2-3 and 2-4, 

respectively. The ultra-thin cohesive elements can be indirectly identified by the finer grids 

around them. These models are plane-strain, fully coupled pore-pressure/stress analysis 

models for single-phase flow in a homogeneous reservoir containing two straight planes 

on which the cohesive fractures propagate according to the quadratic stress criterion for 

fracture initiation, and an energy-based mix-mode BK model for fracture evolution. Gap 

flow is Newtonian with a specified viscosity. Table 2-1 summarizes the required 

information to construct these single- or double-stage fracture models. Notably, the rock 

characteristics (e.g., Young’s modulus) and the in-situ stress state in these synthetic models 

do not reflect the hydrocarbon reservoir properties as the main theme of this chapter is to 

simply demonstrate the effect of the stress shadows and the fixed-displacement boundaries 

in fracture growth. 
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Model Setting Parameter Single layer: Target 

Cohesive 
layer 

properties, 
 

Element 
type: 

COH2D4P 

Elastic type: traction 𝐾𝑛𝑛 = 𝐾𝑠𝑠 (kPa)  8.5 × 107 

Damage Initiation 
Criterion: Quads 

𝑁𝑚𝑎𝑥, 𝑆𝑚𝑎𝑥 (kPa)  320, 1.0 × 1010 

Damage evolution type: 
energy, BK mixed mode 

(휂 = 2.284) 

𝐺𝐼
𝑐 = 𝐺𝐼𝐼

𝑐  (N mm⁄ ) 28 

Gap flow (water) Dynamic Viscosity 
(kPa.s) 

1.0 × 10−6 

Leakoff coefficient 

(m3 kPa. s⁄ ) 
5.879 × 10−10 

Porous 
material 

properties, 
Element 

Type: 
CPE4RP 

Elastic model Young’s modulus (kPa) 1.294 × 106 

Poisson’s ratio 0.25 

Permeability, 
specific weight=𝜌𝑔𝑤  

= 9.8 kPa/m 

Permeability (m/s) 2.418 × 10−8 

Model setup Shape Reservoir: a 
cartesian 2D oil 
reservoir, half by 

symmetry 

Elevation (m) × Length 

(m) 

−(2000 𝑡𝑜 1880) × 240 

Fracture: 
two vertical 

planar surfaces 

Height (m) × Initial 

thickness (m) 

Right: 40 × 0.001325  
starting at (40,−2000) 
Left: 40 × 0.001325  

starting at (−40,−2000) 
Initial conditions Initial void ratio 0.33 

Initial pore pressure 
(kPa) 

793 

Initial effective stress 
(kPa) 

0 

Initial oil saturation 100% 

Boundary conditions Y- fixing On the horizontal lower wall 

X- and Y- fixing On the other walls 

Steps (the third step is 
applicable for double-

stage fracturing) 

Soils consolidation, 
transient nonlinear 

analysis for 700 
seconds 

Hydraulic-fracturing step 

Soils consolidation, SS 
nonlinear analysis for 

7,200 seconds 

To reach steady state condition 
after fracturing 

Soils consolidation, 
transient nonlinear 

analysis for 700 
seconds 

Hydraulic-fracturing step 

Fracturing-fluid injection Volume flow rate (m3 s⁄ ) Linear ramp up to 0.001 during 
the first 63 seconds injected in 

one element 

Table 2-1: Summary of the input data for the 2D plane-strain hydraulic-fracturing model; 

the first case. 
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Figure 2-5 compares final fracturing-fluid pressure along the propped fracture for 

single- and double-stage fracturing cases. Figure 2-6 shows the fracturing-fluid pressure 

history in these two cases. Both Figures 2-5 and 2-6 show that simultaneous fracturing in 

two stages needs 2000 kPa higher fracturing-fluid pressure than in one stage.  

Figure 2-7 compares fracture-width evolution with time for single- and double-

stage fracturing. This figure shows that single-stage fracturing leads to longer and narrower 

fractures whereas double-stage fracturing results in shorter and wider fractures. This is due 

to the stress shadowing effect of a pre-existing propped fracture on the new emerging 

fracture as this effect prevents fractures from propagating in length while the conservation 

of mass induces a wider fracture. 

 

 

Figure 2-3: Pore-pressure distribution at the end of single-stage hydraulic fracturing. 

 



 40 

 

Figure 2-4: Pore-pressure distribution at the end of simultaneous double-stage hydraulic 

fracturing. 

 

Figure 2-5: Comparison of final fracturing-fluid pressure along the fracture(s) in single or 
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Figure 2-6: Comparison of fracturing-fluid injection pressure for single- and simultaneous 

double-stage hydraulic-fracturing cases. 

 

 

Figure 2-7: Comparison of fracture opening along the right fracture for single- and 

simultaneous double-stage hydraulic-fracturing cases. 
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demonstrate injection pressure and the fracture opening, respectively, during the entire 

process for single- and double-stage fracture(s). After shut-in, are fractures are still 

growing especially in the model for double fractures (~72%) in contrast to the model for a 

single fracture (~40%). Also, it takes longer for the double-stage fracture model (666.5 

seconds) compared to the single-stage fracture model (490.5 seconds) to reach a steady-

state fracture length. 

Fracture growth after shut-in possibly originates from fixed boundary conditions 

and unsteady stress state. Moreover, at the end of injection, the fluid flow was suddenly 

stopped in the fracture entrance such that during shut-in, the fracturing fluid is not able to 

flow back to the wellbore. Also, because low-permeable media lead to low leakoff into the 

formation, the injected fluid is trapped in the fracture space, which causes a non-

equilibrium stress state in the formation. This fracture closure pushes the trapped fluid 

toward the fracture tip, which leads to more fracture propagation.         

   

 

Figure 2-8: Comparison of injection pressure for single- and simultaneous double-stage 

hydraulic-fracturing cases including shut-in. 
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Figure 2-9: Comparison of fracture opening along right fracture for single- and 

simultaneous double-stage hydraulic-fracturing cases while shut-in. 
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Figure 2-10: Residual stress component 𝑆11 at the beginning of the second-stage fracturing 

for sequential double-stage fracturing. 

 

 

Figure 2-11: Final stress component 𝑆11 for sequential double-stage fracturing, a shorter 

second fracture than the first one. 

Figure 2-12 compares the fracture widths in the sequential and simultaneous 

double-stage fracturing, the second and third cases, respectively. Fracturing-fluid injection 

is conducted for 100 seconds for each fracture followed by a steady-state step in both cases. 

In the sequential case, at the end of the injection (100 seconds per fracture), the left fracture 

is wider compared to the right one whereas the fracture length demonstrates the opposite 

trend. Also, Figure 2-13 shows the temporal and spatial change of fracture openings for 

the right and left fractures, which do not follow the same trend. These two figures 

demonstrate the stress shadowing effect of the dilated right fracture on the left one.  

 



 45 

 

Figure 2-12: Comparison of fracture width at the end of analysis steps for sequential and 

simultaneous fracturing. 

 

 

Figure 2-13: Temporal variation of fracture width for sequential double-stage hydraulic 

fracturing. 
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right or left stage, pore pressure at the left or right stage increases smoothly; this 

demonstrates the stress shadowing effect of each fracture on the other because the opening 

fracture exerts a confining stress on the media surrounding the fracture. 

Figure 2-15 compares the contribution of the damage and viscous regularization 

energy dissipation in the total energy. Viscous regularization stabilizes the numerical 

analysis and its desirable minimal effect on the solution can be examined by its associated 

energy dissipation out of the total energy. During the first- or second-stage fracturing, 

viscous regularization consumes 25% of the total energy. Damage dissipation energy is 

ranked second after the viscous regularization. The contribution of the viscous 

regularization energy dissipation in the total energy may be reduced by optimizing the 

associated viscosity parameter; however, this optimization has not been studied in this 

chapter.  
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Figure 2-14: Injection and pore pressure in the right and left fractures or locations for 

sequential hydraulic fracturing.   
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Figure 2-15: Comparison of total, damage dissipation, and viscous regularization energies 

for the sequential hydraulic-fracturing case. 
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case; (2) fracture closure due to residual stresses in the media; (3) a shorter and wider 

fracture due to a pre-existing fracture in the sequential fracturing case; and (4) the 

engagement of the mixed-mode fracture growth in the second stage of fracturing due to the 

residual stresses of the first-stage fracturing.     
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Chapter Three: Three-dimensional Simulation of Hydraulic Fracturing 

in Quasibrittle Shale Formations Using Characterized Cohesive Layer: 

Stimulation Controlling Factors1 

3.1 SUMMARY 

CZM honors the softening effects and plastic zone at the fracture tip in a quasibrittle 

rocks (e.g., shales) which results in a more precise fracture geometry and pumping pressure 

compared to those from linear elastic fracture mechanics. The incorporation of CZM in a 

fully coupled pore-pressure–stress, finite element analysis provides a rigorous tool to 

include also the significant effect of in-situ stresses in large matrix deformations on the 

fracturing-fluid flow components, for instance leakoff. 

In this chapter, we modeled single and double-stage fracturing in a quasibrittle shale 

layer using an improved CZM for porous media besides including the material softening 

effect and a new boundary condition treatment, using infinite elements connecting the 

domain of interest to the surrounding rock layers. Due to the lack of experimental data for 

the cohesive layer properties, we characterized the cohesive layer by sensitivity study on 

the stiffness, fracture initiation stress, and energy release rate.  

We demonstrated the significance of rock mechanical properties, pumping rate, 

viscosity, and leakoff in the pumping pressure, and fracture aperture. Moreover, we 

concluded that the stress shadowing effects of hydraulic fractures on each other majorly 

affects not only fractures’ length, height, aperture, and the required injection pressure, but 

also their connection to the injection spot. Also, we investigated two scenarios in the 

sequence of fracturing stages, simultaneous and sequential, with various fracture spacing 

and recommended the best scenario among them.  

                                                 
1This chapter contains the materials that have been published previously at the proceedings of the 

Unconventional Resources Technology Conference (Haddad and Sepehrnoori 2014b) and the Journal of 

Unconventional Oil and Gas Resources (Haddad and Sepehrnoori 2015). 
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73.2 INTRODUCTION 

In Chapter Two, we simulated sequential and simultaneous 2D hydraulic fractures, 

compared these cases for injection pressure and fracture opening, and demonstrated the 

effect of shear stresses in unequal fracture propagation in sequential scenarios (Haddad and 

Sepehrnoori 2014a).  

The main theme of this chapter is to demonstrate the stress interaction of 

propagating three-dimensional hydraulic fractures at different injection scenarios, 

sequential and simultaneous, using a new boundary condition treatment and cohesive layer 

characterization. The utilized fracture propagation model is already explained in Chapter 

Two. However, the additional features of this model are elaborated in the next section. 

Under the influence of the stress shadows of the other fractures, the fracture 

propagation pattern crucially depends on the fracture spacing. The main influenced 

characteristics include fracture aperture, height growth, and half-length. The dependence 

of these characteristics on the fracture spacing is investigated using only two spacing 

values, 33 and 66 ft, which is adequate for the major theme of the current chapter. Notably, 

there might exist a global optimum fracture spacing for the best fracture growth, which is 

out of the scope of the current chapter. Nevertheless, this chapter provides not only an 

optimum fracture spacing and injection scenario out of the possible four cases, but also a 

methodology extendable for the investigation of the other multiple-stage fracturing cases.  

This chapter contains the following sections: the instructions how to set up the 

cohesive properties and the replacement of boundaries by infinite elements; model 

construction including a validation for a new boundary condition treatment; simulation 

results; and highlights. Parametric studies on the pumping rate, the fracturing-fluid 

viscosity, the leakoff coefficient, Young’s modulus and Poisson’s ratio allow us to 

determine the most important parameters in single fracture propagation. Furthermore, these 
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results can also provide insights in multiple fracture propagation. Moreover, the cohesive 

layer characterization in the results section improves the solution behavior significantly. 

 

3.3 METHOD 

3.3.1 Infinite Elements for the Restricted Geological Formations  

Hydrocarbon reservoirs are defined and restricted by fluid flow boundaries yet 

mechanically connected to the surrounding unbounded rock formations. In hydraulic-

fracturing problems, solution domains of interest are restricted even more to the stimulated 

reservoir volumes (SRV), small sections of the hydrocarbon reservoirs. Even though 

restricting the solution domain helps to drastically reduce the computational expenses in 

our stress analysis problem, the exclusion of the surrounding rock layers may significantly 

degrade the solution accuracy. One rigorous mechanical approach to include the 

surrounding rock layers in the model is to connect the boundaries of SRV to the 

surrounding rock layers using infinite elements. These elements are intended to be used in 

geotechnical problems with restricted domain of interest compared to the unbounded 

surrounding medium. The application of infinite elements in two-dimensional 

consolidation problems has been investigated in Abaqus (Dassault Systèmes 2012c) and 

the results have been verified by the exact solution from Gibson et al. (1970). For a 

comprehensive review on the numerical methods for unbounded domains, infinite 

elements, and the corresponding shape functions and formulations, the interested readers 

are referred to Astley (2000), Nenning (2010), and Abaqus Theory Manual (Dassault 

Systèmes 2012d). The implementation of infinite elements is investigated in our 3D 

fracturing model using three-dimensional linear continuum infinite elements, CIN3D8 

(Dassault Systèmes 2012a). These elements maintain the initial geostatic force on the 
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corresponding boundaries, eliminate the dependence of the solution to the boundaries, and 

do not contribute to the Eigen modes of the system; they consequently provide us with 

quiet boundaries for our boundary value problem (Dassault Systèmes 2012a).  

 

3.3.2 Cohesive layer properties 

In a pore-pressure-stress analysis including the cohesive elements for the hydraulic-

fracturing simulation, one of the challenges is how to specify the properties of the cohesive 

layer (i.e., “fictitious layer”) which is not constituted of real material. In other words, this 

layer may not exist nor coincide with a natural fracture. Therefore, characterizing these 

layers may not be possible using the standard testing procedures for materials such as 

uniaxial or tri-axial tests; this characterization must be accomplished combining numerical 

and field experiments due to the dependence of cohesive layer properties on critical mesh 

size and injection pressure.  This characterization concludes at least the cohesive layer 

stiffness, Kcoh, the traction stress at the fracture initiation, t0 and the critical energy release 

rate, Gc. Although the third parameter can be measured using ASTM standard tests for 

plane strains in the fracture opening mode, for instance, four-point bending test (Gale and 

Holder 2008), one cannot determine a definitive value of the other two parameters. 

 

Cohesive layer stiffness: Numerical experiments can specify the optimum 

stiffness value above which spurious stress oscillations around the cohesive layer occur 

and below which the cohesive layer cannot carry high structural loads. As such, Turon et 

al. (2007) suggested the following equation for the cohesive layer stiffness: 

𝐾𝑛𝑛 = 𝐾𝑠𝑠 = 𝐾𝑡𝑡 = 𝛼𝐸𝑎𝑑𝑗 𝑇𝑎𝑑𝑗⁄ ,                                                                                   (3-1) 
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where 𝛼 is a constant (i.e., cohesive layer stiffness multiplier) with a recommended value 

of 50, 𝐸𝑎𝑑𝑗  is the Young’s modulus of the adjacent material, and 𝑇𝑎𝑑𝑗 is the thickness of 

an adjacent sub-laminate(e.g., in a double cantilever beam problem) and assumed equal to 

unity in our problem to avoid unrealistic cohesive layer stiffening. In the current chapter, 

we studied the sensitivity of the results to 𝛼 with the six aforementioned characterization 

constraints.  

 

Fracture initiation traction: The value of traction at fracture initiation must be 

specified using experimentally and numerically oriented approaches. In the first 

constraining approach, for instance in modeling fracture propagation in a double cantilever 

beam, Turon et al. (2007) compared the experimental and numerical load–displacement 

data in order to adjust the peak in the cohesive layer traction. This approach can be adopted 

in hydraulic fracturing by comparing the field data for breakdown pressure and numerical 

injection pressure. In the second constraining approach, the square of this traction is 

inversely proportional to the size of the fracture tip process zone and the inclusion of this 

zone in too few finite elements concludes an inaccurate distribution of traction ahead of 

the crack tip (Turon et al. 2007). This distribution improves by the following options: (1) 

refining the mesh; and (2) reducing the peak traction. The first option might not be plausible 

for field-scale problems and the second option requires more investigation on the effect of 

the peak traction on the results. Due to the lack of experimental data and the restriction on 

the number of finite elements, we minimized the peak traction to hold appropriate results, 

the second option in the second constraining approach.  
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Energy release rate: The energy release rate is commonly calculated from the 

measured stress intensity factor in the solid mechanics laboratories based on Irwin’s plane-

strain energy release rate at opening mode as the following: 

𝐺𝐼
𝑐 = 𝐾𝐼𝑐

2 (1 − 𝜈2) 𝐸⁄ ,                                                                                                      (3-2) 

where 𝐾𝐼𝑐 is the opening-mode critical stress intensity factor or toughness, and 𝐸 and 𝜈 are 

Young’s modulus and Poisson’s ratio, respectively. This equation is derived under LEFM 

conditions and can be extended to the other two modes of fracture propagation as Equations 

(3-3) and (3-4) assuming isotropic elasticity: 

𝐺𝐼𝐼
𝑐 = 𝐾𝐼𝐼𝑐

2 (1 − 𝜈2) 𝐸⁄ ,                                                                                                    (3-3) 

𝐺𝐼𝐼𝐼
𝑐 = 𝐾𝐼𝐼𝐼𝑐

2 2𝜇⁄ .                                                                                                              (3-4) 

Our model requires the critical mixed-mode energy release rate in all three 

fracturing modes; however, due to the lack of data, and uncertainty in the fracturing regime 

(ductile or brittle) and isotropic elasticity, the energy release rate is simplified to the 

following equation: 

𝐺𝑖
𝑐 = 𝛽𝐾𝑖𝑐

2 (1 − 𝜈2) 𝐸⁄ ,                                                                                                   (3-5) 

where 𝑖 is the fracture mode number equal to 1, 2, and 3 for opening, shearing, and tearing 

modes, respectively, and the constant 𝛽 is a material property called “energy release rate 

multiplier” and, in this chapter, was adjusted by the numerical experiments to conclude 

favorable fracture height growths in different layers and a desirable traction–separation 

behavior. 
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3.4 MODEL CONSTRUCTION 

3.4.1 Single fracture 

The first step in this chapter was to investigate the cohesive layer properties as 

explained in the previous section using the numerical experiments on a model including a 

single fracture as shown in Figure 3-1 with incorporated conditions and operation data as 

in Tables 3-1 and 3-2, and Figure 3-2.  

 

 

Figure 3-1: The reservoir model constructed in Abaqus using C3D8RP, COH3D8P, and 

CIN3D8 elements for the rock, fracture, and infinite domains, respectively. 

Fracture space is modeled by initially closed cohesive elements on a plane 

perpendicular to the minimum horizontal stress direction. Infinite elements 

maintain the initial load, the minimum horizontal stress, on the left and right 

boundaries. The reservoir dimensions excluding the infinite elements are 197, 

689, and 224 ft in x, y, and z directions, respectively. The infinite elements 

are 197 ft long. Fracture opening is reported along the vertical and horizontal 

axes throughout this chapter. 
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Properties Layers 

Top Formation Target Formation Low Formation 

Depth interval (ft) 8888-8980 8980-9019 9019-9111 

Formation thickness (ft) 92 39 92 

Overburden total stress (psi) 8888 - - 

Sh,min,tot (psi) [depth (ft)], Figure 3-2  -319-0.7×depth -72.5-0.7×depth -304.5-0.7×depth 

SH,max,tot (psi), Figure 3-2 -342-0.75×depth -78-0.75×depth -326-0.75×depth 

Initial reservoir pore pressure (psi)  0.44×depth 0.44×depth 0.44×depth 

Initial porosity,  (dimensionless) (at zero pore 
pressure, stress, and zero strain) 

0.142 
 

Effective permeability (mD) at initial porosity 0.5 

Initial void ratio (=/(1-)) (dimensionless) 0.165 

Poisson’s ratio,  (dimensionless) 0.31 0.2, 0.25, 0.27 
(default) 

0.31 

Young’s modulus,  (106 psi) 5.5 4.0, 3.0 (default), 
2.0 

5.5 

Extended Drucker-Prager friction angle, 𝜑 (°) 36 

Extended Drucker-Prager dilation angle, Ψ (°) 36 

Critical stress intensity factor, KIc (=KIIc) (psi-in) 1,000 (default); 
1,600; 2,000 

400 (default); 
1,000; 1,400 

1,000 (default); 
1,600; 2000 

Damage initiation stress, t (psi) 25, 50, 100, 200 
(default), 400 

6.25, 12.5, 25 
(default), 50 

25, 50, 100, 200 
(default), 400 

Formation grain bulk modulus (106 psi) 4.82 2.22 4.82 

Formation fluid bulk modulus (103 psi) 31.91 

𝛼 (alpha) in Equation (3-1) 125, 250, 375, 500 
(default) 

25, 50, 75, 100 
(default) 

125, 250, 375, 500 
(default) 

𝛽 (beta) in Equation (3-5) 1, 2, 10 (default), 30, 
100 

1 (default) 1, 2, 10 (default), 30, 
100 

Formation density (kg/m3) 2263 

Leakoff coefficient (bbl/ksi.min) 
“ksi” is a unit of pressure and equal to 1000 psi  

1.53e-3 (default), 1.53e-2, 1.53e-1 

Table 3-1: Reservoir characteristics and conditions. 

 
Parameter Value 

Pump rate (bbl/min) 20, 40 (default), 60 (ramp up  
linearly in the first 100 seconds) 

Injection time (min) 40, 20 (default), 13.3  
(constant injection volume) 

Number of perforation clusters 2 

Cluster spacing (ft) 0 (default, single cluster), 33, 66 

Injection fluid density (kg/m3) 1000 

Viscosity (cp) 1 (default), 10, 50; Newtonian fluid  

Gravity (N/kg) 10 (in negative z direction) 

Table 3-2: Hydraulic-fracturing operation data. 
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Figure 3-2: Total minimum and maximum horizontal stresses in the formations 

(Sh,min,tot/SH,max,tot0.93). 

This model contains infinite elements for a more rigorous boundary condition 

treatment in our geomechanical analysis; a new model in the simulation of hydraulic 

fracturing. The construction of infinite elements in our model is deduced from the sample 

models in Abaqus Benchmarks Manual (Dassault Systèmes 2012b) such as two-

dimensional consolidation problem, “strip footing on infinitely extending layer of soil”, 

and “quarter plate with square hole”. These models use square-shaped infinite elements 

without reference points due to their distributed loading boundary condition. Nevertheless, 

we attempted to build the model including a reference point, however, due to the distributed 

loading boundary condition, the hydraulic fractures unexpectedly persisted to stay closed 

at the injection spots during fracturing. Moreover, the infinite elements used in this study 

do not possess pore-pressure degree of freedom and therefore, perform as fluid flow 

isolators in the left and right boundaries. This restriction on far-field fluid transport does 

not influence the hydraulic-fracturing solution due to the negligible leakoff-induced fluid 

diffusion in the surrounding rock layers. This negligible diffusion originates from the low 

permeability of the reservoir and the short hydraulic-fracturing duration. The 

implementation of infinite elements was examined comparing the results with and without 
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the infinite elements. The case without infinite elements was constructed by substituting 

each CIN3D8 element in Figure 3-1 with four C3D8RP elements (Dassault Systèmes 

2012a) along the x-axis.  

The three principal stresses are assumed along the x-, y-, and z-axes in a Cartesian 

coordinate system. The horizontal wellbore in this case is assumed in the plane of the 

horizontal stresses, SH,max,tot and Sh,min,tot, and parallel to the minimum horizontal stress 

direction or x-axis, which presumably covers not all but most of the hydraulic-fracturing 

stimulation jobs. 

The high value of the initial effective permeability in the above table complies with 

the minimum allowable time increment according to Equation (2-12) and is justified by the 

insignificance of permeability for the short duration of the hydraulic-fracturing process 

compared to the production time from the reservoir as permeability requires very long time 

in shales to contribute in the shale matrix fluid flow. Furthermore, the fluid efficiencies 

calculated in Table 4-6 (which are close to 100%) in various cases at different leakoff 

coefficients show the negligible effect of the leakoff volume on the fracture growth.  

Figure 3-3 compares the distribution of the stress component S11 on the y-symmetric 

boundary of the reservoir, the vertical plane containing the horizontal wellbore, at the end 

of the pumping time, 40 min, with 20 bbl/min injection rate with and without infinite 

elements in the left and right halves of the figure, respectively. As shown in this figure, the 

stress component holds almost a symmetric pattern between these two cases inferring that 

the addition of the infinite elements has a negligible effect in the accuracy of the solution 

in the domain of interest while it reduces the computational expenses by replacing several 

layers of C3D8RP elements. The runtime for the solution with infinite elements (16,332 

seconds) is significantly shorter than that in the other case (21,890 seconds). Moreover, as 

explained before, the infinite elements improve our geomechanical solution by the 
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following: (1) better convergence of the solution because of the quiet boundaries; and (2) 

physical inclusion of the infinite region surrounding our domain of interest. Figures 3-4a 

through 3-4c compares the fracturing-fluid pressure, the fracture opening along its vertical 

axis, and the fracture opening along its horizontal axis, respectively, in the cases with and 

without the infinite elements. The mentioned axes are demonstrated in Figure 3-1. All these 

figures demonstrate a perfect match between the results of these two cases. The high 

fracturing pressure at early times can be due to the small perforation length or traction 

surface which requires higher pressures or traction for fracture propagation. 

 

 

Figure 3-3: Comparison of S11 stress component on the plane Y=0, the vertical plane 

containing the horizontal wellbore at the end of pumping time, 40 minutes, 

with 20 bbl/min injection rate in the models including infinite elements (right) 

and no infinite elements (left). Compressional stresses are conventionally 

negative in Abaqus. The stress contours are in kPa. 
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(a) Injection pressure 

  
(b) Fracture opening along the vertical 

symmetry axis shown in Figure 3-1 

(c) Fracture opening along the horizontal 

symmetry axis shown in Figure 3-1 

Figure 3-4: Comparison of fracture parameters: (a) the injection pressure; and (b), (c) the 

fracture opening; in cases with and without infinite elements at the pumping 

rate of 20 bbl/min after 40 minutes of injection. In Figure 3-4b, wellbore is 

located at Height=0. 

 

3.4.2 Double fracture 

To investigate both height and length growths due to stress interactions in double-

stage fracturing, we used the target layer’s fluid flow and mechanical properties of the 

porous media in Table 3-1 for all three layers. Nonetheless, we conducted our multi-layered 

study by differentiating cohesive properties for the three layers according to the proposed 

methodology for cohesive layer characterization. The study was conducted for two fracture 

spacing values, 33 ft (~10 m) and 66 ft (~20 m). Figure 3-5 illustrates the 66-ft-spacing 

model for this step. The main objective at this step is to demonstrate the interaction of 
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fractures while propagating in two scenarios: (1) simultaneously, and (2) sequentially. In 

the second scenario, the fracturing fluid is injected first in the left perforation and then in 

the right one. Moreover, we assume that fractures in both stages propagate on two initially 

planar layers (cohesive layers) due to the dominance of the horizontal stress contrast 

compared to the stress shadowing effect of each stage on the other stage. Notably, in 

Chapter Five, we have further elaborated on the role of the competition between the 

horizontal stress contrast and the stress shadowing effect in slightly nonplanar growth of 

multiple-stage factures using XFEM. However, this method coincides with higher 

computational expenses and the nonplanar fracture growth may not justify the use of the 

XFEM models.  

 

 

Figure 3-5: Double-stage fracture model with 66-ft ( 20-m) spacing. Perforations are 

located on the vertical symmetry axes of the fractures and in the middle of the 

target formation. The reservoir dimensions excluding the infinite elements are 

262, 689, and 224 ft in x, y, and z directions, respectively. The infinite 

elements are 262 ft long.     

 



 68 

3.5 RESULTS AND DISCUSSION 

3.5.1 Single fracture  

The fully coupled pore-pressure-stress analysis for a single-stage fracture contains 

a wealth of information such as stress and pore fluid flow states not only in the fracture but 

also the matrix. As a qualitative demonstration of these states, Figures 3-6 through 3-8 

represent von Mises stress and fracture geometry, pore-pressure and fluid velocity 

magnitude distribution, and void ratio distribution, respectively. High von Mises stress 

values coincide the stress concentration around the fracture; a signature for the process 

zone’s mechanical failure, Figure 3-6. The injection of the fracturing fluid at high pressures 

causes a pressurized region in the matrix surrounding the fracture plane and consequently, 

a pore-pressure gradient for pore fluid flow, Figure 3-7. Moreover, the low-velocity region 

very close to the fracture wall can be attributed to the expansion of the void space in the 

vicinity of the fracture as the high-pressure fluid is permeating into the matrix, Figure 3-8. 

In the next step, we investigated the sensitivity of the results, i.e., injection pressure and 

fracture opening, to the injection rate, the fracturing-fluid viscosity, the leakoff coefficient, 

and the target formation’s Young’s modulus and Poisson’s ratio, as shown in Figures 3-9 

and 3-10. 

 

 

Figure 3-6: von-Mises stress contours on left in x-z plane and fracture opening on right in 

y-z plane after 40 minutes of injection with 20 bbl/min rate. In the left figure, 

displacements are magnified by the deformation scale factor of 200. 
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Figure 3-7: Pore-pressure contours on left and fluid velocity contours on right after 40 

minutes of injection with 20 bbl/min rate. The deformation scale factor is 200. 

 

 

Figure 3-8: Void ratio (=void volume/grain volume) in the top and low formations on left 

and in the target formation on right. Due to the different stress states in 

multiple layers, the initial uniform void ratio of 0.165 has been differentiated 

into two ranges in the layers. 

Figures 3-9a through 3-9c shows that increasing the pumping rate has three evident 

consequences: (1) a steeper early injection pressure gradient, which is reasonable due to 

the faster fluid accumulation and pressure build-up in the perforation zone and less time 

for the fluid leakoff, (2) higher fracture aperture along the vertical and horizontal axes due 

to the less leakoff time, and (3) more upward fracture propagation, Figure 3-9b, due to the 

minimum horizontal stress gradient with depth and the local stress re-distribution after the 

initialized values in Figure 3-2. The last observation causes two consequences: (1) the 

occurrence of maximum fracture opening above the wellbore, which is qualitatively in 
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agreement with the experimental results from El-Rabaa (1989); and (2) lower global 

maximum injection pressure as the fracture growth in the upper layers requires less 

pumping pressure. This latest consequence may contradict the common knowledge that the 

injection pressure increases with injection rate. This conclusion, however, may be drawn 

from a 2D hydraulic-fracturing model where height growth is not investigated at all or 

assumed constant along the fracture. More importantly, a 2D model cannot include the 

horizontal stress gradient with depth, and the resulting lower injection pressure due to 

upward height growth. Notably, according to Table 3-1, the upper and lower rock layers in 

our model possess stiffer and tougher poroelastic and fracture properties, respectively, and 

the upward fracture growth can only be attributed to the freedom of the fracture to 

propagate upward due to stress state and operational conditions.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 71 

  
(a) Injection pressure at various pumping rates (b) Fracture opening along the vertical axis in 

Figure 3-1 at various pumping rates 

  
(c) Fracture opening along the horizontal axis in 

Figure 3-1 at various pumping rates 
(d) Injection pressure at different fracturing-fluid 

viscosities 

Figure 3-9: Sensitivity of the injection pressure, and the fracture opening on the vertical 

and horizontal axes, to the injection flow rate and the fracturing-fluid 

viscosity, for a single-stage fracture. The results are compared at the end of 

the injection time which depends on the injection rate with the constant 

pumping volume of 800 bbl in all cases. The default properties in all cases are 

Q=40 bbl/min, µ=1 cp, E=3.0e+6 psi, and =0.27 besides all other parameters 

specified in Tables 3-1 and 3-2. 
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(e) Fracture opening along the vertical axis in 

Figure 3-1 at different fracturing-fluid viscosities 
(f) Fracture opening along the horizontal axis in 

Figure 3-1 at different fracturing-fluid viscosities 
 

Figure 3-9 (continued): Sensitivity of the injection pressure, and the fracture opening on 

the vertical and horizontal axes, to the injection flow rate and the fracturing-

fluid viscosity, for a single-stage fracture. The results are compared at the end 

of the injection time which depends on the injection rate with the constant 

pumping volume of 800 bbl in all cases. The default properties in all cases are 

Q=40 bbl/min, µ=1 cp, E=3.0e+6 psi, and =0.27 besides all other parameters 

specified in Tables 3-1 and 3-2. 
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Figures 3-9d through 3-9f shows that the variation of the fracturing-fluid viscosity 

does not influence the fracture propagation in the studied cases. In other words, perturbing 

the fluid pressure draw-down along the fracture by the viscosity variations does not 

significantly influence the fracture characteristics; the fracture growth is not viscosity but 

toughness-dominated. This can be also examined by fitting the asymptotic proportionality 

of 𝜔~𝑠𝑛(where 𝜔, s, and n are respectively the fracture opening, the distance from the 

fracture tip, and an exponent defining the crack propagation regime) into our numerical 

results and comparing the fitted exponent with the common values of 1/2 for LEFM-based 

cracks and 2/3 for viscosity-dominated cracks (Detourney et al. 2007; Bunger et al. 2004). 

This curve fitting was conducted for the fracture aperture in Figure 3-9f concluding the 

best fitting exponent of 0.1 which is far away from the associated values for LEFM-based 

and viscosity-dominated fractures.  

Figures 3-10a through 3-10f shows that the Young’s modulus of 2000 ksi and 

Poisson’s ratio of 0.25 provide the longest and narrowest fractures, which is favorable in 

fracturing shale formations. Moreover, these figures demonstrate the significance of 

Young’s modulus and Poisson’s ratio in fracture characteristics as a slight change in these 

parameters can drastically alter the results.  

Figures 3-10g through 3-10i demonstrates the significant effect of leakoff 

coefficient on the fracturing-fluid pressure, and the fracture height, length, and aperture. 

The Darcy-based leakoff coefficient in our model lumps together the fracturing-fluid 

viscosity, and the permeability and thickness of the filter cake formed on the fracture walls. 

The ultra-low matrix permeability in the formations such as shales causes an extremely 

low fracturing-fluid filtration on the fracture walls, which leads to the formation of a very 

thin filter cake with a relatively high leakoff coefficient. The imminent higher leakoff 

coefficients in shale formations magnify the effect of the matrix permeability in the 
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fracturing-fluid invasion. This effect is demonstrated comparing the differences in results 

due to increasing the leakoff coefficient from 1.53e-3 to 1.53e-2 and from 1.53e-2 to 1.53e-

1 bbl/ksi.min. In the second increment which does not influence the fracture opening as 

much as the first one, the matrix permeability plays a more important role than the leakoff 

coefficient in controlling the fracture growth and configuration.  

 

  
(a) Injection pressure depending on the 

formation’s Young’s modulus 

(b) Fracture opening along the vertical axis 

depending on the formation’s Young’s modulus 

  

(c) Fracture opening along the horizontal axis in 

Figure 3-1 depending on the formation’s Young’s 

modulus 

(d) Injection pressure for different formation’s 

Poisson’s ratios 

Figure 3-10: Sensitivity of the injection pressure, and the fracture opening on the vertical 

and horizontal axes, to the target formation’s Young’s modulus and Poisson’s 

ratio, and leakoff coefficient for a single-stage fracture. The results are 

compared at the same state as the ones in Figure 3-9. 
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(e) Fracture opening along the vertical axis for 

different formation’s Poisson’s ratios 

(f) Fracture opening along the horizontal axis in 

Figure 3-1 for different formation’s Poisson’s 

ratios 

  

(g) Injection pressure for different leakoff 

coefficients 

(h) Fracture opening along the vertical axis for 

different leakoff coefficients 

 

Figure 3-10 (continued): Sensitivity of the injection pressure, and the fracture opening on 

the vertical and horizontal axes, to the target formation’s Young’s modulus 

and Poisson’s ratio, and leakoff coefficient for a single-stage fracture. The 

results are compared at the same state as the ones in Figure 3-9. 
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(i) Fracture opening along the horizontal axis in Figure 3-1 for different leakoff coefficients 

 

Figure 3-10 (continued): Sensitivity of the injection pressure, and the fracture opening on 

the vertical and horizontal axes, to the target formation’s Young’s modulus 

and Poisson’s ratio, and leakoff coefficient for a single-stage fracture. The 

results are compared at the same state as those in Figure 3-9. 
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All graphs for the fracturing-fluid pressure hold a common feature of high pressures 

at early times and gradual decline afterwards; this trend is commonly observed in the 

published field data [e.g., by Daneshy (2011)]. The gradual pressure decline at later times 

can be due to the wider traction surface for the fracturing-fluid pressure, which maintains 

the fracture open with less pressure values. Furthermore, the early-time high injection 

pressure can originate from the following: (1) relatively small initial fracture (perforation) 

which requires higher tractions or injection pressures for fracture propagation; (2) the 

coarse meshes used in these simulations which were created based on the computational 

restrictions on the number of elements for field scale, and fast hydraulic-fracturing 

simulations; and (3) too high cohesive strength or stiffness, which motivates further studies 

in the next section, cohesive layer characterization. The early limited fracture length 

demonstrates another advantage of our model compared to LEFM; the later model holds 

as long as the fracture length (here, the characteristic length) remains long enough with 

respect to the size of the fracture tip process zone, which is not valid at early times. 

 

3.5.2 Cohesive layer characterization 

Single-stage fracture: Our ultimate goal from this section is to mitigate the 

numerical contributions in the high injection pressure at early times. For this purpose, we 

initiated a series of numerical experiments to progressively characterize cohesive layers 

with the following constraints for acceptable results: (1) restriction of the fracture growth 

toward the upper and lower horizontal boundaries by higher cohesive stiffness values for 

the bounding upper and lower layers compared to those for the target layer; (2) reduction 

of the cohesive layer stiffness for all layers for a better stress behavior in the adjoining 

material; (3) reduction of the ultimate stress for a better fracture tip solution; and (4) 
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restriction of the fracture toughness by an upper limit according to the typical values 

reported in the literature, for instance, by Jacot et al. (2010) for the Marcellus Shale, and 

by a lower limit according to the required energy release rate for an appropriate progressive 

damage response. The latest lower limit on the fracture toughness is required as the 

resultant critical energy release rate by Equation (3-5) must conclude displacements at total 

failure bigger than that at fracture initiation considering that the critical energy release rate 

is equal to the area under the traction–separation response, Figure 2-2a. The progressive 

characterization is accomplished sequentially on the following properties: (1) cohesive 

layer stiffness; (2) energy release rate multiplier, 𝛽, in Equation (3-5); (3) the relative 

fracture toughness of the target layer with respect to the bounding layers; and (4) cohesive 

strength. Nevertheless, further investigations showed that the above sequence does not 

significantly influence the characterization. Obviously, due to the integration of cohesive 

layer properties in a mixed-mode traction–separation response, changing one property 

causes a change in the other properties. For instance, assuming constant critical energy 

release rate and cohesive strength, changing the cohesive layer stiffness would change the 

ultimate separation, 𝛿𝑚
𝑓

. The change in ultimate separation would be important provided 

that we were certain about the value of this parameter, and that we pursued an accurate 

solution for progressive damage inside the fracture tip process zone embracing a couple of 

finite elements. None of these two situations are viable in the current work due to the lack 

of reliable experimental data for the ultimate separation and the computational limitations 

on the number of elements for our field-scale model. Thus, for the characterization of the 

cohesive stiffness, strength, and critical energy release rate, we adjust the ultimate 

separation, 𝛿𝑚
𝑓

, honoring desired values for the other properties. Notably, the following 

results demonstrate the plausibility of this approach since high injection pressures mainly 
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originate from the elastic segment in the traction–separation response and progressive 

damage has negligible effect on that. 

 

  
(a) Injection pressure (b) Fracture opening along the vertical axis 

 
(c) Fracture opening along the horizontal axis 

Figure 3-11: Sensitivity of the injection pressure, and the fracture opening on the vertical 

and horizontal axes, to the cohesive layers’ stiffness for single-stage 

fracturing. The cohesive layer stiffness for the three layers is defined as αEadj, 

Equation (3-1), and the default values for α, alpha(default) in the above 

figures, are equal to 500, 100, and 500 for the low, target, and top layers, 

respectively. The cohesive layers’ stiffness is reduced by a constant 

multiplier.       
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Figures 3-11a through 3-11c shows that the proportional variation of cohesive 

layer stiffness for all layers has significant effect on the injection pressure and negligible 

effect on the fracture opening along the vertical and horizontal axes. Moreover, the 

reduction of the cohesive layer stiffness is not always favorable as the stiffness equal to 

one fourth of the default value leads to a spike in injection pressure at early times. 

According to these figures, 0.5𝛼default corresponds to the lowest cohesive layer stiffness 

which eliminates the early-time spike in the injection pressure. In the following 

characterization steps, we used this optimum value for the target layer and perturbed that 

for the bounding layers. 

Figures 3-12a through 3-12c demonstrates that the variation of the cohesive layer 

stiffness for the bounding layers negligibly changes the injection pressure and significantly 

influences the fracture opening and containment. Moreover, a propagated fracture to the 

upper layer penetrates shorter in the target formation. The favorable combination for the 

cohesive layer stiffness corresponds to 𝛼 equal to 50 for all layers because of the following: 

(1) a higher cohesive layer stiffness for the bounding layers does not necessarily contain 

the fracture in the target layer, which is obvious in the case for “alpha = 100–50–100” 

where the first, second, and third alpha values are assigned to the low, target, and top layers, 

respectively; (2) due to the possible spurious oscillations for high 𝛼, the lowest values are 

desirable; and (3) the changes in the fracture opening are negligible excluding the case for 

“alpha = 100–50–100”. 
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(a) Injection pressure (b) Fracture opening along the vertical axis 

 

(c) Fracture opening along the horizontal axis 

Figure 3-12: Sensitivity of the injection pressure, and the fracture opening on the vertical 

and horizontal axes, to the cohesive layers’ stiffness of the bounding layers 

for single-stage fracturing and constant 𝛼 (=50) for the target layer. The 

cohesive layer stiffness for the three layers is defined as αEadj, Equation (3-

1). The first, second, and third values for 𝛼 (alpha) in the legends corresponds 

to the low, target, and top layers, respectively. 
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Figures 3-13a through 3-13c show that the increment of the critical energy release 

rate multiplier, 𝛽, for the bounding layers up to 30 times causes longer and thinner fractures 

contained more in the target layer, while the higher values push the solution back to that 

for the base case of 𝛽 equal to 1 (see the graphs for 𝛽 = 100–1–100 where the first, second, 

and third 𝛽 values correspond to the low, target, and top layers, respectively). In these 

figures, the widely accepted phenomenon that higher critical energy release rates in the 

bounding layers lead to more fracture containment in the target layer is followed by a 

relatively uncommon trend observed in the graph for “beta = 100–1–100”, which requires 

further investigation. From these figures, the preferable 𝛽 is equal to unity for all layers 

because of these facts: 1) higher values of 𝛽 than two provide unrealistic increments in the 

critical energy release rates, Equation (3-5), according to Jacot et al. (2010) where the 

toughness for the Marcellus Shale is reportedly restricted to the interval of 1000–1500 

psi.in1/2 and concludes a range of the critical energy release rate with the max/min ratio 

equal to 2.25; and 2) doubling b for the bounding layers does not significantly change the 

fracture opening. 
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(a) Injection pressure (b) Fracture opening along the vertical axis 

 
(c) Fracture opening along the horizontal axis 

Figure 3-13: Sensitivity of the injection pressure, and the fracture opening on the vertical 

and horizontal axes, to the energy release rate multiplier, 𝛽, Equation (3-5), 

for single-stage fracturing and 𝛼=50 psi for all layers. The first, second, and 

third value for 𝛽 (beta) in the legends corresponds to the low, target, and top 

layers, respectively. 
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(a) Injection pressure (b) Fracture opening along the vertical axis 

 
(c) Fracture opening along the horizontal axis 

Figure 3-14: Sensitivity of the injection pressure, and the fracture opening on the vertical 

and horizontal axes, to fracture toughness or stress intensity factor for single-

stage fracturing and α=50 and β=1 for all layers. The first, second, and third 

values for the fracture toughness, “KI,II” in the legends, correspond to the low, 

target, and top layers, respectively. 

Figures 3-14a through 3-14c show the effect of ductility of the bounding layers 

compared to the target layer by maintaining the difference in fracture toughness for the 

target and bounding layers equal to 600 psi.in1/2
 for fracture containment. 600 psi.in1/2 is 

the toughness variation in the Marcellus Shale reported by Jacot et al. (2010). Apparently, 
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the fracture toughness negligibly influences injection pressure and fracture opening, which 

can originate from the coarse mesh used in these simulations. Nevertheless, limiting the 

computational expenses using this coarse mesh facilitates the study of a field-scale 

reservoir and hydraulic-fracture model. From Figure 3-14, our preferable toughness values 

are 1600, 1000, and 1600 psi.in1/2 for the low, target, and top layers, respectively, which is 

in agreement with the reported values by Jacot et al. (2010). 

Figures 3-15a through 3-15c show the significant effect of the cohesive layer 

strength, damage-initiation or ultimate stress, on injection pressure and fracture opening. 

The reduction of the ultimate stress down to 25, 6.25, and 25 psi for the low, target, and 

top layer, respectively, removes the early-time peak in injection pressure, one of our main 

goals in the cohesive layer characterization, and also improves the convergence rate of the 

solution. Moreover, the increment of the ultimate stress up to 100, 12.5, and 100 psi for the 

low, target, and top layers, respectively, negligibly influences the fracture opening and 

height growth. Therefore, the preferred values for the cohesive layers’ strength are 25, 6.25, 

and 25 psi for the low, target, and top layers, respectively. Generally, lower cohesive layer 

strengths are advantageous as they improve the solution in the cohesive zone by including 

more finite elements in the softening region ahead of the fracture (Turon et al. 2007).  
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(a) Injection pressure (b) Fracture opening along the vertical axis 

 
(c) Fracture opening along the horizontal axis 

Figure 3-15: Sensitivity of the injection pressure, and the fracture opening on the vertical 

and horizontal axes, to the cohesive layers’ strength (ultimate stress) for 

single-stage fracturing, 𝛼=50, 𝛽=1, and KI,II=1600-1000-1600 psi.in1/2. The 

first, second, and third value for the cohesive layers’ strength in the legends 

corresponds to the low, target, and top layers, respectively. 

In addition to the above analyses, we investigated the effect of 휂, the mode-mixity 

exponent in the BK model, Equation (2-6), on the injection pressure and fracture opening. 

This effect was negligible as our model contained a single fracture and the only active 

fracturing mode was the opening mode. However, in a multiple-stage fracturing case, the 
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shearing mode can dominate the opening mode due to the strong shear stress interactions 

of the closely spaced fractures. These interactions can cause slow or unattainable 

convergence for the double-stage fracturing. This problem might originate from a 

restriction in this model where hydraulic fractures are able to propagate only on a vertical 

plane, which is slightly different from the generally accepted trend where hydraulic 

fractures deviate from a plane due to the mixed-mode fracture propagation (Wong et al. 

2013). In other words, shear failure in this model must intuitively coincide with 

simultaneous damage in a great number of cohesive elements on a plane, which may cause 

convergence issues. Hence, multi-stage fracturing in our model requires more refinement 

on the cohesive layer properties to suppress unrealistic massive shear failure, which is 

addressed in the next subsection.  

Double-stage fracture: As mentioned above, the shear stress interaction in multi-

stage fracturing contributes adversely in the convergence and causes the simulations to 

crash in the cases with the latest characterized cohesive layer properties. To mitigate this 

problem, we had to increase the shear strength, 𝑡𝑠
0, and stiffness [using 𝛼 in Equation (3-

1)] of the cohesive layers, and consequently, shearing mode fracture toughness, 𝐾𝑠𝑠,𝑐, as 

reported in Table 3-3. Apparently, we can treat fracturing under the tearing mode similar 

to the shearing mode as our fracture model is 3D and distinguishing these two modes of 

fracturing is hardly possible; therefore, we assumed the same values for the corresponding 

properties of these two fracturing modes. Also, we optimized viscous regularization, 

Equation (2-7), case by case and reached the average value of 0.025 for all simulations. 

Furthermore, for a reasonable computational time, we selected the operational parameters 

as reported in Table 3-4. 
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Properties Layers 

Top Formation Target Formation Low Formation 

𝛼 (alpha) in Equation (3-1) 60 

𝛽 (beta) in Equation (3-5) 1 

𝐾𝑛𝑛 (psi-in) 1,600 

𝐾𝑠𝑠, 𝐾𝑡𝑡 (psi-in) 3,200 

𝑡𝑛
0 (psi) 80 12.5 80 

𝑡𝑠
0 , 𝑡𝑡

0 (psi) 3,400 

Table 3-3: Optimal values for the cohesive layer properties after numerical experiments. 

Parameter Value 

Pump rate (bbl/min) 40 (ramp up linearly in the first 100 seconds) 

Injection time (min) 8.3  

Number of perforation clusters 2 

Cluster spacing (ft) 33, 66 

Table 3-4: Hydraulic-fracturing operation data for double-stage fracturing. 

 

3.5.3 Double fracture 

One of the advantages of our 3D fracturing model is its capability to simulate the 

propagation of limit-less number of fractures on pre-defined cohesive layers; of course, the 

more the cohesive layers, the more the computational expenses and convergence issues. In 

order to attain a fundamental understanding of stress interactions in multi-stage fracturing, 

we modeled the simultaneous and sequential propagation of two fractures on parallel 

planes with 33- and 66-ft spacing. In order to investigate the height growth of fractures as 

a result of stress interactions, we assumed the same properties for the porous media in the 

three layers and included layered heterogeneities by assigning different fracture properties 

for the layers as presented in Table 3-3.  

Figure 3-16 demonstrates the tight stress interaction of fractures with each other in 

a sequential fracturing case with 33-ft spacing. Despite the desirable symmetrical 

propagation of the left (first-stage) fracture at the end of injection in the corresponding 
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perforation, the ultimate left fracture aperture is not desirable since the ultimate maximum 

aperture in this fracture is significantly deviated upward, which can potentially disconnect 

the fracture from the wellbore. The stress interaction between fractures gets more obvious 

considering the shorter and wider right fracture which is deviated downward and ultimately 

hits the lower boundary.  
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(a) Left fracture (b) Interaction 

 

(c) Right fracture 

Figure 3-16: Fracture opening (in m) and interaction for the double-stage, sequential 

fracturing case with 33-ft spacing and fracturing the left perforation before 

the right one. In Figure 3-16b, the displacements are magnified 200X for 

demonstration purposes. 

Figure 3-17 shows the left (first-stage) fracture closure as a result of the right 

(second-stage) fracture propagation in a sequential case with 66-ft fracture spacing. This 
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closure is more detrimental than that in the previous case as the left fracture is totally 

disconnected from the wellbore despite that the left fracture was ideally symmetric right 

after injection in that fracture. Moreover, the extreme fracture closure around the wellbore 

pushed the maximum fracture aperture toward the fracture tip, which is reasonable due to 

the fracturing-fluid partial entrapment in the fracture space. This irregularity in the fracture 

aperture apparently performed as a barrier for the further propagation of the right fracture 

causing a shorter and wider right fracture. 

Figure 3-18 demonstrates the fracture aperture due to the stress interactions in a 

simultaneous fracturing case with 33-ft fracture spacing. Compared to the previous cases, 

this simulation concluded higher quality fractures as they propagated longer and taller, and 

are better connected to the wellbore. Nevertheless, despite the expected identical fracture 

growth at both perforations in this case, the stress interactions pushed the left and right 

fractures upward and downward, respectively, and resulted in an irregular right fracture 

pattern. This observation resembles the spontaneous upward and downward displacement 

of two identical plastic balls being pushed with increasing force against each other. 
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(a) Left fracture (b) Interaction 

 
(c) Right fracture 

Figure 3-17: Fracture opening and interaction for the double-stage, sequential fracturing 

case with 66-ft spacing and fracturing the left perforation before the right one. 

In Figure 3-17b, the displacements are magnified 200X for demonstration 

purposes. 
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(a) Left fracture (b) Interaction 

 
(c) Right fracture 

Figure 3-18: Fracture opening and interaction for the double-stage, simultaneous fracturing 

case with 33-ft spacing. In Figure 3-18b, the displacements are magnified 

200X for demonstration purposes. 

Figure 3-19 shows the fracture aperture for a double-stage simultaneous fracture 

propagation with 66-ft spacing. Obviously, this case results in the best fracture geometries 

and the previously observed adverse effects of stress interaction are not dominating here. 
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(a) Left fracture (b) Interaction 

 

(c) Right fracture 

Figure 3-19: Fracture opening and interaction for the double-stage, simultaneous fracturing 

case with 66-ft spacing. In Figure 3-19b, the displacements are magnified 

200X for demonstration purposes. 

Table 3-5 summarizes the results from four investigated cases at various fracturing 

scenarios and spacing. This table confirms that the best fracture geometry is obtained at 

simultaneous fracturing and 66-ft spacing.  
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   Scenario     
               

Spacing  

Simultaneous Sequential 

 
 
 
 

10 m 

 

 
 
 
 
 

20 m 

 
 

Table 3-5: Summary of the fracture propagation patterns at various fracturing scenarios 

and spacing. 

Figure 3-20 shows the following: (1) typical leakoff contours and the extension of 

the hydraulic fractures out of the target formation during the double fracture propagation, 

Figure 3-20a; and (2) a typical plot of pore pressure along the fracture horizontal axis, 

Figure 3-20b. 
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(a) Leakoff and fracture size 

 
(b) Pore-pressure profile 

Figure 3-20: Supplementary results for the simultaneous, double-stage fracturing case with 

66-ft spacing: (a) leakoff contours (in m3/s); and (b) the cohesive element pore 

pressure along the horizontal axis of the fractures at the end of the injection 

and equilibrium. Here, “equilibrium” is defined by the rate of change of pore 

pressure with time less than 0.1 kPa/s.          

Figure 3-21 compares the injection pressure in the sequential and simultaneous 

fracturing scenarios with 33- and 66-ft fracture spacing. As shown in this figure, in the 
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sequential cases, the required pumping pressure for fracturing the second stage is higher 

than the first stage and the spacing has a negligible effect on this pressure. The higher 

injection pressure for the second stage demonstrates the stress shadowing effect of fractures 

on each other while the injection pressure independency from the spacing can be attributed 

to the type of boundary condition, the minimum horizontal stress, in this study and the 

freedom of the second-stage fixed boundary conditions concludes a significantly higher 

injection pressure for double-stage fracturing than single-stage fracturing. Also, in the 

simultaneous fracturing cases, the required injection pressure for both stages is exactly the 

same, as the perforation spots have similar operational and gridding situations.  

 

 

Figure 3-21: Comparison of the injection pressure for double-stage fracture propagation in 

the sequential and simultaneous fracturing scenarios. The abbreviation terms 

in the legends; “Seq”, “Simul”, “S33”, “S66”, “Left”, and “Right”, refer to 

the sequential and simultaneous fracturing cases, the spacing equal to 33 and 

66 ft (~ 10 and 20 m), and left and right injection spots, respectively.    
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Figure 3-22 compares the fracture opening profiles along the horizontal axis of the 

fractures. Due to the strong stress shadowing effect of fractures on each other, we observe 

the following: (1) first-stage fracture closure near the perforation due to the growth of the 

second-stage fracture in both sequential cases, 33-ft and 66-ft spacing; (2) shorter and 

wider second-stage fractures; (3) moving the maximum first-stage fracture aperture from 

the wellbore toward the fracture tip dynamically during the second-stage fracturing and 

entrapment of injected volume in the first-stage fracture.  

 

 

Figure 3-22: Comparison of the fracture opening along the fracture’s horizontal axis at the 

end of injection for double-stage fracture propagation in the sequential and 

simultaneous fracturing scenarios. The abbreviations mean the same as those 

in Figure 3-21. 

Figure 3-23 demonstrates the same effect explained above by the comparison of 

the fracture opening along the vertical axis of the fractures. According to this figure, the 

stress shadowing effect of the fractures on each other cause the following: (1) the 
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downward growth of the second-stage fracture until the lower boundary in the sequential 

fracturing case with 33-ft spacing; and (2) strong dependence of the fracture height and 

upward shift, on the fracture spacing.  

 

 

Figure 3-23: Comparison of the fracture opening along the fracture’s vertical axis for the 

double-stage fracture propagation in the sequential and simultaneous 

fracturing scenarios. The abbreviations mean the same as those in Figure 3-

21. 

The upward and downward fracture propagation in the sequential fracturing cases 

might be allegedly associated with numerical errors or asymmetric reservoir geometry and 

boundary conditions. Nonetheless, these two factors can only cause minor disturbance in 

the fracture height growth compared to the significant role of stress interactions between 

fractures on propagation pattern. One may validate this hypothesis comparing the fracture 

opening at two different fracturing sequences: (1) injection sequentially in the left and right 

perforations (Scenario 1); and (2) injection sequentially in the right and left perforations 

-100

-80

-60

-40

-20

0

20

40

60

80

100

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

H
e
ig

h
t 

(f
t)

 

Fracture opening (in)

Seq-S33-Left Seq-S33-Right Seq-S66-Left Seq-S66-Right

Simul-S33-Left Simul-S33-Right Simul-S66-Left Simul-S66-Right



 100 

(Scenario 2). This comparison is conducted in Figure 3-24 for the case of 33-ft fracture 

spacing. This figure shows that switching the sequence of injection in the perforations 

alternates the left and right fracture patterns; for instance, the left fracture opening in 

Scenario 1 is close enough to the right fracture opening in Scenario 2. The difference 

between the plots can originate from the numerical errors or the reservoir geometry not 

being perfectly symmetric whereas the opening trends are dominated by the sequence of 

injection and stress interactions between fractures. Furthermore, these results introduce the 

implementation of infinite elements as a more rigorous method to construct a symmetric 

structural model since the following alternatives for infinite elements conclude asymmetric 

and over-constrained structural models, respectively: (1) loading one side and fixing the 

other side; (2) loading both sides and fixing a point or line on the symmetry line. 
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(a) Fracture opening along the fracture’s horizontal axis 

 

 
(b) Fracture opening along the fracture’s vertical axis 

Figure 3-24: Comparison of the fracture opening at the end of injection for double-stage 

fracture propagation in the sequential fracturing scenario. The abbreviations 

mean the same as those in Figure 3-21. Scenarios 1 and 2 denote the left-right 

and right-left sequences of injection, respectively. 

 

3.6 HIGHLIGHTS OF THE CHAPTER 

In this chapter, using a fully coupled pore-pressure-stress analysis, we solved three 
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modeled using a pore-pressure cohesive zone model, an advantageous model with respect 

to LEFM for quasibrittle rocks such as shales due to a more rigorous treatment with the 

process zones ahead of the fracture tips. This advantage was demonstrated by the very low 

value for the power of the matched exponential asymptote to the fracture opening profile 

along the fracture. Moreover, LEFM is not valid in early fracturing times when fractures 

are not long enough and comparable in size with the fracture tip process zone.  

We examined the feasibility, accuracy, and advantage of eliminating the boundary 

condition for the minimum in-situ horizontal stress using the infinite elements in 

Abaqus/Standard. These elements provided us with the following: (1) the quiet boundaries 

and constant minimum horizontal stress on the left and right walls of the domain of interest, 

(2) faster converging solutions and fewer number of time step cut-off during the solution, 

and (3) the implementation of purely symmetric boundary conditions compared to the cases 

of, for instance, fixed wall on one side and pressure on the opposite side. For validation 

purposes, we compared the results from the case with the infinite elements and the case 

substituting the infinite elements with the C3D8RP elements. These results agree with 

each other while the solution with infinite elements is significantly faster than the other 

one. 

Afterwards, we inspected the sensitivity of the pumping pressure and fracture 

opening to the pumping rate, the fluid viscosity, the leakoff coefficient, and the target 

formation’s Young’s modulus and Poisson’s ratio, all at typical ranges in hydraulic-

fracturing operations and rock properties. We concluded the following: (1) the higher 

injection rates lead to longer, wider, and taller fractures with more upward propagation 

intensions and lower injection pressures; (2) the effect of the fluid viscosity in the studied 

range of 1–50 cp on the fracture characteristics is negligible; (3) the leakoff coefficient can 

significantly influence the fracture geometry; (4) softer rocks with lower Young’s moduli 
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are favorable for longer narrower fractures, and there is no proportional change in fracture 

length, width, and injection pressure to the change in Young’s Modulus; for instance, in 

Figures 3-10a through 3-10c. From Figures 3-10d through 3-10f, the change in Poisson’s 

ratio can significantly alter the results and this alteration is not proportional to the value of 

the Poisson’s ratio. We modeled hydraulic fracturing through an intact reservoir rock using 

cohesive layers. Due to the lack of experimental data or standard testing methods 

exclusively for the cohesive mechanical properties of our intact rock, we refined cohesive 

layer(s) properties running sensitivity analyses on the most influential and uncertain 

parameters: the cohesive layer stiffness multiplier, 𝛼; fracture initiation stress; fracture 

toughness; and the energy release rate multiplier, 𝛽. For single-stage fracturing, the results 

verified the suggested values of 50 for 𝛼, and 1 for 𝛽 in the literature. Moreover, the 

reduction of the fracture initiation stress significantly influenced the injection pressure and 

removed the peak at early times. For double-stage fracturing, due to the dominant shearing 

mode, we achieved a converging solution for all fracturing scenarios by a slightly higher 

𝛼 and considerable increase in the fracture toughness and fracture initiation stress for both 

shearing and tearing modes. Production from ultra-low permeable shale gas resources 

requires closely spaced hydraulic fractures which have mechanical interactions or stress 

shadowing effects with each other. We showed the benefits of modeling multiple-stage 

fractures using our numerical method, FEM, demonstrating the stress shadowing effect of 

pre-existing or simultaneously growing fractures on the other fractures. This effect was 

observed in the following: (1) first-stage fracture closure in the injection spot due to the 

growth of the second-stage fracture in the sequential cases; (2) severe upward or downward 

fracture growth; and (3) higher required injection pressure for the second stage in the 

sequential fracturing cases. Overall, based on our simulations and for the specific reservoir 

conditions in this chapter, the best fracture geometries can be achieved in the simultaneous 
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fracturing scenario with 66-ft spacing. The total fracture height can reach 180 ft for single- 

and double-stage fracturing depending on the number of fractures, spacing, and the fracture 

sequence. Moreover, changing the fracturing sequence from simultaneous to sequential 

significantly changes the fracture height, and leads to uneven fracture growth. The fractures 

will not be fully contained in thin target layers as our simulations under various solid and 

fracture properties demonstrated the extension of the fracture to the upper and lower layers. 
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Chapter Four XFEM-Based CZM for the Simulation of 3D Multiple-

Cluster Hydraulic Fracturing in Quasibrittle Shale Formations1  

4.1 SUMMARY 

The planar cohesive zone model which was proposed in Chapters Two and Three 

assumes a predefined surface on which the fractures propagate and therefore, restricts the 

fracture propagation direction. Notably, this direction depends on the stress interactions 

between closely spaced fractures and can be acquired by integrating CZM as the segmental 

contact interaction model with a fully coupled pore-pressure-displacement model based on 

the extended finite element method (XFEM). This integrated model, called XFEM-based 

CZM, simulates the fracture initiation and propagation along an arbitrary, solution-

dependent path. 

In this chapter, we modeled a single stage of 3D hydraulic fracturing initiating from 

three perforation clusters in a single-layer, quasibrittle shale formation using planar CZM 

and XFEM-based CZM including slit flow and poroelasticity for fracture and matrix 

spaces, respectively, in Abaqus. We restricted the XFEM enrichment zones to the 

stimulation regions as enriching the entire domain leads to extremely high computational 

expenses and unrealistic fracture growth around sharp edges. Moreover, we validated our 

numerical technique by comparing the solution for a single fracture with KGD solution, 

and demonstrated several precautionary measures in using XFEM in Abaqus for faster 

solution convergence, for instance the initial fracture length and mesh refinement.        

We demonstrated the significance of the injection rate and stress contrast in fracture 

aperture, injection pressure, and the propagation direction. Moreover, we showed the effect 

                                                 
1The content of this chapter is published in the proceedings of the 5th International Conference on Coupled 

Thermo-Hydro-Mechanical-Chemical (THMC) Processes in Geosystems: Petroleum and Geothermal 

Reservoir Geomechanics and Energy Resource Extraction (Haddad and Sepehrnoori 2015b), the proceedings 

of the 2015 AADE National Technical Conference and Exhibition (Haddad and Sepehrnoori 2015c), and 

Journal of Rock Mechanics and Rock Engineering (Haddad and Sepehrnoori 2016).  
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of the stress distribution on fracture propagation direction comparing the triple-cluster 

fracturing results from planar CZM with those from XFEM-based CZM. We found that the 

stress shadowing effect of hydraulic fractures on each other can cause these fractures to 

coalesce, grow parallel, or diverge depending on cluster spacing. We investigated the effect 

of this arbitrary propagation direction on not only the fractures’ length, aperture, and the 

required injection pressure, but also the fractures’ connection to the wellbore. This 

connection can be disrupted due to the near-wellbore fracture closure which may embed 

proppant grains on the fracture wall or screen out the fracture at early times. Our results 

verified that the near-wellbore fracture closure strongly depends on the following: 1) the 

implemented model, planar or XFEM-based CZM; and 2) fracture cluster spacing. 

Ultimately, we proposed the best fracturing scenario and cluster spacing to maintain the 

fractures connected to the wellbore. 

 

4.2 INTRODUCTION 

In contrast to the classical FEM, the extended finite element method (XFEM) can 

simulate the fracture propagation along arbitrary paths independent of the mesh. Recently, 

this method has been extended in Abaqus for the simulation of hydraulic fracturing by 

adding “edge” phantom nodes with pore-pressure degree of freedom besides the previously 

developed “corner” phantom nodes (Dassault Systèmes 2014a; Zielonka et al. 2014); we 

call this method as XFEM-based CZM. Compared to the most commercial hydraulic-

fracturing simulators in the upstream oil and gas industry (Adachi et al. 2007) or even the 

recently developed models (Wong et al. 2013), the new capability provides the following 

improvements: 1) more plausible model for quasibrittle rocks; 2) fully coupled pore-

pressure/stress analysis for the matrix and arbitrarily propagating fracture; 3) leakoff model 
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based on fluid continuity and coupled with matrix deformation; 4) ability to include 

reservoir heterogeneities; and 5) fracturing simulation under the disturbed stress 

distribution due to the previous completion stages.  As a summary, Table 4-1 compares 

various existing models in the substantially important aspects for the petroleum industry. 

As observed in this table, XFEM-based CZM and peridynamics dominate the other 

methods in most aspects in addition to the fact that XFEM-based CZM is computationally 

less expensive than peridynamics. 

 
Model 

 
Characteristic 

Displacement 
Discontinuity 

Cohesive 
Zone Model 

(CZM) @FEM 

DEM Peridynamics XFEM-
based 
CZM 

Solution-dependent 
propagation 

direction 

Yes No No Yes Yes 

Hydraulic and 
natural-fracture 

interactions 

Yes Yes Yes Yes Yes 

Complex leakoff 
and Poroelastic 

effects 

No Yes Yes Yes Yes 

Heterogeneity No Yes Yes Yes Yes 

Low Computational 
expenses 

Yes No No No No 

Single meshing No Yes Yes Yes Yes 

Table 4-1: Comparison of various numerical methods for the simulation of hydraulic 

fracturing (following the technical interactions with Dr. Hisanao Ouchi). 

The theme of the current chapter is to apply the recently developed XFEM-based 

CZM in Abaqus for the simulation of simultaneous triple-cluster hydraulic fracturing at 

various cluster spacing and compare the results with those from the conventional CZM 

with pre-defined planar cohesive layers. We narrow down our investigation to the 

simultaneous fracturing scenarios considering the results presented in the previous chapter 

about the superiority of the simultaneous fracturing scenario to achieve the best fracture 
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geometries (Haddad and Sepehrnoori 2015a). This chapter includes additional geometric 

and physical characteristics such as nonplanar fracture propagation, stress interactions 

between hydraulic fractures, and onset of the coalescence or divergence of fractures.  

 

4.3 METHOD 

In order to avoid re-meshing during the hydraulic-fracturing simulation, and to 

improve the fracture tip solutions, a mesh independent crack growth model, XFEM, was 

proposed in the works done by Belytschko and Black (1999) and Moes et al. (1999). 

Compared to the other FEM-based crack simulation methods, XFEM demonstrates several 

advantages such as the following: 1) arbitrary fracture-growth direction predicted based on 

the current stress state close to the fracture tip; 2) easier initial crack definition; 3) simpler 

mesh refinement studies; 4) improved convergence rates in the case of stationary cracks; 

and 4) application in general static and implicit dynamic procedures (Dassault Systèmes 

2014a). XFEM incorporates the discontinuous geometry, the fracture, and the 

discontinuous field by enriching the finite element basis functions, Equation (4-1), after 

Belytschko and Black (1999) based on the partition of unity method of Babuska and 

Melenk (1997). The enrichment functions must be selected based on the class of problems, 

which includes a priori knowledge of the partial differential equation behavior into the 

finite element space (singularities and discontinuities). The enrichment functions for the 

fracture modeling problems are Heaviside and crack tip asymptotic functions which 

represent a displacement jump across the crack face and the crack tip singularity, 

respectively, as shown in Figure 4-1. The later enrichment is derived from the solution of 

bi-harmonic equation very close to the tip of a single semi-infinite crack.  
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Figure 4-1: A schematic single fracture enrichment on tips and wall. 

𝑢ℎ(𝑥) = ∑ 𝑁𝐼(𝑥)[𝑢𝐼 + 𝐻(𝑥)𝑎𝐼 + ∑ 𝐹𝛼(𝑥)𝑏𝐼
𝛼4

𝛼=1 ],𝐼𝜖𝑁                                                     (4-1) 

where 𝑢ℎ(𝑥) is the displacement at location x, 𝑁𝐼(𝑥) is the conventional shape function, 

𝑢𝐼 is the nodal degree of freedom for the conventional shape function, 𝐻(𝑥) is the 

Heaviside enrichment function, 𝑎𝐼 is the nodal enrichment degree of freedom for jump 

discontinuity on fracture walls, 𝐹𝛼(𝑥) is the crack tip enrichment (asymptotic) function, 

Equation (4-2), and 𝑏𝐼
𝛼 is the nodal degree of freedom for the crack tip enrichments.  
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where (𝑟, 휃) represents the location of the nodes of the element containing the crack tip in 

a local polar coordinate system centered on the crack tip. 

The Heaviside enrichment uses the phantom node approach to model splitting of 

an element into two parts (Song et al. 2006) based on the superposed element formulation 

(Hansbo and Hansbo 2004). Furthermore, CZM is applicable in XFEM to quantify the 

magnitude of the discontinuity, the displacement jump across the crack faces, and to 

establish crack initiation and propagation criteria using mixed-mode formulae such as BK 

law (Benzeggagh and Kenane 1996). Figure 4-2 demonstrates the cohesive traction-

separation response indicating the damage initiation and evolution and the required 

parameters for a generalized CZM model. Moreover, as shown in Figure 4-3, the 

incorporation of planar CZM in a fully coupled pore-pressure-stress analysis concludes a 
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complicated pore fluid flow pattern in the porous media close to the fracture walls and tip, 

which disapproves the application of Carter’s linear, 1D leakoff model (Howard and Fast 

1957). 

 

 

Figure 4-2: Typical cohesive traction-separation law with linear damage evolution in a 

cohesive zone model (CZM) (Haddad and Sepehrnoori 2015a). Cohesive 

behavior is generally constituted of the elastic response followed by 

progressive damage after fracture initiation. 
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Figure 4-3: Complex fluid flow pattern around the fracture tip due to the low-pore-pressure 

region or large matrix deformation (extension) inside the fracture tip process 

zone (Haddad and Sepehrnoori 2015a). The contours show the pore-pressure 

distribution in kPa. This result was generated using quasistatic, soils 

consolidation analysis using the planar CZM for fracture propagation in 

Abaqus.   

Nevertheless, the cohesive response in XFEM-based CZM does not include the 

elastic part in Figure 4-2 and the cohesive layer undergoes progressive damage at zero 

separation when the fracture initiation criterion is satisfied, Figure 4-4. Notably, the elastic 

response is inherently included in the elastic deformation of the porous media ahead of the 

fracture tip before further fracture propagation.   

 

 



 114 

 

Figure 4-4: Cohesive traction-separation law in a XFEM-based CZM. The cohesive 

behavior is only constituted of the progressive damage after fracture 

initiation. 

Furthermore, in XFEM, a method is required to locate the discontinuity; for 

instance, level set method (LSM). A level set of a real-valued function is the set of all 

points at which the function attains a specified value. This method is a popular technique 

for representing surfaces in interface tracking problems since for instance, XFEM cracks 

require the value of this function only at nodes belonging to elements cut by the crack. 

Generally, two functions Φ and Ψ are used for a complete description of crack faces and 

tips. However, only one level set function,Φ is sufficient to locate a crack if the crack 

propagates always up to the element edges. Using LSM in XFEM eases the calculation of 

contour integrals compared to traditional mesh-dependent methods since the level set 

values at the nodes in an element automatically provide the required data for the contour 

integral. 
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4.4 COMPUTATIONAL REMARKS 

Using XFEM in Abaqus requires the following considerations: 

1) In order to remove the crack tip enrichments, XFEM cracks propagate 

completely through at least one element in an increment (probably, after several non-

propagating increments) and only the initial crack tip can lie within an element.  

2) The early-time fast-marching solution for fracture propagation demands well-

located initial fractures relative to the enriched nodes on the boundary; an ideally located 

initial fracture makes equal distance with the enriched nodes on both sides, whereas the 

initial cracks tangential to element boundaries may lead to divergence. 

3) XFEM in Abaqus is intended to model a single or a few non-interacting cracks 

in the structure (shattering cannot be modeled). Only one crack is allowed to cross an 

element. Cracks are not able to deviate more than 90° in one increment and are not capable 

of branching.  

4) The enrichment region should exclude “hotspots” due to boundary conditions or 

other modeling artifacts. Otherwise, unintended cracks may initiate at such locations. 

Furthermore, a material model with damage should be applied only to enriched regions. 

For regions which are not enriched, an extra material model without damage is preferable.  

5) In order to achieve a converged XFEM solution in Abaqus, we must use a locally 

refined mesh around the fracture propagation path; the degree of refinement depends on 

the problem and requires numerical experiments.  

6) A mixed-mode fracture propagation highly depends on the type of the boundary 

conditions; for instance, fixing normal displacements on boundaries in two directions in a 

3D model does not provide enough freedom for the fractures to propagate on an arbitrary 

direction and may lead to divergence.  
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7) A robust and fast time integration method occasionally requires several time step 

reductions (cut-back) depending on the fracture propagation step; the maximum number of 

attempts (cut-back) per time increment can be set up in Solution Controls tab in Abaqus 

(Dassault Systèmes 2014a).  

8) The phantom nodes associated with the enriched nodes on the boundary must be 

constrained according to the corresponding boundary condition for displacement.  

9) Using the maximum-principal-stress criterion for fracture initiation in the 

conventional CZM model does not conclude a fracture propagation solution while this 

criterion works well in XFEM-based CZM. On the contrary, the quadratic nominal stress 

criterion provides a reasonable fracturing solution for the conventional CZM model but 

unrealistically straight fracture propagation for the XFEM-based CZM. 

10) The edge phantom nodes on the boundaries in the XFEM-based CZM have the 

freedom to move out of the boundaries, as shown in Figure 4-5, unless all active edge 

phantom nodes are fixed accordingly, which is not feasible in the current version of 

Abaqus, 6.14-2 (Dassault Systèmes 2014a).    

11) For the fast early-time convergence of the solution, the initial fractures should 

cross fewer elements. According to our experience, crossing several elements with an 

initial crack causes fracture walls to penetrate into each other, which may lead to 

divergence, as shown in Figure 4-6.    

12) Fracture propagation on the edge of an element may conclude unrealistic 

solutions hindering symmetric fracture propagation on symmetric geometries, as shown in 

Figure 4-7. This may occur any time in the middle of the run and more frequently when 

the fracture tip strikes through the region with coarser mesh.     
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Figure 4-5: Undesirable displacement of the edge phantom nodes on the fracture walls out 

of the boundaries or in z-direction. Displacements are magnified by the 

deformation scale factor of 200. 

 

 

Figure 4-6: Fracture wall penetration due to the long, initial fractures in the hydraulic-

fracturing case with 20-meter cluster spacing. The right fracture edge has 

disappeared due to the penetration into the left fracture wall. Displacements 

are magnified 600X for a better demonstration of penetration.   

 

 

Figure 4-7: Undesirable fracture propagation on an element edge. Displacements are 

magnified 100X for a better fracture demonstration. The propagation of this 

fracture stopped in the shown state and further fluid injection led to the 

solution divergence.   
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13) The proposed model in this chapter is capable of including the slit-flow 

simulation along the XFEM fracture(s) via edge phantom nodes which are internally 

assigned to the elements crossed by the hydraulic fracture(s). A better control on the fluid 

flow model may be achieved via implementing an iterative algorithm between the 

fracturing model and an external fracture flow model as proposed by Khodabakhshnejad 

(2016).  

  

4.5 MODEL CONSTRUCTION 

Hydraulic-fracturing simulation using XFEM-based CZM is computationally more 

expensive than that using planar CZM as the reasonable convergence of the solution during 

fracture deviation in XFEM requires a very fine mesh in a large enrichment zone whereas 

the pre-defined fracture path in planar CZM needs a refined mesh very close to the cohesive 

layer(s). Due to the restrictions in dynamic mesh refinement during XFEM analysis in 

Abaqus and the computational limits on the number of elements, we conduct the sensitivity 

studies using a single layer (along the depth direction) of adequately fine mesh (in the 

horizontal plane) using 3D solid elements with pore-pressure degree of freedom, C3D8P. 

Notably, our implemented XFEM-based CZM method is capable of simulating fully 3D 

hydraulic fracturing with higher computational expenses as demonstrated in the 3D case. 

Moreover, the solution from this model configuration can be simply validated in a 

comparison with the analytical solution provided by Geertsma and de Klerk (1969) as 

presented in this chapter. Due to the advantages of simultaneous hydraulic fracturing 

compared to sequential one (Haddad and Sepehrnoori 2015a), we restrict our investigation 

to a simultaneous fracturing scenario with three fractures (clusters) per stage, Figure 4-8. 

We define one enrichment zone per fracture with the variable enrichment zone size; the 
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middle fracture supposedly propagates straight, which requires a thin enrichment zone, 

Enrichment Zone 2. For better mesh size transition, we use the sweep meshing technique 

with advancing front (Dassault Systèmes 2014a). The input parameters of the conceptual 

model can be found in Tables 4-2 and 4-3 and the validation cases are defined by Tables 

4-4 and 4-5. We assume the injection rate is equal for all clusters due to the proper and 

different design of the perforations for the three clusters. Also, we assume that the reservoir 

consists of a homogeneous, isotropic, and linear-elastic rock, and the damage initiates and 

evolves satisfying the maximum-principal-stress criterion and using the mixed mode BK 

energy model, respectively (Dassault Systèmes 2014a). We discretely perturb the default 

values of various parameters in order to investigate their effect on our fully coupled 

poroelastic solution, and to approach the real field data.  
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Figure 4-8: The demonstration of computational domain with 66,793 continuum solid 

elements with pore-pressure degree of freedom, C3D8P. The depth direction 

is into the surface and the geometry thickness is one meter. The initial 

fractures are spaced by 7 meters and one-meter long. The minimum and 

maximum horizontal stresses are along the x and y axes, respectively.      
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Properties Value 

Formation thickness (m) 1.0 

Sh,min,tot (kPa) 1000; 10 000 

SH,max,tot (kPa) 1100; 11 000 

Initial reservoir pore pressure (kPa) 800; 8000 

Depth (m) (assuming ~ 0.7 psi/ft for Sh,min,tot gradient) 63 (default); 630 

Initial porosity,  (dimensionless) (at zero pore 
pressure, stress, and zero strain) 

0.25 

Effective permeability (mD) 2.50 

Poisson’s ratio,  (dimensionless) 0.25 

Young’s modulus, E (106 kPa) 1.294 

Mode-I and Mode-II critical energy release rates,  
𝐺𝐼

𝑐 and 𝐺𝐼𝐼
𝑐  (kN/m) 

28 

Mode-I and Mode-II damage initiation stresses, 𝑡𝐼
0 and 𝑡𝐼𝐼

0  
(kPa) 

320 

Leakoff coefficient (m3/kPa.s) 5.879E-10 

Stabilization parameter 0.02 (default); 0.03 

Element type C3D8P 

Table 4-2: Parameters for the conceptual model with a single layer of C3D8P elements. 

 
Parameter Value 

Number of stages 1 

Number of clusters per stage 3 

Max. pump rate (m3/sec/cluster) 1.0E-3 

Injection amplitude curve Ramp up linearly in the first 200 seconds 

Injection time (seconds) 3,000 

Cluster spacing (m) 7 (default), 13, 20 

Injection fluid density (kg/m3) 1000 

Viscosity (cp) 1 

Fracturing-fluid power law exponent 
(dimensionless) 

0.95 

Table 4-3: Operational properties of the conceptual model. 
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Properties Value 

Formation thickness (m) 42 

Sh,min,tot (kPa) 55 180 

SH,max,tot (kPa) 55 250 

Initial reservoir pore pressure (kPa) 55 180 

Depth (m) (assuming ~ 0.7 psi/ft for Sh,min,tot gradient) 3483 

Initial porosity,  (dimensionless) (at zero pore 
pressure, stress, and zero strain) 

0.12 

Effective permeability (mD) 0.5 (Case 1); 5.0 (Cases 2, 3)  

Poisson’s ratio,  (dimensionless) 0.23 

Young’s modulus, E (106 kPa) 20.69 

Mode-I and Mode-II critical energy release rates,  
𝐺𝐼

𝑐 and 𝐺𝐼𝐼
𝑐  [kN/m] 

1.4E-10, 1.4E-1  

Mode-I and Mode-II damage initiation stresses,  

𝑡𝐼
0 and 𝑡𝐼𝐼

0  (kPa) 

1380, 27 590 

Leakoff coefficient (m3/kPa.s) 5.879E-10 (Case 1);  
5.879E-09 (Case 2);  
5.879E-12 (Case 3) 

Stabilization parameter 0.03 

Element type CPE4P 

Table 4-4: Parameters for the 2D validation case. 

 
Parameter Value 

Number of stages 1 

Number of clusters per stage 1 

Max. pump rate  
[m3/sec/cluster/m (unit thickness)] 

6.346E-5 

Injection amplitude curve Step injection with the maximum rate  
at initial time 

Injection time (seconds) 3 

Injection fluid density (kg/m3) 1000 

Viscosity (cp) 2 

Fracturing-fluid type Newtonian 

Table 4-5: Operational properties in the 2D validation case. 

 

4.6 RESULTS AND DISCUSSION 

As the first step in the development of models based of XFEM for hydraulic 

fracturing, we attempted to validate our numerical simulation for a single fracture 
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propagation with the analytical solution by Geertsma and de Klerk (1969). This solution is 

developed for a plane-strain, vertical, fluid-driven fracture propagating in a homogeneous, 

impermeable formation, and symmetric in two wings from a vertical infinitely long 

wellbore with uniform injection rate along the wellbore. Moreover, the horizontal stress 

gradient with depth, the fracturing-fluid pressure gradient along the crack, and the 

fracturing-fluid leakoff into the formation are assumed equal to zero in this analytical 

solution. Also, the fracturing fluid is assumed Newtonian, and flowing mono-directional 

toward the crack tip, within the laminar regime (low Reynolds numbers) and fully 

developed as Poiseuille velocity profile across the crack thickness from the wellbore to the 

crack tip.   

The derivation of this solution starts from the pioneering mathematical solutions of 

Muskhelishvili (1953) and applying integral transformation by Sneddon (1973) for a crack 

under arbitrary pressure loads along the crack. In order to avoid the unphysical stress 

singularity at the crack tip, “zipper cracks” concept (Valko and Economides 1995) offers 

a smooth crack tip closure using a negative pressure distribution (so-called cohesive stress) 

near the crack tip within the so-called cohesive or unwetted zone with length 𝑐. In a 

limiting approach where the cohesive zone size, 𝑐, converges to zero, the crack opening 

profile then converges to an elliptical shape with the width at location x equal to 

(4�̅� �́�⁄ )√𝑥𝑓
2 − 𝑥2 where �̅� denotes the constant fluid pressure along the crack, 𝑥𝑓 

represents the crack half-length, and �́� represents the plane-strain modulus and equal to 

𝐸 (1 − 2)⁄  where E and  are Young’s modulus and Poisson’s ratio, respectively. �̅� can 

be assumed equal to the fracture mouth pressure as the fluid pressure gradient along the 

crack is assumed equal to zero in this analytical solution. Due to the laminar flow regime, 

the fully developed velocity profile, and the Newtonian fluid, the pressure gradient along 
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the crack can be expressed as 12𝜇𝑓𝑄 𝐻𝑤3⁄  where 𝜇𝑓 denotes the fluid viscosity, 𝑄 is the 

total volumetric injection rate, 𝐻 represents the crack height, and w is the crack thickness. 

Hence, the fracture mouth pressure can be obtained from Equation (4-3): 

𝑃𝑤 − 𝑃0 = (12𝜇𝑓𝑄𝑥0 𝐻⁄ )(1 𝑥0⁄ ) ∫ (𝑤(𝑥))
−3

𝑑𝑥
𝑥0

0
,                                                       (4-3) 

where 𝑃0 is the fluid pressure at 𝑥0 which is equal to 𝑥𝑓 − 𝑐. Assuming that 𝑃0 and 𝑐 are 

equal to zero and 0.0877𝑥𝑓, respectively (Valko and Economides 1995), and substituting 

the corresponding equation for the crack width in Equation (4-3), we can conclude the 

fracture mouth pressure (FMP), half-length (𝑥𝑓), and mouth opening displacement 

(FMOD) according to Equations (4-4) through (4-6), respectively (Valko and Economides 

1995):  

FMP = 𝑆ℎ,min,tot + 1.09(�́�2𝜇𝑓)
1/3

𝑡−1/3,                                                                       (4-4) 

𝑥𝑓 = 0.539 (
�́�𝑄3

𝜇𝑓𝐻3)
1/6

𝑡2 3⁄ ,                                                                                             (4-5) 

FMOD = 2.36 (
𝜇𝑓𝑄3

�́�𝐻3 )
1/6

𝑡1 3⁄ ,                                                                                         (4-6) 

where 𝑆ℎ,min,tot denotes the confinement far-field pressure, i.e., total minimum horizontal 

stress. 

Our fully coupled pore-pressure-stress analysis urges a criterion on the minimum 

allowable time increment which is inversely proportional to the rock permeability and 

directly proportional to the element size according to the criterion suggested by Vermeer 

and Verruijt (1981) as expressed in Equation (2-27). Thereby, we preferentially use high 

permeability values in order to limit the mesh refinement and thereby, the computational 

expenses. This may cause discrepancies between our numerical solutions and KGD 

solution due to the non-zero leakoff in our solution and zero leakoff in KGD solution. 

Therefore, as shown in Table 4-6, we designed three XFEM cases with different leakoff 

coefficients in order to investigate the effect of the fluid leakoff into the matrix on the 
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fracture propagation solution. All these cases conclude negligible leakoff volumes and 

almost 100% fluid efficiencies, which shows the negligible effect of our assumption (high-

permeability values) on the fracture growth. This assumption and its consequences on the 

fluid efficiency is valid for all fracturing cases in this dissertation as we have used 

permeability and leakoff coefficient values close to those in these XFEM cases.       

 
Case Crack Vol. (𝒎𝟑) Leakoff (𝒎𝟑) 100 × (Leakoff /  

Inj. Vol.) (%) 

Fluid Efficiency  

(=Frac. Vol. /  

Inj. Vol.) (%) 

Analytical 1.9085E-4 

(=Inj. Vol.) 

0.0 0.0 100 

XFEM Case 1 1.9058E-4 2.6871E-7 0.14 99.86 

XFEM Case 2 1.8736E-4 3.4932E-6 1.83 98.17 

XFEM Case 3 1.9042E-4 4.3474E-7 0.23 99.77 

Table 4-6: Comparison of the crack volume and the total fracturing-fluid leakoff from the 

analytical and numerical solutions for a single fracture propagation case. 

 

 

Figure 4-9: Comparison of the numerical and analytical fracture mouth pressure (FMP) for 

a single fracture propagation case. 
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Figure 4-10: Comparison of the numerical and analytical fracture mouth opening 

displacement (FMOD) for a single fracture propagation case. 

 

 

Figure 4-11: Comparison of the numerical and analytical fracture opening profile. 
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Figures 4-9 through 4-11 compare, respectively, FMP, FMOD, and fracture 

opening profile obtained from our numerical solution for a single fracture propagation with 

those from the analytical solution by Geertsma and de Klerk (1969).     

Figures 4-12 through 4-14 demonstrate the fracture propagation results for 7-,    

13-, and 20-meter cluster spacing, respectively. According to these figures, fracture cluster 

spacing can influence fracture propagation in a variety of patterns from fracture 

coalescence to divergence. At 7-meter cluster spacing (Figure 4-12), the side fractures 

propagate slightly toward the left and right boundaries at early times while they coalesce 

the middle fracture after 1,683 seconds of simulation. In this solution, fracture propagation 

is restricted to an exclusive enrichment zone, which hurdles the physical coalescence of 

multiple fractures; however, the implemented model predicts the eminent proximity of 

fracture coalescence provided that the width of the enrichment zones is selected cautiously. 

The right contours in Figures 4-12 through 4-14 show the maximum principal stress to 

better demonstrate the stress shadowing effect of fractures on each other, which better 

explains the fracture propagation pattern.  

Furthermore, the propagation of the side fractures in 7-meter (Figure 4-12) and 13-

meter (Figure 4-13) cluster spacing closes the middle fracture at the injection point, which 

may crush the proppant grains, embed them on the fracture walls, or transport them with 

the bulk of the fracturing fluid toward the fracture tip; all these effects adversely influence 

the gas productivity of the middle fracture. The same phenomenon can be observed in the 

case with 20-meter cluster spacing, Figure 4-14, where the side fractures close up at the 

injection points due to the growth of the middle fracture. Moreover, the further propagation 

of the side fractures in 20-meter cluster spacing causes a compressional region right ahead 

of the middle fracture (the circular, small blue region ahead of the middle fracture tip in 
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the right picture of Figure 4-14), which prevents the middle fracture to grow as long as the 

other fractures.   

Moreover, the fractures in 13-meter cluster spacing remain almost parallel up to the 

end of the simulation whereas the middle fracture grows longer than the others. This special 

configuration causes the proximity of a high fluid pressure zone, within the middle fracture, 

and the low pore-pressure zones around the left and right fracture tips, which concludes the 

fluid communication between the side fractures and the middle fracture. This fluid 

communication can be correlated to the tensile maximum-principal-stress zones between 

the side fracture tips and the middle fracture considering more severe fluid leakoff from 

the middle fracture toward the side fractures, Figure 4-13. As stated before, our fully 

coupled pore-pressure-stress analysis using XFEM-based CZM can provide rigorous 

solutions for the complex physics around the fracture tips including the nonlinear fluid 

flow patterns around fractures.        

 

  

Figure 4-12: Pore-pressure (left) and maximum-principal-stress (right) contours (in kPa) 

after 1,683 seconds of simulation for triple-cluster simultaneous hydraulic 

fracturing at 7-meter cluster spacing. Fracture coalescence hindered further 

time marching. Fracture lengths are 65, 116, and 53 meters left to right. The 

displacements are magnified 150X for a better fracture demonstration. 
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Figure 4-13: Pore-pressure (left) and maximum-principal-stress (right) contours (in kPa) 

after 4,000 seconds of simulation for triple-cluster simultaneous hydraulic 

fracturing at 13-meter cluster spacing. Fractures did not coalesce up to the 

end of simulation. Fracture lengths are 125, 194, and 107 meters left to right. 

The displacements are magnified 150X for a better fracture demonstration. 

  

Figure 4-14: Pore-pressure (left) and maximum-principal-stress (right) contours (in kPa) 

after 2,883 seconds of simulation for triple-cluster simultaneous hydraulic 

fracturing at 20-meter cluster spacing. Fractures diverged in geometry up to 

the coarse element region. Fracture lengths are 103, 59, and 103 meters left 

to right. The displacements are magnified 150X for a better fracture 

demonstration.     

Figure 4-15 compares the injection pressure and fracture aperture at the injection 

point for the middle perforation. The results for 20-meter cluster spacing follow different 

trends from those for the other cluster spacing values; this is consistent with the middle 

fracture configuration, as shown in Figure 4-14, as the middle fracture at 20-meter cluster 

spacing grows shorter in length and therefore, expands more in aperture, which leads to a 

wider aperture at the injection point. As stated before, the compressional region ahead of 
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the middle fracture resists further propagation of the middle fracture, which significantly 

contributes in the high injection pressure and fracture aperture at the injection point for the 

middle fracture.  

 

  

Figure 4-15: Comparison of the injection pressure (left), and fracture aperture at the 

injection point (right), both for the middle perforation, at various cluster 

spacing. 
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determined using numerical experiments and is preferentially adjusted high enough in 

order to obtain an appropriate load carrying capacity through the cohesive layer. 

Figures 4-16 and 4-17 respectively demonstrate the injection pressure and fracture 

aperture at the injection point for various clusters using planar and XFEM-based CZM 

models. Both models show the same general trend for the studied parameters whereas the 

XFEM-based CZM predicts higher values for these parameters compared to those from the 

planar CZM.     

As shown in Abaqus Benchmarks Guide (Dassault Systèmes 2014b) for the 

propagation of hydraulically driven fracture using XFEM, the solution from XFEM-based 

CZM is highly sensitive to mesh refinement such that an extremely fine mesh can conclude 

an XFEM solution very close to the planar CZM solution. Nonetheless, the investigated 

problem in the above reference is a single-cluster 2D hydraulic-fracturing problem with a 

known propagation path which restricts mesh refinement to a narrow region around itself. 

However, in a multi-cluster hydraulic-fracturing problem, the mesh refinement region 

cannot be restricted to a small area as multiple interacting fractures exist in the model and 

an accurate estimation of this interaction or the stress shadowing effect requires mesh 

refinement in a big region, Figure 4-8. Therefore, even with a very fine mesh, the solution 

for the injection pressure still depends on the mesh, Figure 4-16. Moreover, this difference 

in the injection pressure may originate from two other reasons: 1) more freedom of the 

XFEM fractures to interact with each other and to change the fracture geometries including 

closure or diversion of fractures; and 2) XFEM embeds the asymptotic crack tip solution 

in the shape functions of enriched element containing the fracture tip, which causes much 

higher fracture tip stresses in contrast to CZM which limits the fracture tip stress to a pre-

defined value. Considering these, the difference in the injection pressure may look 

reasonable. 
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The planar CZM results in a lower fracture aperture at the injection point compared 

to that from the XFEM-based CZM, as shown in Figure 4-17. This trend can be attributed 

to the following issues: 1) inadequate mesh refinement around the fractures; and 2) the 

higher cohesive layer stiffness compared to the adjoining material’s stiffness in the planar 

CZM in contrast to undefined cohesive layer stiffness in XFEM-based CZM, as shown in 

Figure 4-4.    

 

Figure 4-16: Comparison of the injection pressure at various clusters in the planar CZM 

model (Cohesive in the legends) and XFEM-based CZM model (XFEM in 

the legends). Both models use QUADS, quadratic nominal stress, as the 

fracture initiation criterion and hence, fractures do not deviate in these 

models. 

 

 

Figure 4-17: Comparison of the fracture opening (aperture) at the injection point in the 

planar CZM model (“Cohesive” in the legends) and XFEM-based CZM 

model (“XFEM” in the legends). Both models use QUADS, quadratic 

nominal stress, as the fracture initiation criterion and hence, fractures do not 

deviate in these models.  
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4.8 PARAMETRIC STUDY 

The above results were produced at low horizontal stresses and low stress contrast 

(the difference between minimum and maximum horizontal stresses), which concluded 

long fracture propagation and high deviations. In order to demonstrate the effect of the 

stress contrast and absolute values of the stresses on fracture deviation, we investigated 

fracture propagation at 7-meter cluster spacing for a range of maximum horizontal stresses, 

keeping the minimum horizontal stress constant, and amplifying pore pressure and stresses 

10 times those in the previous results as stated in Table 4-2. This stress amplification shifts 

input data toward more realistic field values. 

As observed in Figure 4-18, higher absolute values for stresses and pore pressure 

conclude lower fracture deviation meaning that the fractures intend to grow longer without 

coalescence or divergence. Moreover, increasing the stress contrast or the maximum 

horizontal stress leads to less deviation of the side fractures and the middle fracture closure, 

which agrees with the middle fracture configuration at low stresses, Figure 4-12. Therefore, 

fracture propagation and deviation highly depends on the maximum horizontal stress or 

stress contrast, and the absolute values of the stresses.  
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(a)  𝑆𝐻,𝑚𝑎𝑥,𝑡𝑜𝑡 = 9.9 MPa (b)  𝑆𝐻,𝑚𝑎𝑥,𝑡𝑜𝑡 = 10.0 MPa 

  

(c)  𝑆𝐻,𝑚𝑎𝑥,𝑡𝑜𝑡 = 10.1 MPa (d)  𝑆𝐻,𝑚𝑎𝑥,𝑡𝑜𝑡 = 10.2 MPa 

  

(e)  𝑆𝐻,𝑚𝑎𝑥,𝑡𝑜𝑡 = 10.5 MPa (f)  𝑆𝐻,𝑚𝑎𝑥,𝑡𝑜𝑡 = 11.0 MPa 

Figure 4-18: Maximum-principal-stress contours (in kPa) at 7-meter cluster spacing for 

various maximum horizontal stresses, SH,max,tot, and constant minimum 

horizontal stress equal to 10.0 MPa, after 1,801 seconds of simulation. The 

initial pore pressure was 8.0 MPa. For a better fracture demonstration, 

displacements are amplified 50X. 

In order to quantify the effect of the stress contrast on the properties of hydraulic 

fractures, we compared the injection pressure and fracture aperture at the injection point 
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for left, middle, and right perforations in Figures 4-19, 4-20, and 4-21, respectively. These 

figures show that the maximum horizontal stress negligibly effects the injection pressure 

and fracture aperture at the injection point for various perforations. Nevertheless, a 

variation in the injection pressure can be observed for different maximum horizontal 

stresses around 150 seconds of injection, which can originate from the nonplanar fracture 

propagation and the stress interaction of fractures with each other.     

Figures 4-19 and 4-21 show consistent left and right fracture closure at the injection 

point as the opening of the left fracture coincides with the closure of the right fracture after 

1,000 seconds of injection. Moreover, Figure 4-20 shows that the middle fracture closes up 

to 2 millimeters after 300 seconds of injection; this aperture is almost equal to the initial 

fracture aperture and demonstrates the negligible contribution of the middle fracture in 

production. 

 

  

Figure 4-19: Comparison of the injection pressure (left figure), and fracture aperture or 

opening at the injection spot (right figure), both for the left perforation, at 

various maximum horizontal stresses, SH,max,tot, and constant minimum 

horizontal stress, Sh,min,tot equal to 10.0 MPa. 
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Figure 4-20: Comparison of the injection pressure (left figure), and fracture aperture or 

opening at the injection spot (right figure), both for the middle perforation, at 

various maximum horizontal stresses, SH,max,tot, and constant minimum 

horizontal stress, Sh,min,tot equal to 10.0 MPa. 

 

  

Figure 4-21: Comparison of the injection pressure (left figure), and fracture aperture or 

opening at the injection spot (right figure), both for the right perforation, at 

various maximum horizontal stresses, SH,max,tot, and constant minimum 

horizontal stress, Sh,min,tot equal to 10.0 MPa. 

Figure 4-22 shows the effect of the injection rate on fracture pattern and stress 

interactions by comparing the maximum-principal-stress distribution having injected 

around 1.9 m3 of the fracturing fluid in each perforation at various injection rates. As 

observed here, among these three cases, the best fracture configuration with the least 

stresses interference occurs at Case (b) where the injection rate is equal to 0.002 

m3/s/perforation. This result promotes the idea of the existence of an optimum injection 

rate. The case with the highest injection rate obviously does not conclude an optimal 
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stimulation as the fractures grow wider and shorter, which leads to more stress interactions 

of the fractures. Moreover, the case with the lowest injection rate provides more time for 

fluid leakoff, which may dominate the poroelastic effects in the stress interactions of 

fractures and/or cause fluid fracture communications at low cluster spacing. This 

conclusion, however, requires further investigations at higher and lower injection rates with 

finer injection rate increments.    

  
(a) 0.001 m3/s/perforation (b) 0.002 m3/s/perforation 

 

 

(c) 0.01 m3/s/perforation  

Figure 4-22: Comparison of the fracture propagation pattern and maximum principal stress 

for various injection rates per perforation, equal to 0.001, 0.002, and 0.01 

m3/s/perforation in the left, middle, and right figures, respectively. The 

injected volume in all cases is around 1.9 m3 per perforation. The maximum 

and minimum horizontal stresses and initial pore pressure are equal to 10.2, 

10.0, and 8.0 MPa, respectively.  Fracture cluster spacing is 7 meters. 

Displacements have been magnified 50X for a better fracture demonstration. 
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Figure 4-23 compares the injection pressure and fracture aperture at the right 

injection point at various injection rates in the left and right figures, respectively. As shown 

in these figures, higher injection rates conclude a higher injection pressure and fracture 

aperture. The higher injection pressure at higher injection rates may originate from the 

following: 1) the higher pore-pressure drawdown in the surrounding formation at higher 

leakoff rates; and 2) the higher hydraulic pressure drop along the fractures due to the higher 

viscous friction at higher flow rates.  Moreover, the higher fracture aperture at higher 

injection rates seems reasonable as the fracturing fluid requires time to permeate (leak off) 

into the matrix and at higher injection rates, more fracturing fluid remains in the fracture 

space and hence, concludes a wider fracture.  

 

  

Figure 4-23: Comparison of the injection pressure (left figure) and the fracture aperture 

(right figure) at the right perforation for various injection rates per perforation. 

Fracture cluster spacing is 7 meters and the maximum and minimum 

horizontal stresses are equal to 10.2 and 10.0 MPa, respectively. The initial 

pore pressure is 8.0 MPa. 
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4.9 FULLY 3D FRACTURE PROPAGATION CASE 

In order to demonstrate the capabilities of the current technique to model 3D 

nonplanar hydraulic-fracture propagation, we designed a 3D case for 7-m spacing of three 

fracture clusters as shown in Figures 4-24 and 4-25. We reduced the computational 

expenses by simulating only a quarter of the symmetric fracture propagation with respect 

to the horizontal wellbore assuming that the minimum and maximum horizontal stresses 

are constant through depth and the gravity effects are negligible. The properties of this 

model can be found in Tables 4-7 and 4-8.  

 
Properties Value 

Formation thickness (m) 25 

Sh,min,tot (kPa) (constant with depth) 1000 

SH,max,tot (kPa) (constant with depth) 1100 

Svert,tot (kPa) 1200 

Initial reservoir pore pressure (kPa) 800 

Depth (m) (assuming ~ 0.7 psi/ft for Sh,min,tot gradient) 63 

Initial porosity,  (dimensionless) (at zero pore 
pressure, stress, and zero strain) 

0.25 

Effective permeability (mD) 2.5 

Poisson’s ratio,  (dimensionless) 0.25 

Young’s modulus, E (106 kPa) 1.29 

Mode-I and Mode-II critical energy release rates,  
𝐺𝐼

𝑐 and 𝐺𝐼𝐼
𝑐  (kN/m) 

28 

Mode-I and Mode-II damage initiation stresses,  

𝑡𝐼
0 and 𝑡𝐼𝐼

0  (kPa) 

320 

Leakoff coefficient (m3/kPa.s) 5.879E-10 

Stabilization parameter 0.02 

Element type C3D8P 

Table 4-7: Parameters for the full 3D case. 
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Parameter Value 

Number of stages 1 

Number of clusters per stage 3 

Max. pump rate  
(m3/sec/cluster) 

2.0E-3 

Injection amplitude curve Ramp up linearly in the first 200 
seconds  

Injection time (seconds) 200 

Injection fluid density (kg/m3) 1000 

Viscosity (cp) 1 

Fracturing-fluid power law exponent 
(dimensionless) 

0.95 

Table 4-8: Operational properties in the full 3D case. 

Figures 4-24 and 4-25 show the true 3D nonplanar fracture growth and divergence 

due to the stress shadowing effect of fractures on each other. As a result, the middle-cluster 

fracture grows longer and narrower than the side fractures. As shown in Figure 4-25, the 

stress interactions between the 3D growing fractures causes more height growth of the 

middle fracture and more length growth of the side fractures. The 3D nonplanar growth of 

the side fractures and further height growth of the middle fracture have been also observed 

by Wong et al. (2013) using displacement discontinuity method and Sobhaniaragh et al. 

(2016) using XFEM. 
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Figure 4-24: S11 stress component distribution and fracture geometry on the symmetrical 

vertical plane holding the injection points and the horizontal wellbore, and 

after 200 seconds of injection. This model contains 89,250 pore-pressure solid 

continuum elements, C3D8P. Refer to Figure 4-25 for 3D nonplanar fracture 

demonstrations.   

 

Figure 4-25: S11 stress component contours and 3D nonplanar fracture geometries after 200 

seconds of injection. 

Figure 4-26 compares the injection point’s fracture opening and hydraulic pressure 

through time for these three fractures. The similar results for the side fractures 

demonstrates the symmetricity of our model with respect to the middle fracture. As this 

figure shows, all three fractures grow similarly at early times (e.g., in the first 40 seconds) 

in contrast to their diverse behavior at later times where the middle fracture aperture at the 

injection point approaches to a platitude and the side fractures further open in consistence 
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with the middle fracture behavior. Moreover, the higher injection pressure for the side 

fractures is consistent with their higher aperture at the injection point. These lead to longer 

and narrower middle fracture as the side fractures perform against the opening of the 

middle fracture considering that all clusters receive the same flow rates or volumes.   

 

 

Figure 4-26: Comparison of fracture mouth opening displacement (FMOD), and fracture 

mouth pressure (FMP), for the left, middle, and right clusters.   

 

4.10 HIGHLIGHTS OF THE CHAPTER 

Using a fully coupled pore-pressure-stress, quasistatic, finite strain analysis, we 

solved 3D triple-cluster hydraulic-fracturing problems. The fractures were modeled using 

planar CZM and XFEM-based CZM; the first model is advantageous with respect to LEFM 

for quasibrittle rocks such as shales due to a more rigorous treatment with the process zones 

ahead of the fracture tips. In addition to this advantage, the second model releases the 

restriction on the fracture propagation plane in CZM meaning that XFEM-based CZM can 

simulate hydraulic fracturing on an arbitrary solution-dependent path. Mechanical 

interactions or stress shadowing effects of closely spaced hydraulic fractures concluded the 
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Coalescence and outward deviation of side fractures at various cluster spacing. 

 Possible fracture closure at the injection point for all clusters depending on the 

cluster spacing. 

The excessive opening of one side fracture can lead to the excessive closure of the 

other side fracture.  

Maximum horizontal stress can significantly influence the fracture propagation 

pattern whereas the effect on the injection pressure or fracture aperture at the perforation 

may be negligible. Therefore, the wellbore observations or measurements may not reflect 

the complexity of the hydraulic fractures deep into the formation. Moreover, higher 

injection rates may alter fracturing toward a better or worse propagation pattern.    

Building a model and grid dependence analysis using XFEM-based CZM are easier 

than planar CZM due to the element type, initialization and element crossing. Nevertheless, 

XFEM-based CZM requires adequately fine mesh close to fractures. Notably, the fracture 

propagation direction during the solution depends on an increasingly complex stress 

distribution (or stress shadowing effect) during the multiple-cluster fracturing simulation. 

Therefore, the refinement region where the prospective fractures propagate should be 

extended enough in order not to forcefully limit the accuracy of the solution or the 

convergence rate. On the other hand, the computational expenses significantly increase 

using higher number of elements and therefore, mesh should be carefully refined by 

investigating the slow-converging or diverged solutions in order to avoid the computational 

problems.  
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Chapter Five: Single-stage Fracture Design Using XFEM-Based CZM1 

5.1 SUMMARY 

In this chapter, we modeled double- and triple-cluster 3D hydraulic fracturing in a 

single-layer, quasibrittle shale formation using planar CZM and XFEM-based CZM as 

introduced in Chapter Two. Having compared the triple-cluster fracturing results from 

planar CZM with those from XFEM-based CZM, we found that the stress shadowing effect 

of multiple hydraulic fractures on each other can cause these fractures to rationally 

propagate out of plane; this also demonstrates the advantages of the second method 

compared to the first one. We investigated the effect of this arbitrary propagation direction 

on not only the fractures’ length, aperture, and the required injection pressure, but also 

fractures’ connection to the wellbore. Depending on the spacing and the number of clusters 

per stage, this connection can be gradually disrupted with time due to the near-wellbore 

fracture closure which may embed proppant particles on the fracture wall, or screen out the 

fracture at early stimulation times. Comparing all studied cases, we concluded that the 

double-cluster, simultaneous fracturing with 100-ft spacing provides the most viable 

fracture set for long-term production. 

 

5.2 MODEL CONSTRUCTION 

Similar to the cases in Chapter Four, the models in this chapter consist of a single 

layer of adequately fine mesh using 3D solid elements with pore-pressure degree of 

freedom, C3D8P (Dassault Systèmes 2014a). In other words, these models limit height 

growth to a single layer of elements. We restricted our investigation to a simultaneous 

                                                 
1This chapter contains the materials that have been published in an accepted full paper manuscript prepared 

for the 49th US Rock Mechanics / Geomechanics Symposium (Haddad and Sepehrnoori 2015).  
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fracturing scenario with two and three fractures originating from the same number of 

clusters or perforations in one stage, Figures 5-1 and 5-2. 

 

Properties Value 

Formation thickness (ft) 137 

Sh,min,tot (psi) 8,000 

SH,max,tot (psi) 8,200 

Initial reservoir pore pressure (psi) 5,000 

Initial porosity,  (dimensionless) (at zero 
pore pressure, stress, and zero strain) 

0.12 

Initial effective permeability (10−6 Darcy) 
(variable with porosity) at initial porosity 

80 

Poisson’s ratio,  (dimensionless) 0.23 

Young’s modulus, E (106 psi) 3 

Fracture toughness (psi-√𝑖𝑛) 1,600 

Damage initiation stress, t0 (psi) 80 

Leakoff coefficient (m3/kPa.s) 5.879E-20 

Stabilization parameter 0.03 

Injection amplitude curve Ramp up linearly in the first 10 
seconds starting with half rate 

Injection time (seconds) 1,500 

Number of clusters per stage 2, 3 

Injection fluid density (kg/m3) 1000 

Viscosity (cp) 1 

Fracturing-fluid power law exponent 
(dimensionless) 

1 (Newtonian) 

Table 5-1: Parameters for the single-layer 3D model. 

In order to investigate the best fracturing scenario, we defined five cases with the 

reservoir properties and injection scenarios as stated in Tables 5-1 and 5-2, respectively. 

Furthermore, Figure 5-2 visualizes the data in Table 5-2. We defined one enrichment zone 

per fracture with the variable enrichment zone size; the middle fracture in the triple-cluster 

cases supposedly propagates on the vertical symmetry line, which requires a thin 
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enrichment zone, Enrichment Zone 2. For better mesh size transition, we used the sweep 

meshing technique with advancing front (Dassault Systèmes 2014a). 

The values in Tables 5-1 and 5-2 are based on real field and operational data 

collected from an independent oil and gas operator in the Marcellus Shale (U.S. Energy 

Information Administration 2015). Moreover, due to the difficulties in measuring the 

maximum horizontal stress, we assumed the horizontal stress contrast equal to 200 psi, a 

low typical value for this parameter which can result in more curved fractures due to the 

stress interactions between multiple fractures and also demonstrate the advantage of the 

current method for nonplanar fracture propagation. Nonetheless, we investigated the 

sensitivity of the results to the maximum horizontal stress in the previous chapter, and 

concluded that the multi-fracture pattern may significantly alter at various stress contrasts 

whereas the injection pressure and fracture aperture at the injection point do not noticeably 

change. 

 
Injection Scenario Perforation number 

(Figure 5-1)  
Injection rate 

(bbl/min/cluster) 
Number of 

clusters 
Spacing 

(ft) 
Case 

number 

Equal injection rate in all 
clusters 

1 and 3 20 2 100 1 

1 through 3 20 3 50 2 

1 through 3 20 3 100 3 

Predefined unequal 
injection rates in clusters 
(45%, 10%, and 45% of 

total inj. vol. in left, 
middle, and right clusters, 

respectively) 

1 27 3 50 4 

2 6 

3 27 

1 27 3 100 5 

2 6 

3 27 

Table 5-2: Investigated cases for simultaneous injection in all clusters. 
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Figure 5-1: The computational domain for Case 2 with 27,518 continuum solid elements 

with pore-pressure degree of freedom, C3D8P. The depth direction is into 

the surface and the geometry thickness is one meter. The initial fractures 

(perforations) are spaced by 15 meters (~ 50 ft) and one-meter (~ 3 ft) long. 

 

 

 

 

 

 



 152 

  

(a) Case 1 (b) Case 2 

 
 

(c) Case 3 (d) Case 4 

 

 

(e) Case 5  

Figure 5-2: Schematic of five cases defined in Table 5-2. Qtot and Qi denote the total 

injection rate in all clusters and the injection rate in the i-th cluster, 

respectively. Qtot is multiplied by 0.5 due to the half-length simulation of 

hydraulic fracturing. The dashed line denotes the horizontal symmetry line. 

 

5.3 RESULTS AND DISCUSSION 

Figures 5-3 through 5-7 demonstrate the fracture propagation results for Cases 1 

through 5, respectively. As shown in the left figures, our fully coupled pore-pressure-stress 

analysis provides not only the fracture geometry but the distribution of the petrophysical 

properties such as the pore pressure in the matrix. The right figures, the maximum-

principal-stress contours, demonstrate the stress shadowing effect of fractures on each 

other and explain the fracture propagation pattern observed in these cases. According to 

Figures 5-3 through 5-7, fracture spacing, the number of fractures in a stage, and the 

injection rate distribution in various clusters can influence fracture propagation in a variety 

of patterns from fracture convergence to divergence. 
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As shown in Figure 5-3 for Case 1, the high-stress zones close to the tip of fractures 

have merged with each other in the space between fracture tips; this pattern is only 

observed at later times and due to that, the fractures curve slightly toward the left and right 

boundaries at later times whereas they grow almost parallel at early times.  

Figure 5-4 shows a stronger stress interaction in Case 2, triple-cluster fracturing at 

50-ft spacing, where the side fractures curve toward the boundaries at early times and 

deviate toward the middle fracture at later times. Moreover, this stress interaction causes 

the closure of the middle fracture in the vicinity of the injection point, which disqualifies 

this hydraulic-fracturing case and promotes higher-spacing cases such as Case 1 which is 

equivalent to Case 2 where the middle fracture is dropped. As a general trend, the fractures 

in Case 2 remain almost parallel up to the end of the simulation whereas the middle fracture 

grows longer than the others. This special configuration causes the proximity of a high 

fluid pressure zone, within the middle fracture, and the low pore-pressure zones around the 

left and right fracture tips, which may result in a fluid communication between the side 

fractures and the middle fracture. This fluid communication can be correlated to the tensile 

maximum-principal-stress zones between the side fracture tips and the middle fracture 

considering more severe fluid leakoff from the middle fracture toward the side fractures, 

Figure 5-4. As stated before, our fully coupled pore-pressure-stress analysis using XFEM-

based CZM can provide rigorous solutions for the complex physical phenomena around 

the fracture tips including the nonlinear fluid flow patterns around fractures. 

Figure 5-5 shows the effect of the addition of a third fracture to the right hand side 

of the fracture set in Case 1 on the fracture pattern. As observed here, the stress shadowing 

effect can unfavorably close the fracture aperture at the middle injection point whereas no 

closure was observed in Case 1 with 100-ft spacing of two fractures. 
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As observed in Figures 5-4 and 5-5 for Cases 2 and 3, the propagation of the side 

fractures closes the middle fracture at the injection point, which may crush the proppant 

grains, embed them on the fracture walls, or transport them with the bulk of the fracturing 

fluid toward the fracture tip; all these effects adversely influence the gas productivity of 

the middle fracture. Notably, the middle fracture closure in Cases 2 and 3 was not observed 

in early times (e.g., after 500 seconds of injection) which demonstrates the time 

dependency of the stress shadowing effect of multiple fractures.   

 

  

Figure 5-3: Pore-pressure (left) and maximum-principal-stress (right) contours (in kPa) 

after 1,500 seconds of simulation for Case 1, double-cluster simultaneous 

hydraulic fracturing at 100-ft spacing and equal injection in both clusters. The 

left and right fracture half-lengths are 136 and 122 ft, respectively. The 

displacements are magnified 20X for a better fracture demonstration. 
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Figure 5-4: Pore-pressure (left) and maximum-principal-stress (right) contours (in kPa) 

after 1,500 seconds of simulation for Case 2, triple-cluster simultaneous 

hydraulic fracturing at 50-ft spacing and equal injection in all clusters. 

Fracture half-lengths are 109, 209, and 112 ft left to right. The displacements 

are magnified 20X for a better fracture demonstration. 

 

  

Figure 5-5: Pore-pressure (left) and maximum-principal-stress (right) contours (in kPa) 

after 1,500 seconds of simulation for Case 3, triple-cluster simultaneous 

hydraulic fracturing at 100-ft spacing and equal injection in all clusters. 

Fracture half-lengths are 117, 191, and 117 ft left to right. The displacements 

are magnified 20X for a better fracture demonstration. 
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Figure 5-6: Pore-pressure (left) and maximum-principal-stress (right) contours (in kPa) 

after 1,500 seconds of simulation for Case 4, triple-cluster simultaneous 

hydraulic fracturing at 50-ft spacing and unequal injection in clusters. 

Fracture half-lengths are 152, 57, and 157 ft left to right. The displacements 

are magnified 20X for a better fracture demonstration. 

 

  

Figure 5-7: Pore-pressure (left) and maximum-principal-stress (right) contours (in kPa) 

after 1,500 seconds of simulation for Case 5, triple-cluster simultaneous 

hydraulic fracturing at 100-ft spacing and unequal injection in clusters. 

Fracture half-lengths are 154, 64, and 141 ft left to right. The displacements 

are magnified 20X for a better fracture demonstration. 

Cases 1 through 3 investigated equal fracturing-fluid distribution among the 

clusters. This can be the case where the perforations for various clusters are designed such 

that the resistance to fluid flow through all clusters is equal. However, in most cases, 

various clusters take different percentage out of the total fracturing fluid injected in the 



 157 

wellbore. In order to investigate these cases, we defined a triple-cluster scenario where 

each side cluster takes 45% of the total injected fluid and the middle cluster takes only 10% 

of that. The associated cases, 4 and 5, are defined in Table 5-2 and Figure 5-2 and their 

only difference is the fracture spacing; 50 ft in Case 4, and 100 ft in Case 5. The results of 

this study are demonstrated in Figures 5-6 and 5-7 for Cases 4 and 5, respectively. 

Figure 5-6 shows the pore-pressure and maximum-principal-stress distributions 

around the fractures after 1,500 seconds of unequal injection in Case 4 with 50-ft spacing. 

Due to the lower fluid injection in the middle cluster, the growth of the middle fracture is 

restricted whereas the side fractures grow longer and wider. Moreover, all fractures are 

connected to the wellbore in contrast to Cases 2 and 3 where the middle fracture gets 

disconnected from the wellbore due to the wider growth of the side fractures and the longer 

growth of the middle fracture. Furthermore, as shown in the right figure, the special fracture 

pattern results from the stress specifically around the fracture tips. Moreover, the slight 

middle fracture deviation toward the right fracture at later times can be associated with the 

local course elements close to the fracture tip. 

Figure 5-7 shows the pore-pressure and maximum-principal-stress distributions 

after 1,500 seconds of unequal injection in Case 5 with 100-ft spacing. All three fractures 

propagate almost straight, which is more favorable than the other cases. The right figure 

clearly demonstrates that the fracture tip interactions are minimal comparing all studied 

cases above.  
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 (a) injection pressure 

 

(b) fracture aperture at the injection point 

Figure 5-8: Comparison of the injection pressure (left), and fracture aperture at the injection 

point (right), at various cases. “Eq. Inj.” means equal injection rate in all 

clusters, 20 bbl/min, and “Uneq. Inj.” means variable injection rate in 

different clusters, Table 5-2. In “Uneq. Inj.” cases, 45% of the total fracturing-

fluid volume is injected in each side cluster and 10% of this volume is injected 

in the middle cluster. Also, “S” denotes spacing. 

60

70

80

90

100

110

120

130

140

0 200 400 600 800 1000 1200 1400

In
je

c
ti

o
n

 P
re

s
s
u

re
 (

1
0

3
k
P

a
)

Time (seconds)

Case 1: 2 Frac, S 100 ft, Left perf., Eq. Inj.

Case 2: 3 Frac, S 50 ft, Middle perf., Eq. Inj.

Case 3: 3 Frac, S 100 ft, Middle perf., Eq. Inj.

Case 4: 3 Frac, S 50 ft, Middle perf., Uneq. Inj.

Case 5: 3 Frac, S 100 ft, Middle perf., Uneq. Inj.

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0 200 400 600 800 1000 1200 1400

In
je

c
ti

o
n

 P
o

in
t 

A
p

e
rt

u
re

 (
m

)

Time (seconds)

Case 1: 2 Frac, S 100 ft, Left perf., Eq. Inj.

Case 2: 3 Frac, S 50 ft, Middle perf., Eq. Inj.

Case 3: 3 Frac, S 100 ft, Middle perf., Eq. Inj.

Case 4: 3 Frac, S 50 ft, Middle perf., Uneq. Inj.

Case 5: 3 Frac, S 100 ft, Middle perf., Uneq. Inj.



 159 

In order to show the advantages of a specific fracturing scenario, we compared the 

injection pressure and middle fracture aperture at the injection point in Figure 5-8. 

According to this figure, all injection pressure profiles experience a high peak at very early 

times and decline after that. The middle fracture injection pressure in both 50- and 100-ft 

spacing for the unequal injection rate is significantly higher than the other injection 

pressure profiles. This shows that the middle fractures in these two cases experience higher 

resistance for propagation than the side fractures and may receive even lower injection 

rates than 10% out of the total injection volume. 

Furthermore, Figure 5-8 (right) compares the fracture opening at the injection point 

at various fracturing cases. We observe the middle fracture closure only for the triple-

fracture cases with equal injection rates at all clusters. The lower injection rate in the middle 

fracture for the unequal injection cases causes less stress interactions between fractures and 

more favorable middle fracture opening. Apparently, the cases with unequal injection rates, 

Cases 4 and 5, seem more realistic with more favorable middle fracture growth whereas 

the equal-injection cases, if possible, provide hydraulic-fracture sets with ineffective 

middle fractures. 

 

 

Figure 5-9: Comparison of fracture half-length at different clusters with different spacing 

and injection scenarios after 500 seconds of injection.    
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Figure 5-10: Comparison of fracture half-length at different clusters with different spacing 

and injection scenarios after 1,500 seconds of injection.    

Figures 5-9 and 5-10 compare the fracture half-length in all studied cases after 500 

and 1,500 seconds of injection, respectively. Both figures show the same ranking for the 

fracture half-length among various cases. Also, as expected, the lower injection rate in the 

middle cluster causes shorter middle fracture. Nevertheless, a better comparison is possible 

considering also the other characteristics of the fracture set such as the fracture aperture as 

shown in Figure 5-8 and the overall pumping expenses with respect to the fracture lengths.    

In order to compare the pumping expenses of various cases, we defined a new 

variable called “normalized injected volume” as the following: 

Normalized Injected Volume = 𝑉𝑖𝑛𝑗,𝑡𝑜𝑡 ∑ ℓ𝑖
𝑁𝐻𝐹
𝑖=1⁄ ,                                                       (5-1) 

where 𝑉𝑖𝑛𝑗,𝑡𝑜𝑡 is the total fracturing fluid injected in all clusters, ℓ𝑖 denotes the half-length 

of the i-th fracture, and NHF is the number of fractures in a stage. 

Figures 5-11 and 5-12 compare the normalized injected volume defined in 

Equation (5-1) for all studied cases after 500 and 1,500 seconds of injection, respectively. 

The maximum normalized injected volume in both figures belongs to Case 5 which is the 

triple fracture case with 100-ft spacing and unequal injection in the three clusters. 

Moreover, the cases with equal injection rates in all three clusters (Cases 2 and 3) result in 

the least normalized injected volumes among all studied cases. Furthermore, the difference 
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between cases becomes prominent at later times when the stress interactions between 

fractures get stronger. 

According to Figures 5-11 and 5-12, unequal injection rates in various clusters 

result in higher normalized injected volumes or fracturing expenses for both cases of 50- 

and 100-ft spacing. On the other hand, the equal injection rate in all clusters may not be 

operationally feasible. Among all cases, Case 1 or the double-cluster fracturing case results 

in the intermediate normalized injected volume, which is the minimum among all feasible 

cases (Cases 1, 4, and 5). Therefore, among all studied cases, Case 1 is suggested as the 

best fracturing case which results in the best fracture configuration and the least injection 

expenses in the form of the total injected volume. 

 

 

Figure 5-11: Normalized injected volume by the total fracture half-length at various cases 

after 500 seconds of injection. 
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Figure 5-12: Normalized injected volume by the total fracture half-length at various cases 

after 1,500 seconds of injection. 
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petrophysical properties are as before, Tables 5-1 and 5-2 for Case 3, expect the following: 
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QUADS, as the maximum-principal-stress criterion, MAXPS, is not appropriate for 
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shown in Figure 4-4. 
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Regarding the computational expenses, the number of elements and nodes in 

XFEM-based CZM model are 29109 and 58562, respectively, whereas these numbers in 

planar CZM model are 20222 and 41990. The mesh refinement in these two models was 

conducted such that we could obtain fast converging solution at least for 1,500 seconds of 

simulation. 

 

 

Figure 5-13: Comparison of the injection pressure at various clusters in the planar CZM 

model and XFEM-based CZM model. 

 

 

Figure 5-14: Comparison of the fracture aperture at the injection point in the planar CZM 

model (“Cohesive” in the legends) and XFEM-based CZM model (“XFEM” 

in the legends). 
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Figures 5-13 and 5-14 respectively show the injection pressure and fracture 

aperture at the injection point for various clusters using planar and XFEM-based CZM 

models. Both models conclude the same general trends for the studied parameters whereas 

the XFEM-based CZM predicts higher values for almost all of these parameters compared 

to those from the planar CZM. Notably, as shown in Figure 5-14, the injection point 

aperture for Perforation 2 starts to decline after 1,000 seconds of injection in both models, 

which confirms the ultimate middle fracture closure regardless of the implemented model. 

The initiation of the middle fracture closure and further growth of the side fractures 

after 1,000 seconds of injection can be easily identified by inspecting the transient fracture 

evolution in Figure 5-15. As shown in this figure, the restriction of fracture propagation to 

parallel planes and the consequent strong stress interaction of fractures in the planar CZM 

model result in the abrupt growth of the side fractures up to the top boundary of the model 

at 1,100 seconds; this growth provides more freedom for the middle fracture to close up as 

the side fractures behave as flow paths for the fracturing fluid to displace in compliance 

with the middle-fracture growth. Following this behavior, the middle fracture aperture at 

the injection point declines up to the end of the simulation, 1,500 seconds. However, the 

strong stress interaction of fractures in XFEM-based CZM results in the deviation of the 

side fractures toward the left and right boundaries, which causes a more gradual middle 

fracture closure, as shown also in Figure 5-14, and no abrupt, non-physical, side-fracture 

growth at later times.                     

On the other hand, as shown in Abaqus Benchmarks Guide (Dassault Systèmes 

2014b) for the propagation of hydraulically driven fracture using XFEM, the solution from 

XFEM-based CZM is highly sensitive to mesh refinement such that an extremely fine mesh 

can conclude an XFEM solution very close to the planar CZM solution. Nonetheless, the 

investigated problem in the above reference is a single-cluster 2D hydraulic-fracturing 
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problem with a known propagation path which restricts mesh refinement to a narrow region 

around itself. However, in a multi-cluster hydraulic-fracturing problem, the mesh 

refinement region cannot be restricted to a small area as fractures can propagate on arbitrary 

paths due to the stress shadowing effect; mesh refinement in a big region is required, Figure 

5-1. Therefore, even with a very fine mesh, a discrepancy in the injection pressure is 

observed using different methods, Figure 5-13.  

Overall, planar CZM results in a lower fracture aperture at the injection point 

compared to that from XFEM-based CZM as shown in Figures 5-14 and 5-15. This trend 

can be attributed to the following issues: 1) the restriction of the fractures to propagate on 

pre-defined parallel paths in the planar CZM in contrast to the freedom of the fractures to 

propagate on arbitrary paths in the XFEM-based CZM as shown in Figure 5-15; 2) stiffer 

cohesive layer compared to the adjoining material in planar CZM whereas this layer is not 

defined in XFEM-based CZM, Figures 5-2 and 5-4; and 3) inadequate mesh refinement 

around the fractures in both models. 
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Figure 5-15: Comparison of the fracture evolution in 1,500 seconds using the XFEM-based 

and planar CZM models in the upper and lower figures, respectively. For a 

better fracture demonstration, the displacements are magnified 100X and 

2,000X in the XFEM-based and planar CZM models, respectively. In the 

upper figures for XFEM-based CZM model, the fractures are shown by the 

narrow white gaps in the reservoir. Also, in the lower figures for planar CZM 

model, the fractures are shown by the green stripes or the cohesive layers and 

the rest of the formation is removed. 
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5.4 HIGHLIGHTS OF THE CHAPTER 

Using a fully coupled pore-pressure-stress, quasistatic, finite strain analysis, we 

solved 3D double- and triple-cluster hydraulic-fracturing problems. The fractures were 

modeled using planar and XFEM-based CZM models. In addition to this advantage, the 

second model releases the restriction on the fracture propagation plane in CZM. 

Mechanical interactions or stress shadowing effects of closely spaced hydraulic fractures 

concluded the following remarks: 

(i) Convergence and outward deviation of side fractures at various spacing and 

number of clusters. 

(ii) Possible fracture closure at the injection point for the middle cluster depending 

on the spacing, the number of clusters, the injection rate, and the injection duration. 

(iii) Double-cluster simultaneous fracturing with 100-ft spacing creates the most 

viable and economic hydraulic-fracture set compared to triple-cluster fracturing cases with 

50- and 100-ft spacing, and equal or unequal injection rates in clusters.   

Building a model and grid dependency analysis using XFEM-based CZM are easier 

than planar CZM due to the element type, initialization and element crossing. 

XFEM-based CZM requires an adequately fine mesh close to prospective fracture 

paths; however, the temporal fracture propagation direction depends on an evolving and 

complex stress state (or stress shadowing effect) during the multiple-cluster fracturing 

simulation. Therefore, the refinement region where the prospective fractures propagate 

should be extended enough in order not to forcefully limit the accuracy of the solution or 

the convergence rate. On the other hand, the computational expenses significantly increase 

using more elements; therefore, the degree of mesh refinement should be carefully selected 

as a remedy for the convergence difficulties. 
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Chapter Six: Integration of Dynamic Microseismic Data with a True 3D 

Modeling of Hydraulic-Fracture Propagation in the Vaca Muerta Shale1    

6.1 SUMMARY 

Microseismic mapping during the hydraulic-fracturing processes in the Vaca 

Muerta (VM) Shale in Argentina shows a group of microseismic events occurring at 

shallower depth and at later injection time, and they clearly deviate from the growing planar 

hydraulic fracture. This spatial and temporal behavior of these shallow microseismic events 

incurs some questions regarding the nature of these events and their connectivity to the 

hydraulic fracture. To answer these questions, in this article, we investigate these 

phenomena by use of a true 3D fracture-propagation-modeling tool along with statistical 

analysis on the properties of microseismic events.  

First, we propose a novel technique in Abaqus incorporating fracture intersections 

in true 3D hydraulic-fracture-propagation simulations by use of a pore-pressure cohesive 

zone model (CZM), which is validated by comparing our numerical results with the 

Khristianovic-Geertsma-de Klerk (KGD) solution (Khristianovic and Zheltov 1955; 

Geertsma and de Klerk 1969). The simulations fully couple slit flow in the fracture with 

poroelasticity in the matrix and continuum-based leakoff on the fracture walls, and honor 

the fracture-tip effects in quasibrittle shales. By use of this model, we quantify vertical-

natural-fracture activation and fluid infiltration depending on reservoir depth, fracturing-

fluid viscosity, mechanical properties of the natural-fracture cohesive layer, natural-

fracture conductivity, and horizontal stress contrast. The modeling results demonstrate this 

natural-fracture activation in coincidence with the hydraulic-fracture-growth complexities 

                                                 
1The content of this chapter has been published in a full-paper manuscript prepared for the 2016 Hydraulic 

Fracturing Technology Conference (Haddad et al. 2016) and SPE Journal (Haddad et al. 2017).  
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at the intersection, such as height throttling, sharp aperture reduction after the intersection, 

and multibranching at various heights and directions. 

Finally, we investigate the hydraulic-fracture intersection with a natural fracture in 

the multilayer VM Shale. We infer the natural-fracture location and orientation from the 

microseismic-events map and formation microimager log in a nearby vertical well, 

respectively. We integrate the other field information such as mechanical, geological, and 

operational data to provide a realistic hydraulic-fracturing simulation in the presence of a 

natural fracture. Our 3D fracturing simulations equipped with the new fracture-intersection 

model rigorously simulate the growth of a realistic hydraulic-connection path toward the 

natural fracture at shallower depths, which was in agreement with our microseismic 

observations. 

 

6.2 INTRODUCTION 

Microseismic mapping is an indirect hydraulic-fracture-diagnostic technique 

dependent on the analysis of the seismic waves emitted from the slippage sites (weak 

interfaces such as natural fractures or bedding planes) during the hydraulic-fracturing 

process. This technique has frequently shown the natural-/hydraulic-fracture interactions 

in the form of intersecting fractures or the shear slippage of weak planes ahead of the 

fracture tip(s) (Warpinski 1991; Fisher et al. 2002, 2004). By use of tilt mapping in the 

Barnett Shale, Fisher et al. (2002, 2004) have shown the extension of cross-cutting 

fractures along natural fractures in the perpendicular orientation with respect to the major 

hydraulic-fracture-propagation direction. They estimated that 45% of the injected volume 

infiltrated into these cross-cutting fractures (Fisher et al. 2004). Warpinski (2013) has 

shown that the events behind the fracture tip (called interior events) may occur as much as 
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the fracture-tip-related events. This study demonstrates the significance of the fracturing-

fluid infiltration into the natural fractures intersecting the major hydraulic fracture behind 

its tip, which may lead to the natural-fracture slippage or interior event. On the other hand, 

it is well-established that fracture growth induces compressive zones on either side of the 

fracture in addition to the shear and tensile zones around the fracture tips, as shown by 

Cipolla et al. (2011). The compressive stresses perform as a stabilizing mechanism for 

fracture growth in the compressive region through moving the Mohr-Coulomb circle to the 

right-hand side or farther away from the failure envelope. The observation of the interior 

microseismic events in the compressive zones needs further investigation for the possibility 

of the other mechanisms for fracture opening and slippage in that region, such as the 

fracturing-fluid infiltration into the weak interfaces of natural fractures in light of the 

findings by Warpinski (1991). This investigation requires a special computational tool 

capable of modeling the physical intersection of hydraulic and natural fractures. 

Furthermore, this model may provide a more precise picture of the effective propped-

fracture length or conductivity considering the limitation of the microseismic-monitoring 

technique to provide these parameters (Cipolla and Wright 2000).  

The other field-scale hydraulic-fracture/natural-fracture (HF/NF) interaction has 

been observed in the microseismic data recorded during fracturing in the VM Shale. In this 

case, the later microseismic events significantly deviate from a hydraulic-fracture plane 

and toward the shallow layers. This observation motivates the investigation of the possible 

slippage along natural fractures with or without hydraulic connectivity to a major hydraulic 

fracture during the stimulation process.  

The effect of geologic discontinuities such as natural fractures and joints on 

hydraulic fracturing has been experimentally investigated by use of mineback experiments 

and laboratory tests by Warpinski (1991) and Warpinski and Teufel (1987). They 
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concluded that this effect may cause arresting of the hydraulic-fracture growth, more fluid 

infiltration into the natural fracture(s), and less proppant transportability. Moreover, 

opening fissures crossing a major hydraulic fracture have been inferred by a steep treating 

pressure gradient after a constant-pressure region, potentially because of the rapid 

fracturing-fluid dehydration at the intersection and the proppant screenout (Nolte and 

Smith 1981), in which the critical pressure to open the fissures has been derived by use of 

2D plane-strain condition, and the derived value does not depend on the orientation of the 

fissure.  

The diversity of fracture-intersection configurations depending on the material 

properties, stress state, intersection angle, and natural-fracture thickness and conductivity 

further complicates the fracturing-fluid infiltration into the natural fractures, in addition to 

the hydraulic-fracturing design and optimization. A study on this diversity can be found in 

the experimental results reported by Fu et al. (2015). They observed four patterns for the 

intersection of hydraulic and completely/partially cemented natural fractures by use of the 

true triaxial-testing method: complete crossing; crossing and offset; crossing and partial 

debonding; and complete debonding. These patterns have been also observed in a recent 

work by Lee et al. (2015) by use of semicircular-bending tests including the intersection 

angle and vein-thickness (natural-fracture) effects. In additions to these fracture 

intersection patterns, Bahorich et al. (2012) have experimentally demonstrated the 

following fracture intersection patterns: natural-fracture debonding followed by vertical 

bypass; and natural-fracture debonding followed by diverted fracture propagation around 

the natural-fracture tip. Numerous researchers have also attempted to predict these patterns 

by use of an analytical criterion that is summarized by Potluri et al. (2005). For instance, 

Renshaw and Pollard (1995) and Gu and Weng (2010) have proposed analytical criteria 

[based on linear elastic fracture mechanics (LEFM)] for the natural-fracture activation (in 
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tensile and shear modes) upon hydraulic-natural-fracture intersection. However, these 

criteria do not include the role of the fluid infiltration into the natural fracture (from the 

intersecting hydraulic fracture) in the natural-fracture activation. This fluid infiltration and 

the resulting fluid pressure buildup inside the natural fracture may lead to the tensile failure 

of the natural fracture close to the intersection and the consequent shear failure due to the 

reduced load-carrying capacity of the natural fracture.    

Numerous researchers have recently attempted to simulate crossing fractures by use 

of various numerical techniques, including the following: 1) the displacement discontinuity 

method (Zhang and Jeffrey 2008; Weng et al. 2011; Chuprakov et al. 2013; Wu and Olson 

2014); 2) peridynamics (Ouchi et al. 2015); 3) the discrete element method (Fu et al. 2012; 

Damjanac et al. 2013; Riahi and Damjanac 2013); 4) the material point method (Ouenes et 

al. 2016); 5) semi-analytical model based on percolation theory (Eftekhari 2016); and 6) 

the finite element method (Dahi-Taleghani and Olson 2013; Gonzalez-Chavez et al. 2015; 

Chen et al. 2016). The first method requires the fundamental exact solution of the partial 

differential equation to use as Green’s function, and thereby entails the simplification of 

the poroelasto-plastic physical domain to a linear elastic computational domain. In this 

method, leakoff must be explicitly defined on the fracture surfaces flowing linearly toward 

reservoir boundaries at infinity (Howard and Fast 1957), and modeling fracture 

propagation in multilayer shales requires a numerical Green’s function (Siebrits and Peirce 

2002). The second and third methods may provide more-detailed solutions with higher 

computational expenses, especially for reservoir-scale problems compared with the other 

methods. The fourth method requires a fluid-flow model for the fracture network to 

enhance the interpretation of fluid-driven microseismic surveys. The fifth model semi-

analytically simulates interactions amongst numerous stochastically distributed natural 

fractures with hydraulic fractures. All these methods have been evidently shown to address 
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a variety of modeling objectives. The finite element method provides an engineering 

solution for field applications with the viability to model the phenomena involved in 

hydraulic fracturing, such as nonlinear material behavior, heterogeneities, pressure-

dependent leakoff in finite reservoirs, and quasibrittle fracture growth.  

The propagation simulation of multiple interactive, nonintersecting, planar and 

nonplanar hydraulic fractures has been investigated comprehensively in Haddad and 

Sepehrnoori (2014, 2015a, 2015b, 2016b) by use of the pore-pressure CZM and the 

extended finite element method (XFEM). These methods model the fluid flow within the 

fracture(s) by use of pore-pressure degrees of freedom on the middle-edge or phantom 

nodes on the cohesive element or segment edges across the fracture gap, respectively. In 

these works, the hydraulic fractures interact with each other through the stress-shadowing 

effects. Briefly, CZM predominates LEFM through the following: the capability to 

determine damage initiation and fracture nucleation, and more numerical stability after 

removing the fracture-tip stress singularity. These models, however, require further 

improvement to simulate fracture intersections along with fluid flow within both hydraulic- 

and natural-fracture gaps and through the intersection.  

In this chapter, we first improve a nonintersecting pore-pressure CZM model for 

2D and 3D hydraulic-fracturing simulations to include fracture intersection(s) and the 

fracturing-fluid infiltration into a natural fracture in a fully coupled pore-pressure-stress 

analysis postulating a novel treatment for the intersection. Our method for fracture 

intersections is similar to the method of Chen et al. (2016), extends this method for 3D 

geometries, and models fracture intersections by use of fewer constraints at the intersection 

points compared with those from Gonzalez-Chavez et al. (2015). Second, we explore the 

dominating geomechanical and petrophysical properties of the formation for the natural-

fracture shear slippage and opening after the intersection. Afterward, we adopt this model 
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to simulate a field case from the VM Shale. Moreover, the results section provides a 

fundamental validation for all our CZMs by comparing the results with the KGD solution 

(Khristianovic and Zheltov 1955; Geertsma and de Klerk 1969). 

 

6.3 METHOD 

Our geomechanical model adopts a modified pore-pressure CZM in the finite 

element program Abaqus/Standard to model fracture propagation by use of quasistatic 

analyses. CZM reduces the complexities of fracture mechanisms by means of a 

macroscopic “cohesive law,” a relation between the traction across an interface and the 

associated separation. This cohesive law eliminates the stress and pressure singularities at 

the fracture tip by means of gradual material damage, which models physical void 

nucleation and coalescence within weak interfaces. Here, these weak interfaces represent 

natural fractures and expected hydraulic-fracture paths, which are modeled by thin 

cohesive layers. The progressive damage begins when the cohesive zone pore pressure 

exceeds the cohesive-layer strength plus the initial compressive stresses. Use of the CZM 

in a fully coupled pore-pressure-stress analysis enables incorporating linear and nonlinear 

material models for rocks, modeling viscosity- and toughness-dominated hydraulic 

fractures (Chen 2012), integrating poroelastic and fracturing solutions, and linking field-

scale with near-wellbore models.  

The previously described cohesive law can be simply assigned to any number of 

intersecting or nonintersecting thin layers where dry fractures can propagate. However, a 

major complexity arises where “hydraulic pressure” drives fracture propagation and 

branching through the intersection. The presumably variable hydraulic pressure along the 
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fractures must be obtained as part of the solution through a fluid-flow model that is fully 

coupled with the poroelastic and fracturing models.  

Our fracture-fluid-flow model consists of two components: the tangential flow 

within the fracture and fluid leakoff. The tangential flow is governed by Darcy’s law, where 

the permeability is equal to the well-known fracture permeability, 𝑑2 12⁄ , with d denoting 

the fracture aperture. The leakoff is commonly assumed to be uncoupled from the fluid 

pressure and limited to a linear, 1D flow regime dependent on Carter’s model (Howard and 

Fast 1957). However, our model calculates local leakoff on the basis of a Darcy- or 

continuum-based leakoff model and proportional to the filter-cake permeability and the 

local pore-pressure gradient normal to the fracture walls. In this chapter, the interaction of 

intersecting hydraulic and natural fractures is modeled by use of two crossing layers of 

cohesive elements that are connected at the intersection by means of the capabilities in 

Abaqus to define additional governing equations between the degrees of freedom of 

multiple nodes. This approach introduces a simpler cohesive-element configuration at the 

intersection compared with that introduced by Gonzalez-Chavez et al. (2015). 

Furthermore, the implementation and numerical convergence of this configuration seems 

much easier than that used by Gonzalez-Chavez et al. (2015). 

For the cohesive layers to maintain strong-load-carrying capacity during the 

analysis, we calculated the stiffness of the cohesive layers by multiplying the adjoining 

rock Young’s modulus by a constant, 𝛼, which is assumed to be equal to 60 after numerical 

experiments for the highest numerical stability, which is also suggested by Haddad and 

Sepehrnoori (2015a).  

Natural fractures are presumably considered as weaker cemented interfaces 

compared with the adjoining rock formations through the following: lower shear and 

tensile strengths of cement compared with the adjoining rock layers, and/or weak bonds 
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between the cement and the fracture wall. For instance, Gale and Holder (2008) reported 

the tensile strength of shale samples with calcite-filled natural fractures as being half of 

that for intact-shale samples. To simulate a weaker interface for the natural fracture 

compared with the intact rock where the hydraulic fracture presumably propagates, we 

chose a computationally stable scheme for weakening the corresponding cohesive layer for 

the natural fracture. This stable scheme downscales the cohesive-layer properties for the 

natural fracture by the weakening factor compared with those for the hydraulic fracture 

(Figure 6-1a). In other words, this weakening behavior is imposed by multiplying the 

weakening factor by the damage initiation stress 𝑡𝑚
0 , the cohesive-layer stiffness 𝐾𝑚, and 

the critical energy release rate 𝐺𝑚
𝑐 ; therefore, the ultimate failure occurs at the same 

separation 𝛿𝑚
𝑓

 in both responses. The subscript m in these parameters refers to Mode m of 

the fracture growth. 
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(a) 

 

(b) 

Figure 6-1: (a) Typical hydraulic- and natural-fracture traction-separation responses, 

shown by orange and red lines, where the cohesive layer along the natural 

fracture is weaker than that along the hydraulic fracture with a constant 

weakening factor. (b) Typical contours for the separation magnitude across a 

single 3D cohesive element, where “separation” is defined as the 

displacement vector 𝛿  across the fracture thickness with three components: 

opening, shear, and tearing-mode displacements of the corner nodes on the 

top wall with respect to the corresponding nodes on the bottom wall; 

displacements are magnified 100X for demonstration purposes. PFOPEN 

contours in this article demonstrate the magnitude of this separation vector. 

WF=weakening factor; QUADS=quadratic nominal stress; BK 

model=Benzeggagh-Kenane model (Benzeggagh and Kenane 1996). 
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The opening-mode energy release rate is commonly calculated from the measured 

stress intensity factor in solid-mechanics laboratories, dependent on the Irwin’s plane-

strain energy release rate (Irwin 1957):  

𝐺𝐼
𝑐 = 𝐾𝐼𝑐

2 (1 − 𝜈2) 𝐸⁄ ,                                                                                                      (6-1) 

where 𝐾𝐼𝑐 is the opening-mode critical stress intensity factor or toughness, and E and 𝜈 are 

Young’s modulus and Poisson’s ratio, respectively. This equation is derived under the 

LEFM conditions and can be extended to the other modes of fracture propagation assuming 

isotropic elasticity:  

𝐺𝐼𝐼
𝑐 = 𝐾𝐼𝐼𝑐

2 (1 − 𝜈2) 𝐸⁄ ,                                                                                                    (6-2) 

where 𝐺𝐼𝐼
𝑐  and 𝐾𝐼𝐼𝑐 denote the shearing-mode critical energy release rate and stress intensity 

factor, respectively. In CZM, these energy release rates are equal to the area under the 

traction-separation response for different fracturing modes; for instance, triangular 

responses conclude these energy release rates equal to 𝑡𝑚
0 𝛿𝑚

𝑓
2⁄ , where 𝑡𝑚

0  is the rock 

strength at the failure Mode m. For instance, 𝑡1
0  and 𝑡2

0  denote the tensile strength and 

shear strength (i.e., cohesion) of the rock, respectively. Thereby, either fracture toughness, 

rock strengths, or ultimate failure separation can be expressed in terms of the other two 

parameters, assuming that Young’s modulus and Poisson’s ratio are the known parameters. 

The ultimate failure separation is calculated internally in Abaqus by use of the critical 

energy release rate and rock strengths.  

The traction-separation response is imposed on all three fracturing modes: opening, 

shear, and tearing modes, which conclude a 3D separation vector across the fracture gap. 

Typical contours of the magnitude of this separation vector are shown in Figure 6-1b on a 

single 3D pore-pressure cohesive element that undergoes both opening and shear 

displacements. This mixed-mode fracture-propagation model adopts quadratic nominal 
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stress and Benzeggagh-Kenane criteria (Benzeggagh and Kenane 1996) in Abaqus for 

damage initiation and evolution, respectively (Dassault Systèmes 2014).  

The gravity load and boundary stresses must be in equilibrium with the internal 

stresses to achieve the initial stress equilibrium, and consequently the robust convergence 

and solution accuracy in the following time increments. Our simulations include depth-

dependent total minimum and maximum horizontal and overburden stresses on the 

boundaries, and gravity for the porous-solid elements. Notably, the boundaries are selected 

perpendicular to the principal stresses or shear-free. The stress-equilibrium conditions can 

be satisfied by initializing the depth-dependent pore pressure and triaxial effective stresses 

by means of Equations (6-3) through (6-6):  

𝑃𝑝(𝑧) = 𝑃𝑝,𝑐 + (𝜕𝑃𝑝 𝜕𝑧⁄ ). 𝑧,                                                                                            (6-3) 

𝑆𝑥𝑥,𝑒𝑓𝑓(𝑧) = 𝑆ℎ,𝑚𝑖𝑛,𝑡𝑜𝑡(𝑧) − 𝑃𝑝(𝑧),                                                                                (6-4) 

𝑆𝑦𝑦,𝑒𝑓𝑓(𝑧) = 𝑆𝐻,𝑚𝑎𝑥,𝑡𝑜𝑡(𝑧) − 𝑃𝑝(𝑧),                                                                               (6-5) 

𝑆𝑧𝑧,𝑒𝑓𝑓(𝑧) = 𝑆𝑣𝑒𝑟𝑡,𝑡𝑜𝑡 + (𝜕𝑆𝑧𝑧,𝑡𝑜𝑡 𝜕𝑧⁄ ). 𝑧 − 𝑃𝑝(𝑧),                                                         (6-6) 

where 𝑃𝑃(𝑧), 𝑆𝑥𝑥,𝑒𝑓𝑓(𝑧), 𝑆𝑦𝑦,𝑒𝑓𝑓(𝑧), and 𝑆𝑧𝑧,𝑒𝑓𝑓(𝑧) denote the depth-dependent pore 

pressure and effective stresses in x-, y-, and z-direction, respectively; 𝑃𝑝,𝑐, 𝜕𝑃𝑝 𝜕𝑧⁄ , and 

𝜕𝑆𝑧𝑧,𝑡𝑜𝑡 𝜕𝑧⁄  are constants per formation layer and obtained from the field data or assumed 

equal to the typical values of 0.0, 0.44, and 1.0 psi/ft (0.0, 9.96, and 22.63 kPa/m), 

respectively; Sh,min,tot(z) and SH,max,tot(z) represent the depth-dependent total minimum and 

maximum horizontal stresses on the vertical boundaries; and Svert,tot denotes the overburden 

total stress on the reservoir top. The terms 𝜕𝑃𝑝 𝜕𝑧⁄  and 𝜕𝑆𝑧𝑧,𝑡𝑜𝑡 𝜕𝑧⁄  are known as the pore-

pressure gradient and overburden-stress gradient, respectively.  

The internal stresses in the z-direction must counterbalance with the gravity load, 

which can be achieved through assigning appropriate values to pore fluid and dry-matrix 

densities in the poroelastic-material definition in Abaqus. These densities can be derived 
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dependent on pore-pressure and overburden-stress gradients by use of Equations (6-7) and 

(6-8), assuming the column of continuous, single-phase fluid residing in a vertically 

permeable pore space and the column of continuous matrix (Dassault Systèmes 2014): 

𝜌𝑝𝑜𝑟𝑒,𝑓𝑙𝑢𝑖𝑑 = (𝜕𝑃𝑝 𝜕𝑧⁄ ) 𝑔⁄ ,                                                                                             (6-7) 

𝜌𝑚𝑎𝑡,𝑑𝑟𝑦 = (𝜕𝑆𝑧𝑧,𝑡𝑜𝑡 𝜕𝑧⁄ ) 𝑔 − 𝜌𝑝𝑜𝑟𝑒,𝑓𝑙𝑢𝑖𝑑⁄ ,                                                                  (6-8) 

where 𝜌𝑝𝑜𝑟𝑒,𝑓𝑙𝑢𝑖𝑑 and 𝜌𝑚𝑎𝑡,𝑑𝑟𝑦 show the pore fluid and dry matrix densities, respectively, 

and 𝜙 and g represent the matrix porosity and gravitational acceleration, respectively. 

Because of the significant effect of the initial stress distribution on the solution in our 

strongly nonlinear problem, we developed an Abaqus SIGINI subroutine to initialize the 

stress distribution on the cohesive and poroelastic elements dependent on both element 

type and coordinates. 

 

6.4 RESULTS AND DISCUSSION 

 The functionality of the proposed fracture-intersection model is first demonstrated 

by use of 2D models, which are improved afterward for 3D and the VM field cases. Before 

these improvements, our CZM solution for hydraulic fracturing is validated by comparing 

our 2D results with the KGD solution (Khristianovic and Zheltov 1955; Geertsma and de 

Klerk 1969). A summary on the KGD solution, the detailed description of this validation 

case, and the comparison of the results can be found in the following section.  

As a demonstration of the exclusive capabilities of our model, we show the effect 

of the length of the initially open natural fracture on the arrest of the hydraulic fracture at 

the intersection by use of 2D models. Moreover, our 3D results show the effect of the 

following parameters on the natural-fracture opening or slippage: reservoir depth; 

existence of a highly permeable region (i.e., gouge zone) adjacent to the natural-fracture 
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cohesive layer; and distance between the injection point and the intersection. The essence 

of considering a gouge zone adjacent to the natural-fracture cohesive layer becomes clear 

when taking into account the tectonic generation of joint zones (e.g., natural fractures at 

smaller thickness scales) with contractional or dilational configurations [Committee on 

Fracture Characterization and Fluid Flow at National Research Council (U.S.) 1996; Myers 

and Aydin 2004]. This occurs especially with the reorientation of the minimum and 

maximum horizontal stresses during geological times, which also prepares the media for 

fracture intersections during hydraulic-fracturing practices.  

 

      

Figure 6-2: 2D intersection model with the entire domain meshed by use of symmetric 

edge-seeding constraints on all quarters. The lower wall is fixed in the y-

direction, the left and right walls are loaded by the horizontal stress SXX, and 

the upper wall is loaded by the horizontal stress SYY. Fixing the x-

displacement of a single node on the upper wall adequately constrains the 

free-body motion of the model along the x-axis. The lower wall holds zero 

pore-fluid flow normal to the boundary. PP=pore-pressure degree of freedom 

and is equal to the initial reservoir pore pressure on the left, right, and upper 

walls. 
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6.4.1 Intersection Model in 2D Configurations 

Figure 6-2 shows the computational domain where the hydraulic and natural 

fractures are on the vertical and horizontal symmetry lines, respectively. Further 

information regarding the mesh-refinement configuration around these fractures can be 

found in Figure 6-3.  

 

 

Figure 6-3: (left) The computational domain for a typical 2D HF/NF intersection model; 

(middle and right) magnification of the computational domain around the 

intersection. Poroelastic solid and fracture spaces are modeled by 61,824 

CPE4P elements (continuum plane-strain solid 2D linear elements with pore-

pressure degree of freedom and full integration) and 4,016 COH2D4P 

elements (cohesive 2D pore-pressure elements), respectively (Dassault 

Systèmes 2014). This computational domain contains an empty space at the 

cohesive-layer intersection, as shown on the right, and the pore-pressure 

degrees of freedom (DOF) around this empty space are coupled by use of 

additional equations. 
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The intersecting cohesive elements in this chapter are shown by blue and red dashed 

lines in Figure 6-3 for a 2D model. The cohesive 2D pore-pressure element COH2D4P 

possesses four corner nodes with displacement and pore-pressure degrees of freedom (blue 

rings), and two additional middle-edge nodes through the thickness with only pore-pressure 

degrees of freedom (small black circles). To maintain the fluid-flow continuity at the 

intersection, additional governing equations are required to couple the middle-edge pore-

pressure degrees of freedom of all four nodes converging together at the intersection: 𝑃1 −

𝑃2 = 0, 𝑃2 − 𝑃3 = 0, and 𝑃3 − 𝑃4 = 0. For this purpose, the middle-edge nodes must hold 

unique global numbers, which can be achieved by defining appropriate sweep orientations 

for meshing multiple cohesive-layer segments during model construction. This sweep 

orientation must be adjusted along the thickness directions and clockwise or 

counterclockwise around the intersection to uniquely number the middle-edge nodes.  

The coupling of pore-pressure degrees of freedom at the intersection can be 

accomplished by use of the command *EQUATION in Abaqus. This command is derived 

from the linear constraint equation, 𝐴1𝑢𝑖
𝑃 + 𝐴2𝑢𝑗

𝑄 + ⋯+ 𝐴𝑁𝑢𝑘
𝑅 = 0, where 𝑢𝑖

𝑃 denotes a 

nodal variable at node P and degree of freedom i, and 𝐴𝑛 is the coefficient defining the 

relative motion of the nodes.  

To impose the pore-pressure equilibrium in all four middle-edge nodes, the adjacent 

elements to the intersection must be initialized as fully damaged by use of the initial 

condition Initial Gap in Abaqus. Without this, the intersecting elements along the natural 

fracture do not accept any pore fluid after the pore-pressure increase. The mesh-based 

effect of this initial condition on the solution can be minimized by use of fine mesh at the 

intersection.  

This intersection model in three dimensions requires defining four middle-edge 

node sets on the four surfaces of the hole at the intersection. Notably, these node sets must 
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contain the node numbers in order such that the appropriate nodes are constrained together 

depending on their sequence in the node sets. To ensure the correct coupling, we developed 

an Abaqus plug-in that receives two node sets, pairs nodes depending on their distance, 

and couples the pore-pressure degree of freedom of the nodes in each pair by generating 

an include file (*.INC) containing the *EQUATION commands. The detailed procedure 

about constructing the proposed fracture intersection model in Abaqus is described in 

Appendix Two. Also, the developed user subroutines which are required for these models 

are provides in Appendix Three. 

Therefore, assuming that the lower leg of the cohesive elements in Figure 6-3 is 

connected to the injection point for hydraulic fracturing, the left, right, and upper legs 

represent three potential hydraulic-fracturing sites with pore-pressure boundary conditions 

at the injection points corresponding to 𝑃1, 𝑃3, and 𝑃4, respectively. These boundary 

conditions, however, are not known a priori; they are tied to the pore pressure at the lower-

leg-intersection point, P2, and are implicitly calculated as part of the solution. Thereby, the 

subsequent hydraulic-fracture pattern, straight propagation or branching, depends on the 

local stress distribution in the vicinity of the intersection and the rock and natural-fracture 

cohesive properties. 

Tables 6-1 through 6-3 show the computational parameters, operation data, and 

reservoir characteristics, respectively. We assume that the initial hydraulic fracture 

propagates along a weak interface perpendicular to SXX (far-field total horizontal stress in 

x-direction) and intersects a natural fracture perpendicular to SYY (far-field total horizontal 

stress in y-direction). The designed 2D cases are distinguished by either the length of the 

initially open segment of the natural fracture at the intersection (Linit,NF) or the horizontal 

stress contrast (Δ𝑆𝐻 = 𝑆𝑋𝑋 − 𝑆𝑌𝑌). Considering the open segment along the natural fracture 

at the intersection is necessary for not only the gap-flow acceptance of the natural fracture 
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(i.e., a numerical-model feature) but also the viability to model open or partially sealed 

natural fractures [i.e., a geological feature (Laubach 2003; Gale et al. 2007)] under the 

fracturing-fluid pressure. An open segment of a fracture can be modeled by means of an 

appropriate initialization tool that assigns the damage variable equal to unity for the 

cohesive elements inside that segment. Linit,NF can be as small as the length of a single 

cohesive element at the intersection or as big as the entire length of the natural-fracture 

cohesive layer.  

Fracture-propagation kinks at the HF/NF intersection provided that the horizontal 

stress contrast exceeds a threshold depending on numerous parameters [e.g., the tensile 

strength of the weak interface (natural fracture), the fracturing-fluid viscosity, and the 

intersection angle]. The latest parameter has been recently investigated by Haddad and 

Sepehrnoori (2016a), who presented a direct relationship between the required horizontal 

stress contrast for the natural-fracture activation and the intersection angle. Furthermore, 

the length of the open segment of the natural fracture at the intersection may significantly 

influence the hydraulic-fracture arrest. As Figures 6-4a through 6-4c show, this hydraulic-

fracture arrest occurs through either of the following: increasing Linit,NF by approximately 

two orders of magnitude at isotropic horizontal stresses (Case A to B); or reducing the far-

field stress SYY by 16 250 kPa for the smallest-possible open segment of the natural fracture 

with length equal to 0.65mm (the length of a cohesive element at the intersection) (Case A 

to C). As Figures 6-4b and 6-4c show, the hydraulic-fracture opening in the vicinity of the 

intersection depends significantly on the horizontal stress contrast ∆𝑆𝐻; zero horizontal 

stress contrast concludes a wider hydraulic fracture at the intersection, whereas an 

extremely large horizontal stress contrast leads to a constricted hydraulic fracture at the 

intersection. Moreover, at later times, Case C proceeds to a longer open natural fracture 

and longer constriction of the hydraulic fracture. 
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Computational model properties Value 

Number of nodes 65 916 

Number of elements 65 840 

Number of linear quadrilateral cohesive elements 4016 

Number of linear quadrilateral poroelastic elements  61 824 

Length of initially open segment of natural fracture at 
intersection, Linit,NF (m)   

6.5E-4 (Cases A, C); 7.4E-2 (Case B) 

Maximum injection time (seconds) 38 

central-processing-unit (CPU) time (seconds) 15,960 (using 48 hyper-threads on 24 
2.6-GHz processing physical cores) 

Table 6-1: Computational model properties for the 2D, plane-strain cases with the mesh 

shown in Figure 6-2. 

 
Parameter Value 

Pump rate (per unit thickness) (m3/s/m) 6.34E-5 
(ramp up linearly in the first 10 microseconds) 

Injection location 1 m away from the intersection (Figure 6-2) 

Injection fluid density (kg/m3) 1000 

Viscosity (cp) 2 (No proppant transport) 

Table 6-2: Hydraulic fracturing operation data for the 2D cases. 
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Properties Values 

SXX (103 kPa) 55.18 

SYY (103 kPa) 55.18  
(Cases A, B);  

38.93 (Case C) 

Initial reservoir pore pressure (103 kPa) 31.04 

Initial porosity,  (dimensionless) (at zero pore  
pressure, stress, and zero strain) 

0.12 

Effective permeability (mD) at initial porosity 0.5 

Poisson’s ratio, 𝜈 (dimensionless) 0.23 

Young’s modulus,  (106 kPa) 20.69 

Critical stress intensity factor, KIc  

(10-3 kPa.m)  

54.96 

Critical stress intensity factor, KIIc  

(103 kPa.m)  

1.76 

Damage initiation stress, 𝑡I
0 (103 kPa) 1.38 

Damage initiation stress, 𝑡II
0 (103 kPa) 27.59 

Critical energy release rate, 𝐺I
𝑐 (10-10 kPa.m)  

from Equation (6-1) 

1.38 

Critical energy release rate, 𝐺II
𝑐  (10-3 kPa.m) 

from Equation (6-2) 

141.54 

Formation grain bulk modulus (106 kPa) 15.33 

Formation fluid bulk modulus (103 kPa) 220.09 

Formation density (kg/m3) 2262.9 

Leakoff coefficient (10-10 m3/kPa.s) 5.88 

Natural-fracture weakening factor, WNF (dimensionless) 1 

HF-NF intersection angle (o) 90 

Alpha (dimensionless) 60 

Table 6-3: Reservoir characteristics and conditions for the 2D cases. WNF=natural-fracture 

weakening factor. 
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(a) 

 

(b) 

Figure 6-4: Natural-fracture opening and pore pressure (in kPa) in various 2D cases with 

different 𝐿init,NF and ∆𝑆𝐻 (= 𝑆𝑋𝑋 − 𝑆𝑌𝑌): (a) ∆𝑆𝐻 = 0, 𝐿init,NF=0.65 mm 

(Case A); (b) ∆𝑆𝐻 = 0, 𝐿init,NF=7.4 cm (Case B); (c) ∆𝑆𝐻 = 16 250 kPa, 

𝐿init,NF=0.65 mm (Case C). The intersection area at the initial time is 

magnified to show the initially open natural fracture. All cases are 2 m × 2 m. 

Displacements are magnified for better demonstration of the fracture spaces.    
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(c) 

 

Figure 6-4 (continued): Natural-fracture opening and pore pressure (in kPa) in various 2D 

cases with different 𝐿init,NF and ∆𝑆𝐻 (= 𝑆𝑋𝑋 − 𝑆𝑌𝑌): (a) ∆𝑆𝐻 = 0, 

𝐿init,NF=0.65 mm (Case A); (b) ∆𝑆𝐻 = 0, 𝐿init,NF=7.4 cm (Case B); (c) ∆𝑆𝐻 =
16 250 kPa, 𝐿init,NF=0.65 mm (Case C). The intersection area at the initial 

time is magnified to show the initially open natural fracture. All cases are 2 

m × 2 m. Displacements are magnified for better demonstration of the fracture 

spaces.    
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Both hydraulic-fracture re-initiation and arrest in Cases A and B, respectively, 

occurs at zero horizontal stress contrast; this may seem in contradiction with the Blanton 

(1986) criterion for arresting fracture growth when intersecting another fracture at 90°, 

SXX–SYY>T0, where T0 denotes the tensile strength of the rock (Blanton 1986). In our case, 

T0 is the cohesive layer’s damage initiation stress and is equal to zero within the open 

segment of the natural fracture. This contradiction can be justified considering the 

following: our progressive natural-fracture opening with time is in contrast with a Blanton 

(1986) assumption where a specified length of the natural fracture initially undergoes a 

uniform fracturing-fluid pressure; and the elastic behavior of the cemented natural fracture 

before failure in our numerical solution is in contrast with the assumed slippage zone at the 

natural-fracture tips in the Blanton (1986) solution. Thereby, for cemented natural fractures 

or cohesive interfaces (which is the case for most hydrocarbon reservoirs and our study), 

the Blanton (1986) assumptions (appropriate for frictional interfaces) may not conclude a 

reasonable criterion for the fracture intersection. Nonetheless, our presented validation in 

Section 6.4.2 demonstrates the viability of our solution for not only the hydraulic fracture 

but also the opening natural fracture because both fractures are modeled by use of CZM. 

Moreover, the extremely high injection pressures at early times in this validation study 

justify the significantly high horizontal stress contrast required for the natural-fracture 

opening at the intersection in Case C because the hydraulic and natural fractures hold 

similar cohesive properties and start from the equally sized open segments at the injection 

point and intersection, respectively. Figures 6-5a and 6-5b show the hydraulic- and 

natural-fracture opening and pore-pressure distribution, and fluid flow velocity vectors, 

respectively, after 38 seconds of injection in Case B. As Figures 6-5a and 6-5b show, the 

fracture aperture transitions smoothly from the injection spot toward the intersection and 

the natural-fracture tips, which is consistent with the isotropic horizontal stresses. 
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Moreover, the fluid-flow vectors are perpendicular to the pore-pressure contours or parallel 

to the pore-pressure gradient, which is in agreement with the Darcy’s law governing the 

pore-fluid flow in the matrix. 

 

(a) 

 

(b) 

Figure 6-5: (a) Fracture opening (in m) along HF and NF; (b) pore-pressure distribution (in 

kPa) and fluid flow velocity vectors, after 38 seconds of injection in Case B. 

Displacements are magnified 1,000X for better demonstration of the fracture 

space. 
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(a) 

 

(b) 

Figure 6-6: Stress-component distributions (in kPa) after 38 seconds of injection in Case 

B: (a) 𝑆12; (b) 𝑆22. Displacements are magnified 1,000X for demonstration 

purposes. 
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Figures 6-6a and 6-6b show, respectively, the distribution of the shear-stress 

component, S12, and the normal-stress component, S22, in Case B. Notably, the natural-

fracture tips experience high shear stresses with tilted shear-stress contours at the natural-

fracture tips, which shows the possibility of the mixed-mode fracture propagation along 

the natural fracture. These high shear stresses may induce microseismic events around the 

fracture tips and leave a record for the fracture-tip location in the microseismic survey. The 

S22 stress concentration in the vicinity of the natural-fracture tip shows the restriction of 

the fracture growth to the natural-fracture cohesive layer.  

As previously stated, the tangential flow along fractures is governed by Darcy’s 

law, where the fluid-pressure gradient is the driving mechanism for the volumetric flux 

along the fractures. The required fluid pressure along the fractures is obtained as part of 

our fully coupled pore-pressure-stress analyses, which, for instance, is shown in Figure 6-

7 for Case B after 38 seconds of injection. Furthermore, Figure 6-7 shows the fracture 

aperture along the hydraulic-fracture cohesive layer. The fluid-pressure and fracture-

aperture plots are consistent with each other because the increasing value of the pressure 

gradient coincides with the narrower fracture aperture or smaller fracture permeability in 

virtue of the mass conservation along the fracture and the small fracturing-fluid leakoff 

into the formation.  
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Figure 6-7: Fluid pressure and fracture aperture along the vertical hydraulic fracture after 

38 seconds of injection in Case B. 

Figure 6-8 shows the fracture-mouth pressure (FMP), the fracture-mouth-opening 

displacement (FMOD), and the pore pressure and natural-fracture opening at the 

intersection in Case B. The early-time high FMP is in agreement with typically high 

fracturing-fluid pressures at early times during fracturing operations or in the analytical 

KGD solution (Khristianovic and Zheltov 1955; Geertsma and de Klerk 1969). The arrival 

of the fracturing fluid to the intersection can be observed through the pore-pressure jump 

for the intersection nodes after 4.7 seconds of injection. The natural-fracture opening is 

coincident with a steeper FMP and FMOD, which demonstrates the stress-shadowing effect 

of the hydraulic fracture on the natural fracture. The FMOD decline at later times reflects 

the high fluid infiltration into the natural fracture and the FMP decline. Net pressure for 

the hydraulic or natural fracture is defined as the hydraulic pressure minus SXX or SYY, 
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respectively. Nevertheless, these far-field stresses are equal to each other in Case B, which 

leads to the same definition for the net pressure in the hydraulic and natural fractures. This 

net pressure along the hydraulic or natural fracture is mildly declining by the distance from 

the injection or intersection point, with the average value equal to 2231 or 2228 kPa for the 

hydraulic or natural fracture, respectively, after 38 seconds of injection. These close net 

pressures can be justified considering the fluid-pressure continuity at the intersection and 

the low friction-pressure drop along the fractures caused by the low fluid viscosity in virtue 

of the small fluid leakoff into the matrix. The friction-pressure drop can be roughly 

approximated by means of the difference between the net pressure in the hydraulic and 

natural fractures, which is equal to 3 kPa.  

 

 

Figure 6-8: Fracture mouth pressure (FMP), fracture mouth opening displacement 

(FMOD), natural-fracture opening at intersection, and pore pressure at the 

intersection through time in Case B. 
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6.4.2 2D Fracture Growth Validation 

Our 2D numerical solutions with additional simplifications can be validated using 

the analytical KGD solution for a single, plane-strain fracture growth in an impermeable 

domain. Assuming that the un-wetted zone length at the fracture tip is equal to 0.0877𝑥𝑓 

(where 𝑥𝑓 denotes fracture half-length), the KGD solution provides the fracture mouth 

opening displacement, fracture mouth pressure, and 𝑥𝑓, as Equations (6-9) through (6-11), 

respectively (Valko and Economides 1995).  

𝐹𝑀𝑂𝐷 = 2.36 (
𝜇𝑓𝑄3

�́�𝐻3 )
1/6

𝑡1 3⁄ ,                                                                                        (6-9) 

𝐹𝑀𝑃 = 𝑆ℎ,𝑚𝑖𝑛 + 1.09(�́�2𝜇𝑓)
1/3

𝑡−1/3,                                                                         (6-10) 

𝑥𝑓 = 0.539 (
�́�𝑄3

𝜇𝑓𝐻3)
1/6

𝑡2 3⁄ ,                                                                                          (6-11) 

where 𝜇𝑓 denotes the fluid viscosity, and 𝑄 is the total volumetric injection rate. Also, �́� 

represents the plane-strain modulus and equal to 𝐸 (1 − 𝜈2)⁄  where 𝐸 and 𝜈 are Young’s 

modulus and Poisson’s ratio, respectively. 𝐻 represents the crack height, and Sh,min denotes 

the confinement far-field pressure (i.e., total minimum horizontal stress).  

For this validation study, we designed an ideal case with material properties and 

stress field such that the assumptions on the KGD solution are almost fulfilled. Notably, 

the fracturing-fluid leakoff is restricted by assuming a high initial reservoir pore pressure, 

the progressive damage zone at the fracture tip is restricted by assuming a very small 

fracture toughness, and the fracturing regime is restricted to opening mode by assuming a 

very high shearing mode damage initiation stress. The detailed properties of this validation 

case with the geometry and mesh as Figures 6-2 and 6-3, is reported in Tables 6-1 through 

6-3 except for the differences shown in Table 6-4. The results are compared through 1.5 

seconds from the beginning of injection in order for the hydraulic-fracture growth not to 

interfere with the existing natural fracture. Also, to improve the solution convergence at 
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early times with sharp increment of injection pressures, we imposed restrictions on the 

maximum allowable time increment, which is 0.5 ms in this case. 

 
Properties Values 

Initial reservoir pore pressure (103 kPa)  55.18 

Total simulation (injection) time (seconds) 1.5 

CPU time (seconds) 10,020 (using 48 hyper-threads on  
24 2.6-GHz processing physical cores) 

Table 6-4: Differences in the reservoir and computational model properties for the 

validation case from those reported in Tables 6-1 through 6-3. 

Figures 6-9a and 6-9b compare our numerical solution with the KGD solution for 

the fracture mouth opening displacement (FMOD), fracture mouth pressure (FMP), and 

fracture geometry. These figures show that our results closely match the KGD solution. 

The early-time asymptotic solution for the fracture mouth pressure in the KGD solution is 

almost followed by our numerical results. This is accompanied by a satisfactory match in 

fracture opening from these solutions at early times. The discrepancy in fracture opening 

close to the tip is consistent with the progressive damage zone in the numerical solution 

which is highlighted by the yellow box in Figure 6-9b. This zone is characterized by a 

damage variable, D, in the range 0 to 1 corresponding to the intact (un-fractured) elements 

along the cohesive layer and the elements with zero load carrying capacity, respectively 

(Haddad and Sepehrnoori 2015a).  

In our numerical solution, fracturing fluid is able to flow only through the fully 

damaged cohesive elements and thereby, the progressive damage zone can be entitled as a 

dry zone. The length of dry zone in our solution, 0.115 m, is close to that in the KGD 

solution, 0.06 m, which is the other indication of our solution consistency with the KGD 

solution. Moreover, our further investigations show that the fluid pressure along the 
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fracture in our numerical solution is almost constant and equal to FMP, which is one of the 

assumptions in the derivation of the KGD solution.    

Table 6-5 compares the volumes of the injected fracturing fluid, fracture space, 

cumulative leakoff, dry zone, and wet zone from the analytical and numerical solutions. 

Here, the fracture space volume is defined as the summation of the dry zone and wet zone 

volumes, and the injected fracturing-fluid volume can be expressed as the summation of 

the wet zone and cumulative leakoff volumes. Thereby, the dry zone volume can be 

calculated as the summation of the fracture space volume and the cumulative leakoff 

volume subtracted by the injected fracturing-fluid volume. This analysis concludes a 

perfect match between the wet zone volume obtained from our numerical solution and the 

fracture space volume in the analytical solution. Moreover, the cumulative leakoff volume 

is negligible which is in agreement with the zero-leakoff assumption in the analytical 

solution. 
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(a) Fracture mouth opening displacement and pressure 

 

(b) Fracture profile and damage along the fracture 

Figure 6-9: Validation of 2D numerical (CZM) solution with the analytical (KGD) 

solution: (a) comparison of FMOD and FMP; (b) fracture geometry after 1 

second of injection. 
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Solution Volume Value (10-5 m3) 

 
 

Analytical 

Fracturing fluid 6.34 

Fracture space 6.34 

Total cumulative leakoff 0.0 

Dry zone 0.0 

Wet zone 6.34 

 
 

Numerical 

Fracturing fluid 6.34 

Fracture space 6.39 

Total cumulative leakoff 1.82E-3 

Dry zone 0.05 

Wet zone 6.34 

Table 6-5: Fracturing fluid, fracture space, cumulative leakoff, dry zone, and wet zone 

volumes for the analytical and numerical solutions per unit thickness. 

 

6.4.3 3D Configurations 

Our synthetic 3D model consists of three horizontal-shale layers called low, target, 

and top formations in Figure 6-10. This model includes two vertical layers (hydraulic-

fracture and natural-fracture cohesive layers) cutting through the horizontal formations. 

These vertical layers define the planes of extremely thin cohesive elements where the 

hydraulic and natural fractures propagate. This propagation is modeled by the complete 

mechanical failure of more cohesive elements through time.  

This synthetic model is used to investigate the effect of the reservoir depth, the 

gouge-zone existence, and the distance between the injection point and the intersection on 

the deviation of the fracture propagation toward the natural-fracture plane. For this 

purpose, four simulation cases are designed as follows: Case 1 where the reservoir bottom 

depth is equal to 2,777 m without the gouge zone; Case 2 where the reservoir bottom depth 

is equal to 3,777m with the gouge-zone permeability equal to 50 md; Case 3, which is the 

same as Case 1 except that the distance between the injection point and the intersection is 
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reduced by one-half; and Case 4, which is the same as Case 2 except that the gouge zone 

is removed.  

 

 

Figure 6-10: Reservoir model for Case 1 constructed in Abaqus using 159,170 C3D8RP 

elements (continuum solid 3D linear elements with pore-pressure degree of 

freedom and reduced integration) and 4,400 COH3D8P elements (cohesive 

3D pore-pressure elements) for the rock and fracture domains, respectively. 

The hydraulic and natural fractures are modeled by initially closed cohesive 

elements on a plane perpendicular to the minimum horizontal stress direction, 

x-axis, and on a plane making 45° angle with the minimum horizontal stress 

direction, respectively. The reservoir dimensions are 240, 210, and 68 m in  

x-, y-, and z-directions, respectively. The contours show S11 stress component 

in kPa.       
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(a) (b) 

 

(c) 

Figure 6-11: Initial stress contours (in kPa) for Cases 1 and 3 on the cohesive layers: (a) 

normal stress; (b) shear stress. (c) Total minimum and maximum horizontal 

stresses for Cases 1 through 4. The hydraulic-fracture plane carries no shear 

stresses, whereas the natural-fracture wings undergo nonzero shear stresses. 

The value signs of the shear stress reflect different sweep paths on the two 

wings, and the formation layers are separated by white dotted lines in Figures 

6-11a and 6-11b. In Figure 6-11c, the compressive stresses are positive. Cases 

2 and 4 undergo higher horizontal stresses and stress contrasts than Cases 1 

and 3. BDRM=bottom depth of the reservoir model, which is case-dependent. 

Figures 6-11a and 6-11b show, respectively, the normal- and shear-stress 

distributions at the initial time on the cohesive layers. Because of the non-orthogonal angle 

between the cohesive layers for the hydraulic and natural fractures, the shear stress on the 

natural-fracture plane is nonzero and varying with depth. Thereby, we initialized stresses 
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on the natural-fracture plane dependent on the far-field in-situ horizontal stresses (Figure 

6-11c) and by use of a subroutine named SIGINI in Abaqus (Dassault Systèmes 2014).  

Tables 6-6 and 6-7 summarize the model and operational data for the sensitivity-

study Cases 1 through 4.  
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Table 6-6: Reservoir characteristics and conditions for the sensitivity-study cases. 

Properties 

Layers 

Top  
formation 

Target  
formation 

Low  
formation 

Bottom depth of reservoir model, 
BDRM (m) 

2777 (Cases 1, 3); 3777 (Cases 2, 4) 

Formation thickness (m) 28 12 28 

Overburden total stress (103 kPa) on 
reservoir top 

61.31 (Cases 1, 3); 
83.94 (Cases 2, 4)  

- - 

Sh,min,tot (103 kPa) [depth (m)] (Figure 

6-11c)  
2.20+ 

1.58E-2×depth 
4.97E-1+ 

1.58E-2×depth 
2.10+ 

1.58E-2×depth 

SH,max,tot (103 kPa) (Figure 6-11c) 
2.36+ 

1.70E-2×depth 
5.38E-1+ 

1.70E-2×depth 
2.25+ 

1.70E-2×depth 

Initial reservoir pore pressure (kPa)  9.96×depth 

Initial porosity,  (dimensionless) (at 
zero pore pressure, stress, and zero 

strain) 

0.14 
 

Effective permeability (mD)  
at initial porosity 

0.5 

Gouge zone permeability (mD) 0.5 (Cases 1, 3, 4); 50.0 (Case 2) 

Gouge zone thickness (m) 0.0 (Cases 1, 3, 4); 1.0 (Case 2) 

Poisson’s ratio, 𝜈 (dimensionless) 0.27 

Young’s modulus,  (106 kPa) 20.69 

Extended Drucker-Prager friction 
angle, φ (o) 

36 

Extended Drucker-Prager flow stress 
ratio (dimensionless) 

0.95 

Extended Drucker-Prager dilation 
angle,  Ψ  (o) 

36 

Yield stress (kPa) versus absolute 
plastic strain (dimensionless - in 

parentheses) 

37.93E+3 (0.0); 38.20E+3 (0.005); 38.34E+3 (0.02); 38.40E+3 
(0.08) 

Mode-I critical stress intensity factor, 

KIc (kPa.m)  
1758.86 

Mode-II critical stress intensity factor, 

KIIc (kPa.m)  
3517.72 

Mode-I damage initiation stress, 𝑡I
0 

(kPa) 
551.80 86.22 551.80 

Mode-II damage initiation stress, 𝑡II
0  

(103 kPa) 
23.45 

Mode-I critical energy release rate,  
𝐺I

𝑐 (10-3 kPa.m) from Equation (6-1) 
138.58 

Mode-II critical energy release rate,  
𝐺II

𝑐  (10-3 kPa.m) from Equation (6-2) 
554.33 

Formation grain bulk modulus  
(106 kPa) 

15.31 

Formation fluid bulk modulus  
(103 kPa) 

220.09 

Formation density (kg/m3) 2263 

Leakoff coefficient (10-10 m3/kPa.s) 5.88 

Natural-fracture weakening factor, 
WNF (dimensionless) 

0.25 

HF-NF intersection angle (o) 45 

Alpha (dimensionless) 60 
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Parameter Value 

Pump rate (m3/s) 1.06E-1 (ramp up linearly in the first 100 seconds) 

Maximum injection time 
(seconds) 

260  

Injection location (Case 1) On the vertical symmetry axis (Figure 6-10) in the 
middle of the target layer 

and 105 m away from the intersection 
(Case 2, 3, 4) On the horizontal symmetry axis (Figure 6-10) 

and 28 m away from the intersection 

Injection fluid density 
(kg/m3) 

1000 

Viscosity (cp) 1 (No proppant transport) 

Gravitational acceleration 
(10-3 kN/kg) 

10 (in negative z-direction) 

Table 6-7: Hydraulic-fracturing-operation data for the sensitivity-study cases. 

 

6.4.3.1 Case 1: Reservoir with Bottom Horizon Depth of 2777 m, Without Gouge Zone 

 This case describes the fracture-propagation pattern with the settings for Case 1 in 

Tables 6-6 and 6-7 and Figures 6-10 and 6-11. The mesh distribution can be found in Figure 

6-10, which is featured by a structured and refined mesh in the vicinity of the hydraulic 

and natural fractures and sweep and gradual coarsening mesh toward the boundaries. 

Figure 6-12 shows propagated fractures close to the intersection and within the hydraulic-

fracture and natural-fracture cohesive layers after 260 seconds of injection. The hydraulic 

fracture starts from the perforation point as shown in Figure 6-10, and arrives to the 

intersection after 260 seconds of injection. Notably, a lower fracture branch is observed 

toward the right wing of the natural fracture and an upper branch toward the left wing. 

Furthermore, an upward hydraulic-fracture opening is observed after the intersection in 

Figure 6-12c. This complicated configuration can be better understood by plotting the 

stresses (e.g., S11) on a line perpendicular to the natural fracture on the left and right wings. 

These lines are shown in Figure 6-13a, and the stresses on these lines are compared in 

Figure 6-13b. According to Figure 6-13a, the left wing of the natural fracture experiences 
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approximately 3500 kPa more compressional stress compared with that on the right wing, 

which confirms the following: the tendency of the fracture on the left wing to propagate 

upward and against lower normal stresses in shallower depths; and the tendency of the 

fracture on the right wing of the natural fracture to propagate in the deeper zone. 

 

 

(a) 3D view 

  

(b) NF plane (c) HF plane 

Figure 6-12: Fracture opening (in m) after 260 seconds of injection: (a) in a 3D view; (b) 

in the Y-Z side view removing the HF cohesive layer; (c) in the Y-Z side view 

removing the NF cohesive layer. Displacements are magnified 500X for 

demonstration purposes. Also, the formation layers are separated by white 

dashed lines on the figures. 
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(a) S11 distribution in plan view on the symmetry surface  

 
(b) S11 along the lines shown in Figure 6-13a 

Figure 6-13: (a) Contours of the 𝑆11 component of stress (in kPa) after 260 seconds of 

injection in the plan view; (b) the corresponding stress values along Lines 1 

and 2 normal to the left and right natural-fracture wings. The left wing of the 

natural fracture undergoes 3500 kPa more compressional stress, 𝑆11, 

compared with the right wing. 

 

6.4.3.2 Case 2: Reservoir with Bottom Horizon Depth of 3777 m, With Gouge Zone  

This case includes the effect of an existing highly permeable region (i.e., gouge 

zone) adjacent to the natural-fracture cohesive layer and reservoir depth on the fracture-
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propagation deviation toward the natural fracture. We assumed a thin gouge zone with the 

thickness equal to 0.5m on both sides of the natural-fracture cohesive layer, with a higher 

isotropic permeability 100 times that of the surrounding formation. Therefore, the gouge-

zone permeability is equal to 50 mD, whereas the surrounding formation permeability is 

equal to 0.5 mD. Moreover, we enhanced the natural-fracture-leakoff coefficient 

proportional to the previously discussed permeability enhancement because of the 

existence of the gouge zone.  

Figures 6-14 and 6-15 show the hydraulic- and natural-fracture openings after 100 

seconds of injection. The straight growth of the hydraulic fracture stops at the intersection 

because of the significant fluid infiltration into the natural fracture, which concludes the 

major fracture growth along the natural fracture (Figure 6-15).  

Figure 6-16 shows the horizontal-shear-stress component on the natural-fracture 

plane after the fracture growth along the hydraulic-and natural-fracture planes. High shear 

stresses can be observed close to the fracture tip on the right wing and above and below 

the target formation on the left wing. 

 

 

 

 

 

 

 



 210 

 

(a) 3D view of intersecting cohesive planes 

 

(b) Planar view of hydraulic-fracture cohesive layer 

Figure 6-14: Opening (in m) after 100 seconds of injection: (a) in 3D view; (b) on the HF 

plane. Planar fracture growth stops at the intersection owing to the fluid 

infiltration into the natural fracture and fracture extension along the natural-

fracture cohesive layer. The horizontal dashed lines separate the formation 

layers. 

 

 

Figure 6-15: NF opening (in m) after 100 seconds of injection. The growth occurs abruptly 

and an unstable fingering feature is observed at the higher elevations in the 

target layer. The horizontal dashed lines separate the formation layers. 
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Figure 6-16: Horizontal shear stress component (in kPa) on the NF plane after 100 seconds 

of injection. The horizontal dashed lines separate the formation layers. 

 

 

Figure 6-17: Contours for stability function, √𝑆𝑛𝑠
2 + 𝑆𝑛𝑡

2 − 𝜇𝑆𝑛𝑛, on the NF plane (in kPa) 

after 100 seconds of injection. The horizontal dashed lines separate the 

formation layers. 

The contribution of this shear stress component on the slippage can be better 

understood by defining a stability function, √𝑆𝑛𝑠
2 + 𝑆𝑛𝑡

2 − 𝜇fric𝑆𝑛𝑛 (shear stress magnitude 

minus friction stress), where 𝑆𝑛𝑠, 𝑆𝑛𝑡, and 𝑆𝑛𝑛 denote the horizontal shear stress 

component, the vertical shear stress component, and the normal stress component, 

respectively. The friction coefficient, 𝜇fric is assumed constant and equal to 0.6 in this 

chapter. The positive values of the stability function refer to more probable slippage sites 

and negative values denote the most stable zones. This stability function is similar to the 

Coulomb failure function (CFF) the applicability of which for crustal faulting studies has 

been supported by two field experiments in 1960s and 1970s in Colorado (Zoback 2007). 
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Figure 6-17 demonstrates the stability function contours with the unstable zones 

shown by green, yellow and red colors where the stability function is extremely high. These 

zones may refer to the potential locations for the microseismic events. Furthermore, at 

earlier times when the fluid reaches at the intersection, a light blue region was observed 

close to the intersection on the left wing of the natural fracture; this was followed by the 

natural-fracture major opening on the right wing. The significantly high values of the 

stability function on the left NF wing may lead to the observation of microseismic events 

in that region. Considering both Figures 6-15 and 6-17, the microseismic events may occur 

in a wider region ahead of the fracturing-fluid front on the left wing compared with the 

right wing; thereby, microseismic events may overestimate the extent of the opened natural 

fracture. This observation demonstrates the significance of modeling HF-NF intersections 

and fluid infiltration into natural fractures to refine the interpretation of a microseismic 

survey for the hydraulic-fracture network.  

In comparison with Case 1 at a shallower depth, the significant deviation of fracture 

propagation along the NF plane and shear stresses on this plane in Case 2 infer a direct 

relation between reservoir depth and the microseismic event strength, which has been also 

observed using field data after Warpinski et al. (2012). Furthermore, the natural-fracture 

conductivity in Case 2 is 100 times that in Case 1, which prominently contributes to the 

fluid infiltration into the natural fracture and the consequent deviation of the fracture 

growth towards the NF plane. Also, the closer injection point to the intersection in Case 2 

compared with that in Case 1 results in a weaker stress shadowing effect of the hydraulic-

fracture growth on the NF plane and less resistance against the natural-fracture opening. 

This study demonstrates the paramount importance of including the natural-fracture data 

(e.g., location, orientation, permeability, and strength) in the hydraulic-fracture modeling 
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because not only does it capture the NF effect on the hydraulic-fracture propagation, but it 

also helps with the microseismic interpretation. 

 

6.4.3.3 Case 3: Case 1 with injection closer to the Intersection 

This case is designed to show the exclusive effect of the distance between the 

injection point and the intersection on the natural-fracture opening and the hydraulic-

fracture arrest or branching after the intersection. Comparing the results for Case 1 in 

Figure 6-12 with those for Case 3 in Figure 6-18 illustrates that reducing the distance 

between the injection point and the intersection from 105 m to 28 m leads to more natural-

fracture opening and height growth in addition to further hydraulic-fracture growth after 

the intersection. 
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(a) 3D view (c) NF view 

 
(b) HF view 

Figure 6-18: Fracture opening (in m) after 145 seconds of injection: (a) in 3D view; (b) on 

the HF plane; (c) on the NF plane. The fracture growth branches out at the 

intersection. 

 

6.4.3.4 Case 4: Case 2 without Gouge Zone 

This case demonstrates the exclusive contribution of the gouge zone existence on 

the hydraulic-fracture arrest at the intersection and the natural-fracture opening upon the 

hydraulic-fracture arrival to the intersection. Comparing the results for this case in Figure 

6-19 with those for Case 2 in Figure 6-14 reveals the negligible contribution of the gouge 

zone in the hydraulic-fracture arrest at the intersection because both Cases 2 and 4 lead to 

the sharp turn of the fracture growth towards the NF plane. However, the absence of the 
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gouge zone in Case 4 results in longer natural-fracture opening which can be justified by 

the lower leakoff volumes from the NF plane into the matrix.  

Putting aside the negligible contribution of the gouge zone on the hydraulic-fracture 

arrest, Cases 3 and 4 can be distinguished by only the reservoir depth. Considering the 

limited and extensive opening of the natural fracture in the shallower and deeper reservoirs 

corresponding to Cases 3 and 4, respectively, we conclude that increasing the in-situ 

stresses may significantly contribute in the natural-fracture activation.     

 

 
(a) 3D view 

 
(b) HF view 

 
(c) NF view 

Figure 6-19: Opening (in m) after 101 seconds of injection: (a) in 3D view; (b) on the HF 

plane; (c) on the NF plane. The natural fracture opens longer in this case 

compared with that in Case 2. 
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6.4.3.5 Field Case Study: The Vaca Muerta Shale 

The VM Shale is known as the main source rock in the Argentinian Neuquen Basin 

with the average and maximum thicknesses equal to 200 and 800 meters, respectively 

(Rohmer et al. 2015). This formation facially comprises two layers: the lower and upper 

VM characterized by the highest and depth-dependent total organic carbon (TOC) contents, 

respectively (Hryb et al. 2014). These layers contain kerogen of types I and II and 3.2% 

TOC on average with various degrees of maturity which characterize different hydrocarbon 

windows in the reservoir (e.g., oil window and dry gas window). This reservoir is strongly 

overpressured particularly in the oil-gas phase-transition zones with the pore-pressure 

gradients in the range 0.7 to 0.88 psi/ft (15.84 to 19.91 kPa/m), which increases the 

concerns in drilling, completion, and reservoir evaluation. 

Our field case study focuses on one stimulation stage in Well X, which was 

monitored with microseismic arrays on surface and inside a neighboring well. The borehole 

microseismic survey for this stage has revealed a significant upward and turning 

propagation of the later microseismic events (Figures 6-20a and 6-20b). This observed 

special pattern in the dynamic microseismic survey motivates us to investigate the cause 

of those shallow microseismic events, and their hydraulic connectivity to the major 

hydraulic fracture. Furthermore, we observed interior microseismic events behind the 

hydraulic-fracture tip, which may be referred to the fluid leakoff into the natural fractures 

intersecting the major hydraulic fracture. 
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Figure 6-20: Microseismic survey recorded for the first and fifth stages of hydraulic 

fracturing along Well X in the VM Shale: (a) in the side view; (b) in the plan 

view. The earlier microseismic events around the injection point reflect a 

planar propagation pattern, as shown by black arrows, whereas the later 

events, surrounded by the dashed purple ellipse, deviate from that planar 

pattern and occur at shallower depths. The rectangle around the yellow and 

red dots shows our computational domain of interest.   
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Statistical Analysis of Microseismic Data: Seismic events may get induced due to 

either hydraulic-fracturing operations (natural- or hydraulic-fracture slippage) or tectonic 

faulting and fault activation (Maxwell et al. 2015). As the first step in our field data 

analysis, we attempted to prove that the observed microseismic events were associated with 

the hydraulic-fracturing operations. Recently, Gutenberg-Richter (GR) model has offered 

a procedure to successfully distinguish between the sources of microseismic events. This 

procedure, commonly applied for the study of earthquakes, starts with plotting a frequency-

magnitude distribution of seismic events, which usually follows a logarithmic trend as 

Equation (6-12) (Zuniga and Wyss 1995): 

log10 𝑁 = 𝑎 − 𝑏𝑀,                                                                                                        (6-12) 

where N denotes the number of events with moment magnitudes greater than or equal to 

M, and a and b refer to two constants obtained from a linear regression analysis. The 

moment magnitude of each microseismic event equals 2 3⁄ [log10 𝑀0 − 9.1] where 𝑀0 is 

called moment, in Joules unit, and equal to 𝐺𝑑𝐴 where G, d, and A refer to rock shear 

modulus, microseismic slip displacement, and microseismic slip area, respectively. The 

value of b (i.e., b-value) describes the relative distribution of small and large earthquakes. 

In practice, a and b values highly depend on the completeness moment magnitude, Mc, 

which is chosen based on the following criteria: 1) the magnitude where the non-

cumulative frequency distribution deviates from the linear trend in the semi-log plot; and 

2) the lowest moment magnitude above which 100% of the events in a space-time are 

detected. The dependence of a and b on 𝑀𝑐 results from these facts: 1) the events with 

moment magnitudes less than Mc are not included in the linear regression; 2) whether a 

larger value of 𝑀𝑐 is used, the number of data points left for the linear regression may not 

be statistically representative to the data set; and 3) when a smaller Mc is used, more events 
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with smaller moment magnitudes are included in the regression analysis, which may skew 

the distribution.  

To select the most appropriate 𝑀𝑐 on the basis of the above criteria, we plotted the 

non-cumulative frequency distribution in addition to the traditional cumulative frequency-

magnitude distribution as suggested by Mignan and Woessner (2012). First, we estimated 

Mc equal to -2.17 (Figure 6-21). Then, according to the GR model, we fitted a line in the 

semi-log cumulative frequency distribution in the moment magnitude range -2.17 to -1.04, 

and obtained b-value equal to 2.02 which is close to 2. This infers that the microseismic 

events are induced by hydraulic fracturing. In contrast, b-values around 1 are more 

common for tectonic faulting and fault activation (Maxwell et al. 2015). We also 

investigated the sensitivity of b-value to the upper limit of the moment magnitude for this 

linear regression. As Table 6-8 shows, b-values fall in the range 1.72 to 2.02 corresponding 

to the smallest and biggest line-fitting data sets, respectively. The average and standard 

deviation of these b-values are equal to 1.86 and 0.13, respectively. These values confirm 

our conclusion about the nature of the microseismic events because they are distributed 

close to b=2. 
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Figure 6-21: Cumulative and non-cumulative frequency distributions versus moment 

magnitude for two stages in the VM stimulations. 

 
Event Magnitude Range Fitting Line Equation (𝒆𝒂∗

𝒆−𝒃∗𝑴) 𝒃 = 𝒃∗ × 𝐥𝐨𝐠𝟏𝟎 𝒆  

[-2.17,-1.81] (1.88E-1)e-4.17M 1.81 

[-2.17,-1.51] (2.84E-1)e-3.97M 1.72 

[-2.17,-1.22] (1.41E-1)e-4.33M 1.88 

[-2.17,-1.04] (7.76E-2)e-4.66M 2.02 

Table 6-8: Sensitivity of b in the GR model to the upper limit of the moment magnitude 

interval for the linear regression. 𝑎∗ and 𝑏∗ are constants that can be converted 

to a and b when multiplied by log10 𝑒. 

 

Geomechanical Model: In the geomechanical model (Figures 6-22 and 6-23) we 

lumped together the upper two formation layers, Quintuco and upper VM, because of the 

proximity of the material properties of these two layers. These two layers are shown by the 

red color whereas the lower VM and Tordillo layers are shown by the green and blue colors, 

respectively. Also, the Quintuco formation thickness is truncated to 25 m in the 

computational model to reduce the computational expenses without any effects on the 
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results. Moreover, our computational domain in the plan view is limited to a 400 m ×

600 m rectangle surrounding the planar segment of the first-stage hydraulic fracture and 

the corresponding microseismic events at later times. 

The dark thick lines on the upper boundary of this model in Figure 6-22 

demonstrate the dense meshing zones around the cohesive layers. These layers are better 

shown in Figure 6-23 having removed the surrounding poroelastic solid elements. In 

Figures 22 and 23, the hydraulic-fracture cohesive layer is located perpendicular to x-axis 

whereas the natural-fracture cohesive layer makes 40° angle with the HF plane. 

 

 

Figure 6-22: The computational domain for a four-layer shale formation called the VM 

Shale in Argentina. The formation layers are color-coded by three colors 

lumping together two upper formation layers, Quintuco and upper VM, owing 

to the proximity of the rock material properties of these two layers. This 

model contains 99,736 continuum solid elements, C3D8P, and 4,940 

cohesive elements, COH3D8P. Also, the dense mesh refers to the cohesive 

layers associated with the hydraulic and natural fractures making a 40o angle 

with each other. 
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Figure 6-23: The computational domain shown in Figure 6-22 having removed the 

poroelastic solid elements for a better demonstration of the cohesive layers on 

which the hydraulic and natural fractures propagate. The geological layers are 

placed horizontally whereas the cohesive layers in our computational model 

cross vertically through all these geological layers. 

The elastic material properties, Young’s modulus and Poisson’s ratio, were 

assumed isotropic in the presence of anisotropic stress profiles. Figures 6-24a and 6-24b 

show these properties which were obtained by calibrating borehole acoustic log 

measurements against the static values from laboratory tests. The anisotropic stresses were 

computed by importing these isotropic elastic properties into a proprietary 1D poro-

mechanical earth model known as PoroMEM (Su et al. 2014). These anisotropic stress 

profiles are shown in Figure 6-24c. 

This stress model is based on standard coupled compaction equations accounting 

for geological contributions to the development of the horizontal stresses: gravity loading, 

subsidence/uplift, changes in pore pressure, and tectonic loading. In this model, in-situ 

stresses refer to the principal stresses in three orthogonal directions. The vertical stress 
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gradient is typically evaluated using the density log which can be integrated through the 

overburden formations to provide the vertical stress on the reservoir top. The horizontal 

stresses result from imposed far-field deformations (tectonic strains), and change from 

facies to facies as a result of heterogeneous elastic properties. Well log data, DFIT data, 

and drilling occurrences such as wellbore breakouts and drilling-induced tensile fractures 

from image logs provide calibrations to the model.   

We treated the fracture toughness as a matching parameter varying in a range of 

common values from mechanical experiments to obtain fracture propagation through the 

microseismic events with the possible turning and upward progress at later times. A 

detailed description of the computational model, shown in Figures 6-23 and 6-24, as well 

as the operation data can be found in Tables 6-9 and 6-10, respectively. 
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(a) (b) (c) 

Figure 6-24: (a) Static elastic modulus; (b) static Poisson’s ratio; (c) total minimum and 

maximum horizontal stresses, vertical stress, and pore pressure, for the VM 

Shale. To simplify the computational model, we approximated the stress 

profiles by linear distributions. The targeted perforation depth is equal to 2741 

m. 
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Properties Layers 

Top formation 
(Quintuco +  
Upper VM) 

Target  
formation 

(Lower VM) 

Low  
formation 
(Tordillo) 

Bottom depth of reservoir model (m) 2850 

Formation thickness (m) 178 167 55 

Depth range (m) 2450-2628 2628-2795 2795-2850 

Overburden total stress (103 kPa)  
on reservoir top 

53.04 - - 

Initial porosity,  (dimensionless) (at zero 
pore pressure, stress, and zero strain) 

0.05 
 

Effective permeability (mD)  
at initial porosity 

0.5 

Gouge zone permeability (mD) 50 

Gouge zone thickness (m) 1.0 

Poisson’s ratio, 𝜈 (dimensionless) 0.213 0.240 0.195 

Young’s modulus,  (106 kPa) 27.22 21.91 35.92 

Extended Drucker-Prager friction angle, φ 
(o) 

36 

Extended Drucker-Prager flow stress ratio 
(dimensionless) 

0.95 

Extended Drucker-Prager dilation angle, Ψ 
(o) 

36 

Yield stress (kPa) versus absolute plastic 
strain (dimensionless - in parentheses) 

37.93E+3 (0.0); 38.20E+3 (0.005); 38.34E+3 
(0.02); 38.40E+3 (0.08) 

Mode-I critical stress intensity factor, KIc 

(kPa.m)  

807.98 659.57 807.98 

Mode-II critical stress intensity factor, KIIc 

(kPa.m)  

1610.46 1319.15 1610.46 

Mode-I damage initiation stress, 𝑡I
0 (kPa) 258.66 86.22 129.33 

Mode-II damage initiation stress, 𝑡II
0  

(103 kPa) 

10.35 6.90 10.35 

Mode-I critical energy release rate, 𝐺I
𝑐  

(10-3 kPa.m) from Equation (6-1) 

23.13 19.10 17.52 

Mode-II critical energy release rate, 𝐺II
𝑐  

(10-3 kPa.m) from Equation (6-2) 

91.80 76.39 69.73 

Formation grain bulk modulus (106 kPa) 15.31 

Formation fluid bulk modulus (103 kPa) 220.09 

Formation density (kg/m3) 1597 

Leakoff coefficient (10-10 m3/kPa.s) 5.88 

Natural-fracture weakening factor, WNF 
(dimensionless) 

0.5 

HF-NF intersection angle (o) 40 

Alpha (dimensionless) 60 60 60 

Table 6-9: The VM Shale data assuming isotropic rock properties. The compressive 

stresses are positive. 
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Parameter Value 

Pump rate (m3/s) 1.99E-1 (ramp up linearly in the first 100 seconds) 

Injection time (seconds) 2,500 

Injection location 100 m away from the intersection 

Injection fluid density (kg/m3) 1950 

Viscosity (cp) 10 (No proppant transport) 

Gravitational acceleration (10-3 kN/kg) 10 (in negative z-direction) 

Table 6-10: Hydraulic-fracturing operation data used in the computational model for the 

VM case. 

Notably, the field value for permeability is different from that in our computational 

model, Table 6-9. We intentionally increased permeability in our model to satisfy the 

condition on the minimum allowable stable time increment proposed by Vermeer and 

Verruijt (1981). This condition originates from the coupling of temporal and spatial scales 

of the transient soils consolidation problem, and prevents spurious oscillations in the pore 

pressure. Nevertheless, the permeability effect on our results is not significant because our 

short simulation time is negligible compared with the reservoir production time whereas 

permeability requires a long time to become significant. 

Because of the limitations on the CPU time, our computational model simulates 

only a single cluster (out of four in a stage) and for 2,500 seconds of injection time which 

is almost a quarter of the field injection time of 10,000 seconds. Because the clusters in a 

stage are well spaced (around 18 m), we assume that they receive almost equal fracturing-

fluid volumes. Thereby, to conserve the injection volume that a cluster receives in a quarter 

of the field injection time, we quadrupled the pump rate into a cluster, which is now equal 

to 0.199 m3/s as stated in Table 6-10. This change in the pump rate may influence the 

injection pressure; however, as shown by Haddad and Sepehrnoori (2015a) for 3D 

hydraulic-fracturing models, the effect of the pump rate on the fracture mouth pressure is 

limited to very early pumping times. Also, considering the small viscous pressure drop 
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along the fractures (leading to the rough approximation of the local net pressure using the 

injection pressure and the horizontal stresses), we can extend the previous statement to the 

VM fracture intersection case.         

Figure 6-25 shows the slurry rate and the surface and bottomhole pressures and 

slurry proppant concentrations from the field data. The difference between the surface and 

bottomhole pressures originates from the hydraulic pressure drop caused by the fluid flow 

friction along the wellbore and the wellbore fluid hydrostatic pressure. Moreover, this 

figure shows consistent trends between the surface and bottomhole pressure buildup, the 

slurry rate, and the proppant concentrations.   
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Figure 6-25: Slurry rate, surface, and bottomhole pressures, and surface and bottomhole 

slurry proppant concentrations through the stimulation job. 

Figure 6-26 shows the results for the VM Shale with the properties shown in Tables 

6-9 and 6-10, and the reservoir geometry shown in Figures 6-22 and 6-23. As a result of 

the horizontal stress contrast, the hydraulic fracture tends to propagate perpendicular to the 

minimum horizontal stress or on the HF cohesive layer (Figures 6-26a and 6-26b). This 

fracture propagation, however, deviates toward the NF plane at the intersection at later 

times. In this case, the weaker NF cohesive behavior helps in the deviation of the fracture 

growth towards the NF plane. Also, the horizontal stress gradient with depth causes 

significantly upward fracture growth, which is quite different from the conventional results 

of the 2D fracturing models such as the PKN and PL3D models where the wellbore 
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coincides with the axisymmetric axis of the fracture plane (Adachi et al. 2007). Figures 6-

6c and 6-26d show the complexity of the leakoff on the HF plane because the high 

hydraulic pressure region does not match with the high leakoff rate region, which shows 

the dependence of the leakoff rate on the normal pore-pressure gradient at the fracture wall 

not the absolute value of pressure inside the fracture. Also, the high leakoff rate on the 

upward fracture front demonstrates more upward fracture growth in agreement with 

Figures 6-26a and 6-26b. Despite the significant fluid infiltration rate from the HF plane 

into the gouge zone adjacent to the NF plane, the natural fracture opens at the intersection 

and the fracture wall separation stretches toward this plane for 16 and 24 m in the lower 

and upper VM formations, respectively (Figure 6-25h).   

Figures 6-26e through 6-26g show the significant stability function magnitudes 

with lighter blue contours which evolve through time towards shallower depths on the NF 

plane; this demonstrates the slippage tendency of the formation at the corresponding sites 

on the NF plane which can be the reason for the observation of abundant microseismic 

events in the upper VM formation (Figure 6-20). Moreover, according to Figure 6-25h, the 

natural fracture undergoes shear failure because the separation magnitude across the failed 

elements on the NF plane is almost constant, which is possible for shear-mode failure. This 

can be further clarified considering the definition of the separation vector across a fracture 

gap in Figure 6-1b and the dominant shear displacement component in the separation vector 

caused by the fracture slippage instead of opening. This shear failure expands the unstable 

region on the NF plane for around 134 m as shown in Figures 6-26e through 6-26g despite 

that the hydraulic connectivity is stretched for only around 16 m (Figure 6-26h). The 

investigation of the fracture growth beyond the limits or boundaries defined in the current 

chapter can definitely improve the capability of these simulations in predicting the 

microseismic event map in Figure 6-20.  
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The maximum horizontal stress magnitude in this case was selected 690 kPa higher 

than the minimum horizontal stress after an optimization study on the horizontal stress 

contrast to extend the unstable area ahead of the opened natural fracture through the 

microseismic event map at later times. The consistent numerical results with the 

microseismic observations supports adjusting the maximum horizontal stress magnitude 

using this study considering the negligible natural-fracture opening at 𝑆𝐻,𝑚𝑎𝑥 obtained 

from the poroMEM model. This maximum horizontal stress modification may alter the 

apparent strike-slip faulting regime to normal faulting regime according to Figure 6-24c. 

However, this alteration does not influence neither of the following: 1) the tensile (opening-

mode) fracture growth along the HF and NF planes; 2) our conclusions regarding the 

potential sites for microseismic events on the NF plane considering that the shear slippage 

direction is not targeted in this chapter.  
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Figure 6-26: VM results considering non-zero horizontal stress contrast as shown in Figure 

6-24c. Figures 6-26e through 6-26g show the transient potential sites for 

microseismic events. This case corresponds to 690 kPa horizontal stress 

contrast. “Separation” here denotes the mixed-mode displacement vector 

across the fractures’ thickness as shown in Figure 6-1b. 

  

Figure 6-27: Bottomhole pressure and opening at the injection point through time from the 

simulation. The HF-NF intersection occurs after 920 seconds of injection.    

Figure 6-27 shows the temporal profiles for the bottomhole pressure and the 

injection point opening for the VM field case. The fracture opening experiences multiple 

declines and gradual buildup through time; this originates from the computational 

limitations on the total number of elements because finer meshes may cause impractical 

models for running on a restricted number of processing cores.  Notably, the average 

declining trend of the bottomhole pressure and fracture opening results from the upward 

fracture growth as shown also in the simulation results (Figure 6-26a and 6-26b). 

Moreover, the declining bottomhole pressure is “qualitatively” in agreement with the 

pressure profile from the field data, as shown in Figure 6-25 for the time range 3,000 to 

9,000 s. Moreover, the intersection of hydraulic and natural fractures coincides with a slight 
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decline of the injection point opening which reflects the natural-fracture opening as shown 

in Figure 6-26a. Nevertheless, the quantitative discrepancy between the numerical injection 

pressure and the bottomhole pressure requires further investigations especially on the in-

situ horizontal stresses, the geological model, and more complicated DFN models.  

6.5 DISCUSSIONS 

The incorporation of hydraulic and natural fractures in a geomechanical model by 

use of pore-pressure CZM requires intensely refined mesh close to the cohesive layers 

(Figure 6-22); the upper boundary of the model in Figure 6-22 indirectly shows the location 

of cohesive layers by the dense element concentration in the vicinity of the cohesive layers. 

During numerical experiments, we have obtained the degree of refinement depending on 

the criterion on the minimum stable time increment, as stated in Vermeer and Verruijt 

(1981), the overall numerical stability, convergence, and accuracy of the solution, and the 

cohesive-layer properties. On the other hand, excessive mesh refinement may conclude an 

impractical model that cannot be solved in a reasonable amount of computational time and 

number of processors.  

Our proposed model does not naturally limit the number of hydraulic and natural 

fractures in the model as long as we know the locations and characteristics of these 

discontinuities. From the computational aspect, considering only a limited number of major 

natural fractures (fewer than 10) in this type of model significantly reduces the 

computational expenses and the prospective convergence burdens, whereas it significantly 

improves our understanding regarding the role of the fluid infiltration into the natural 

fractures in the natural-fracture activation. Moreover, because of the nonlinear nature of 

this model and application of enormously high in-situ stresses, stress initialization 

significantly influences the initial convergence of the solution and its accuracy through 
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time. Stress initialization must be conducted individually on each cohesive layer, 

depending on the alignment of that layer with respect to the horizontal stress directions. 

This task can be accomplished through the user subroutine SIGINI in Abaqus and by use 

of different material names for different cohesive layers.  

The discrepancy between the microseismic-event map (Figure 6-20) and the 

potential sites of slippage in our models (Figures 6-26e through 6-26g) originates from the 

limitation on integrating all natural fractures in the reservoir into our computational model. 

The intersection of hydraulic fracture by multiple natural fractures leads to more fluid 

infiltration into the natural fractures, probably more shear slippage, and ultimately a better 

interpretation of the microseismic survey. Using a DFN obtained from the fracture 

interpretation of 3D seismic attributes or stochastic studies, such as the work performed by 

Sun et al. (2015) and Haddad et al. (2015c), better calibrates our model to predict the 

microseismic event distribution. This work can be complemented by integrating a 

production-simulation model for fractured reservoirs to honor the production history from 

the hydraulically connected fracture network as the extension of the work performed by 

Shakiba and Sepehrnoori (2015).  

The other well-known hydraulic-fracturing model in Abaqus adopts XFEM, which 

is distinguished from our CZM models through waiving the requirement to predefine 

fracture planes (Haddad and Sepehrnoori 2015b, 2016b). XFEM enables models to solve 

for nonplanar fractures depending on the stress interactions between fractures. However, 

because an element can be crossed by only a single XFEM fracture, the intersection of the 

XFEM fractures cannot be modeled yet in Abaqus. Moreover, the middle-edge pore-

pressure nodes across the XFEM hydraulic fractures are internally assigned through the 

time-marching solution, and the current proposed model for intersections cannot be applied 

on the XFEM cracks in Abaqus.  
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For hydraulic-fracture modeling or any geomechanical modeling, proper estimation 

of in-situ stresses is crucial. In addition, the height-growth effects may be well-understood 

by use of a 3D model with the proper horizontal stress gradients.  

The simulation of the microseismic events by use of the stability function likely 

overestimates the number of events because any failure point would be counted as one 

microseismic event regardless of the failure nature: stable or unstable. To differentiate 

those two types of events, performing a dynamic analysis is required, where the inertial 

forces are also included. This analysis type is computationally intensive and out of the 

scope of the current chapter, where we look into the fluid-driven fracture propagation and 

the effect of natural fractures on hydraulic fracturing. In this respect, performing a 

quasistatic analysis is a good choice to balance between the computation time and the 

studied phenomena.  

Natural-fracture characteristics, especially the proposed weakening factor and 

conductivity, critically affect fracture growth. The natural-fracture weakening factor 

should be acquired from laboratory experiments similar to the work performed by Gale and 

Holder (2008), and the conductivity should be carefully calibrated to obtain the closest 

match between the geomechanical model and the microseismic-event map. In this chapter, 

we attempted to optimize the natural-fracture parameters such that we obtain the fracture-

propagation pattern almost similar to that from our observations in the microseismic 

survey.  

The substitution of C3D8P elements with reduced-integration poroelastic 

C3D8RP elements, C3D8RP (continuum solid 3D linear element with pore-pressure 

degree of freedom and reduced integration), has caused the hourglassing problem (Dassault 

Systèmes 2014) in some of our analyses, and even the hourglass-control option in Abaqus 

was not able to resolve these problems. In these cases, we decided to use the full integration 
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element C3D8P, which resulted in higher computational expenses for the sake of higher 

solution-convergence rates and accuracy. Either of these finite elements should be selected 

after numerical experiments, starting with the reduced-integration elements and for the 

specific geomechanical-stress regime. 

 

6.6 HIGHLIGHTS OF THE CHAPTER 

In this chapter, we presented a 3D CZM for hydraulic-fracturing modeling, which 

is capable of including the following: (1) fracture intersections through the pore-pressure 

coupling; (2) height growth complexities after fracture intersection; and (3) fully coupled 

slit flow in fracture(s) with poroelasticity in matrix, continuum-based leakoff on the 

fracture walls, and cohesive behavior for fracture growth. We validated this model by 

comparing the results from a simple 2D plane-strain case with the KGD solution. With this 

model along with the necessary information from the field, such as pumping data, in-situ 

stress profiles, mechanical properties, and natural-fracture orientations and properties, we 

can simulate the growth of hydraulic fractures, and their interaction with natural fractures, 

fluid leakoff into natural fractures, and stress evolution through time and within the whole 

computational domain.  

The 2D sensitivity study cases demonstrated the effect of the open segment length 

of the natural fracture at the intersection on the arrest of the hydraulic fracture at various 

horizontal stress contrasts. Moreover, the 3D sensitivity study cases showed that closer 

injection points to the intersection, and more importantly, higher in-situ stresses lead to 

more extensive natural-fracture opening and shear slippage. The numerical investigation 

on the VM field case shows that the later microseismic events at shallower depths are most 



 237 

likely associated with remote shear slippage along weak planes resulting from the induced 

stresses by the hydraulic fracture.  

Modeling explicit fluid infiltration into the natural fracture at the intersection can 

help us understand the nature of microseismic events and better interpret the microseismic 

survey. Therefore, the intersection of fractures must be considered in these models, which 

can be significantly improved using a DFN model.  
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Chapter Seven: Threshold Horizontal Stress Contrast for Wetted Fully 

Cemented Natural-Fracture Activation: Dependence on the Intersection 

Angle and Initial Reservoir Pressure1 

7.1 SUMMARY 

Pre-existing natural fractures in ultra-low permeable shale formations profoundly 

contribute in economic long-term production; however, they complicate the hydraulic-

fracture growth and consequently, the microseismic event interpretation. Due to the 

misalignment of the natural fractures with respect to the far-field principal stresses, shear 

slippage is introduced as a failure mode or microseismic source along natural fractures. 

This failure mode is triggered especially upon intersection of this natural fracture with a 

hydraulic fracture and the fracturing-fluid infiltration into the natural fracture. This failure 

depends on the intersection angle and poroelastic effects (e.g., initial reservoir pressure). 

A poroelastic fracture intersection and propagation model can rigorously address this 

complexity.  

Our numerical technique develops fracture intersections based on pore-pressure 

cohesive zone model (P-CZM) along both hydraulic and natural fractures. This model 

honors the fracture tip effects in quasibrittle shale and introduces middle edge pore-

pressure nodes which are now hydraulically coupled at the intersection using additional 

simple governing equations. The model also provides a reasonable solution for the slit flow 

in fractures, which is fully coupled with continuum-based leakoff on the fracture walls 

along with poroelastic effects within the porous media. Moreover, a user-defined stability 

function along the natural fracture(s) distinguishes the potential regions for the occurrence 

of microseisms. 

                                                 
1This chapter is retrieved from a full-paper manuscript prepared for the 2016 Science in the Age of 

Experience Conference (Haddad and Sepehrnoori 2016).   
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Using this model, the natural-fracture opening and shear slippage are investigated 

depending on the following: horizontal stress contrast; adjoining fissure conductivity; 

hydraulic-natural-fracture intersection angle; and the initial reservoir pore pressure which 

is one of the most uncertain parameters in shale resources characterization. Modeling 

results demonstrate the complexities of hydraulic-fracture growth through the intersection 

with natural fracture such as selective branching and throttling at the intersection. 

Furthermore, we numerically obtained the horizontal stress contrast threshold for the 

natural-fracture activation at various intersection angles and initial reservoir pressures. 

Having observed non-trivial trends for the natural-fracture activation at various reservoir 

pressures, we retrieved a warped 3D surface via nonlinear multivariable regression to 

predict the horizontal stress contrast required for the natural-fracture activation at arbitrary 

reservoir pressures and intersection angles. 

 

7.2 INTRODUCTION 

Hydrocarbon reservoirs are buried geological formations which are capable of 

holding oil and gas in interconnected pore spaces known as porous media. The tectonic 

activities during millions of years in addition to the diagenetic processes leave natural 

fractures in the formation which get cemented by the flow of various minerals through the 

porous media. These natural fractures can occur in ultra-low permeable resources such as 

shale formations which can only be exploited through the recently improved technologies, 

horizontal drilling and multiple-stage hydraulic fracturing.  

The investigation of these fracturing processes, however, requires the inclusion of 

natural fractures which are presumably cemented by weaker materials (e.g., calcite) 

compared to the adjoining media. Moreover, the evolution of the minimum horizontal 
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stress alignment during geological times leads to a network of misaligned or intersecting 

natural fractures in addition to the propagation of the currently placed hydraulic fractures 

in directions not necessarily parallel to the pre-existing natural fractures. Therefore, the 

majority of hydraulic fractures inevitably intersect natural fractures in various angles which 

may not be known a priori. These intersections have been indirectly confirmed using 

microseismic monitoring during the field fracturing practices (Fisher et al. 2004; Warpinski 

2013).   

The hydraulic-natural-fracture (HF-NF) intersection patterns can be classified as 

the following: (1) full natural-fracture crossing without natural-fracture de-bonding; (2) 

hydraulic-fracture arrest at the intersection and subsequent natural-fracture opening; (3) 

temporary hydraulic-fracture arrest, partial de-bonding of natural fracture, and offset 

growth of hydraulic fracture; (4) natural-fracture crossing and delayed de-bonding of 

natural fracture. The first three patterns have been observed experimentally (Fu et al. 2015) 

whereas the possibility of the last one has been demonstrated using numerical experiments 

(Haddad et al. 2016). These patterns may occur depending on the horizontal stress contrast 

(the difference between the minimum and maximum horizontal stresses or SH,max-Sh,min), 

initial reservoir pore pressure, the absolute value of the horizontal stresses (Haddad et al. 

2016), the fracture properties of the intact rock as well as the natural-fracture cement, the 

injection rate, the fracturing-fluid viscosity, and the intersection angle.  

This chapter mainly focuses on the role of the intersection angle and initial reservoir 

pore pressure on the natural-fracture activation induced by the gradual or abrupt fracturing-

fluid infiltration into the natural-fracture gouge zone. Thereby, we propose a new 

mechanism for the natural-fracture activation: triggering the natural-fracture shear 

activation following the limited-length tensile failure of the natural fractures at hydraulic-

natural-fracture intersections. Also, we investigate the subsequent hydraulic and natural-
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fracture complexities as well as left signatures in the injection pressure and injection point 

aperture (fracture opening). Notably, the initial reservoir pore pressure in shale formations 

can neither be measured using the current well testing conventional techniques nor 

estimated using the hydrostatic pressure gradients due to the disequilibrium compaction 

(and consequently, over-pressurization) of these reservoirs.  

For this purpose, the fracture intersection is included in a fully coupled pore-

pressure-stress analysis using a recently proposed model by Haddad et al. (2016). This 

model is based on pore-pressure (hydraulic-pressure) coupling at intersection and pore-

pressure cohesive zone model (P-CZM) for the fracture space in Abaqus (Dassault 

Systèmes 2016). The generated conceptual models use the material properties, horizontal 

stresses, and pore pressure for multiple shallow and deep shale formations. Ultimately, the 

diverse trends in the threshold horizontal stress contrast (for the natural-fracture activation) 

versus the intersection angle for different initial reservoir pore pressures is explained by a 

nonlinear multivariable regression through the values obtained from numerical 

experiments. 

    

7.3 METHOD 

P-CZM in Abaqus/Standard has been extensively employed for hydraulic-

fracturing simulation, for instance in the works done by Searles et al. (2016), and Haddad 

and Sepehrnoori (2015). In these works, fractures are modeled by non-intersecting pre-

defined cohesive layers which can cross multiple geological formations. The advantages 

of these models can be exemplified as thorough investigation of fracture height growth, 

stress interference of multiple hydraulic fractures, and mixed-mode fracture nucleation, 

coalescence, and propagation.  
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However, the inclusion of hydraulic and natural-fracture intersections may need 

special treatment for the hydraulic coupling of intersecting fractures exactly at the 

intersection. This coupling can be implemented using the additional governing equations 

between the middle-edge pore-pressure nodes at the intersection (Haddad et al. 2016). This 

approach assumes that one cohesive layer models a hydraulic-fracture growth in the intact 

rock and the other intersecting cohesive layer models a natural-fracture re-opening or 

dilation as shown Figure 7-1. The keyword *EQUATION in Abaqus can couple the pore-

pressure degree of freedom of any pairs of middle-edge nodes; for instance, the following 

command in the input file equates the pore-pressure value in Node 1 to the pore-pressure 

value in Node 2: 

*EQUATION 

 2 

 1, 8, 1.0e0, 2, 8, -1.0e0 

This coupling must be imposed for three pairs of middle-edge nodes leaving 

ultimately a single pore-pressure degree of freedom at the intersection. For 2D cases, these 

equations can be manually added to the input file; however, 3D cases require a search 

algorithm to find the coupling nodes at the intersection and to generate an include file for 

*EQUATION commands (Haddad et al. 2016). Moreover, in order not to limit the fluid 

acceptance in multiple intersection legs, the damage value of the cohesive elements 

adjacent to the intersection is initialized as 1.0 as shown in Figure 7-1.  

  



 252 

  
(a) (b) 

Figure 7-1: (a) HF-NF intersection model; (b) schematic of cohesive layer intersection 

configuration (Haddad et al. 2016). 

This approach requires special treatment for unique node numbering of the middle-

edge nodes of the cohesive elements at intersection considering that Abaqus uses offset 

technique for the middle-edge node numbering. Defining clockwise or counter-clockwise 

sweep paths directions can guarantee this unique node numbering.  For instance, for a 

double intersection case, sweep paths should be defined in opposite directions for the left 

and right intersections in order not to create repetitive middle node numbers at the 

intersections as shown in Figure 7-2. 

Due to the nonlinear nature of this problem, correct stress initialization for the 

matrix as well as the cohesive elements is of crucial importance for the initial solution 

convergence and the validity of the final results. The stress initialization simply follows 

the boundary loading conditions for the poroelastic solid elements; however, it requires the 

calculation of shear and normal stresses for the intersecting cohesive layers with 

intersecting angle of 휃 using slightly more complicated equations as Equations (7-1) and 

(7-2):  
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𝜏 =
1

2
sin(2휃) (𝑆𝐻,max,eff − 𝑆ℎ,min,eff),                                                                        (7-1) 

𝑁 = 𝑆𝐻,max,eff𝑠𝑖𝑛
2휃 + 𝑆ℎ,min,eff𝑐𝑜𝑠

2휃,                                                                      (7-2) 

where 𝜏 and 𝑁 represent the shear and normal stresses on a cohesive layer making an angle 

of  휃 with the direction of the effective maximum horizontal stress, SH,max,eff. Also, Sh,min,eff 

denotes the effective minimum horizontal stress and perpendicular to the maximum 

horizontal stress. For instance, a purely tensile fracture propagation occurs at 휃=0 and 

hence, N=Sh,min,eff . 

 

 

Figure 7-2: Top view of the cohesive layers in a double-stage hydraulic-fracturing model 

containing two intersections with a horizontal natural fracture. 

Natural fractures are usually cemented with weaker materials compared to the 

adjoining porous media due to different mineralogy and grain size distribution. Therefore, 

the material properties associated with an intact rock fracture may vary from the material 

properties of a fracture which re-opens a cemented natural fracture. This variation in the 

fracture properties can be reflected in the cohesive traction-separation response of 

intersecting cohesive layers using a weakening constant, WF, which proportionally scales 

down the fracture initiation stress, energy release rate, and elastic stiffness of the natural 
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fracture from those of the hydraulic fracture, Figure 7-3. In this chapter, WF is assumed 

equal to 0.1. 

 

 

Figure 7-3: Traction-separation response for cohesive layers associated with the hydraulic 

and natural fractures shown with orange and red lines, respectively. Natural-

fracture properties are weakened by a factor of WF with respect to the 

hydraulic-fracture properties (Haddad et al. 2016). 

Moreover, as stated before, the intersection of fractures occurs when the principal 

stresses, the minimum and maximum horizontal stresses, evolve with geological time due 

to the tectonic activities. In contrast to an idealized infinitely thin natural fracture, these 

stress evolutions create a joint zone also called gouges with contractional or dilational 

configurations expanding from a few millimeters up to tens of meters [Myers and Aydin 

2004; Committee on Fracture Characterization and Fluid Flow at National Research 

Council (U.S.) 1996]. This joint zone is likely characterized with more fluid conduits or 

barriers and therefore, enhanced or reduced permeability compared to the adjoining porous 

media. In order to include this permeability alteration, we defined the porous media’s 
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material properties based on a field variable with a step-wise definition. This field variable 

is equal to 1.0 if the material node’s distance from the natural fracture is less than a constant 

(e.g., a typical value of 0.1 m), and equal to 0.0 for farther distances. We assigned this field 

variable to the material points using UFIELD user subroutine. In this chapter, we assumed 

that the joint zone permeability and the leakoff coefficient are enhanced by two times with 

respect to those outside the joint zone.     

 

7.4 RESULTS AND DISCUSSION 

Figure 7-4 shows a typical computational domain in this chapter (e.g., for the HF-

NF intersection angle equal to 30°). The hydraulic-fracture cohesive layer is placed 

perpendicular to Sxx which is commonly assumed as the minimum horizontal stress and the 

natural-fracture’s cohesive layer makes an angle of 휃 with the hydraulic fracture.  
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Figure 7-4: 2D Reservoir model consisting of 942 COH2D4P and 11,865 CPE4P 

elements for the fracture and porous rock domains, respectively. HF and NF 

denote hydraulic and natural-fracture planes, respectively. 

Our ultimate target is to obtain the threshold horizontal stress contrast (or the far-

field horizontal stress SYY keeping SXX constant) where the natural fracture is significantly 

activated upon arrival of the hydraulic-fracture tip to the intersection. For this purpose, a 

sensitivity study is conducted for various intersection angles at low and high horizontal 

stresses, 𝑆𝑋𝑋, and initial pore pressures, 𝑃𝑃: Case 1 at 𝑆𝑋𝑋 = 1000 psi and 𝑃𝑃 = 100 psi; 

and Cases 2 through 6 at 𝑆𝑋𝑋 = 8000 psi, and 𝑃𝑃 =4500, 5000, 5500, 6000, and 6500 psi, 

respectively.  The simulations are accomplished for the intersection angles equal to 30°, 

45°, 60°, and 90° for all mentioned cases. The low-pore-pressure case (Case 1) was 

conducted for the conceptual understanding of the dominant effect of the far-field 

horizontal stresses (rather than the reservoir pore pressure) on the natural-fracture 

activation.  
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The threshold horizontal stress contrast was obtained iteratively based on a flow 

chart similar to the one in the root-finding bisection method. This flow chart is 

demonstrated in Figure 7-5. In this flow chart, S𝑌𝑌
𝑈  and S𝑌𝑌

𝐿  denote the upper and lower 

limits of the far-field horizontal stress SYY which are corresponding to the stable and 

unstable natural fracture upon fracture intersection, respectively. Also, the logical function 

F is defined as an indicator of the natural-fracture activation upon fracture intersection. 

Also, eps sign denotes the maximum error in the threshold value of the horizontal stress, 

which is selected equal to one to two psi in this work. This flow chart is followed for all 

cases at various intersection angles. Due to the iterative nature of this flow chart, we 

accomplished roughly 15 simulations for each intersection angle at each case, which 

concluded around 360 simulations in total. 
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Figure 7-5: Flow chart for obtaining the threshold value of the far-field horizontal stress 

SYY for the activation of the natural fracture upon fracture intersection.  

The horizontal wellbore is placed ideally in the x-direction and 25 meters far from 

the HF-NF intersection point. In order to adequately refine the mesh around the cohesive 

elements, we used “Quad, Free, and Advancing front” mesh controls for the porous rock 

domain, and “Quad, Sweep” mesh controls for the cohesive elements.   

Furthermore, the numerical values of the model parameters can be found in Table 

7-1. The area under the traction separation response or the energy release rate is calculated 

using Irwin’s plane-strain equation, 𝐺𝐼
𝑐 = 𝐾𝐼𝑐

2 (1 − 𝜈2) 𝐸⁄ , where KIc, 𝐸, and 𝜈 denote the 

fracture toughness, Young’s modulus, and Poisson’s ratio, respectively, and are given in 
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Table 7-1. SYY, threshold in this table denotes the far-field stress component SYY below which 

the natural fracture starts to significantly open when the hydraulic-fracture tip arrives at the 

intersection. This stress threshold was obtained during multiple attempts on this stress for 

every HF-NF intersection angle 휃.  

 
Properties Value 

Formation thickness (ft) 200 

Sxx, far-field (psi) 1,000 (Case 1); 8,000 (Cases 2 through 6) 

Syy, far-field = Syy,threshold (psi) Variable with pore pressure and 
intersection angle 

Initial reservoir pore pressure (psi) 100 (Case 1); 4,500 (Case 2); 5,000 (Case 
3); 5,500 (Case 4); 6,000 (Case 5);  

6,500 (Case 6) 

Intersection angle (°)  

Initial porosity,  (dimensionless) (at zero pore 
pressure, stress, and zero strain) 

0.14 

Initial effective permeability (mD) (variable 
with porosity) at initial porosity 

0.5 

Poisson’s ratio,  (dimensionless) 0.23 

Young’s modulus, E (106 psi) 3.0 

Formation grain bulk modulus, 𝐾𝑔 (106 psi)  2.22 

Formation fluid bulk modulus, 𝐾𝑓 (103 psi) 31.91 

Biot’s coefficient, 𝛼 (dimensionless) 0.83 [from Equation (2-5)] 

Fracture toughness (psi-√𝑖𝑛) 1,600 

Mode-I and Mode-II damage initiation 
stresses, t0 (psi) 

160; 4,000 

Leakoff coefficient (bbl/psi-s) 2.5504E-8 

Regularization viscosity (dimensionless) Variable in the range of 0.03 through 0.035 
depending on the numerical stability 

Injection amplitude curve 
 

Ramp up linearly in the first 100 seconds 

Injection time (seconds) 6,500 

Injection rate (bbl/min/ft) (per unit reservoir 
thickness) 

0.1 

Injection fluid density (lbm/ft3) 62.5 

Viscosity (cp) 5 
 

Table 7-1: Parameters for the 2D intersection model. 

Figure 7-6 shows the stress components, S22 and S12, on the left and right figures 

at various HF-NF intersection angles and after 462 seconds of injection. Cohesive elements 
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are removed in these figures in order to better show the hydraulic and natural-fracture 

spaces. All these figures show throttling of the hydraulic fracture close to the intersection 

point and significant opening of the natural fracture as a result of fracturing-fluid discharge 

into the natural fracture and its consequent activation. These exact patterns are associated 

with the threshold horizontal stress contrasts above which the hydraulic fracture completely 

crosses the natural fracture without any natural-fracture activation.  

Furthermore, the left natural-fracture wing does not open as long as the right wing 

in the cases where the hydraulic and natural fractures are not perpendicular to each other. 

This asymmetric natural-fracture growth results from different induced stresses on the 

natural-fracture plane due to the hydraulic-fracture growth. In 30∘, 45∘, and 60∘ 

intersection angles, the left wing carries higher induced compressional stresses compared 

to the right wing; this causes more resistance for the natural fracture to open on the left 

wing.  
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(a) 𝛉 = 𝟑𝟎𝟎 (𝓵𝐍𝐅 ≅ 𝟑𝟒. 𝟗 𝐦) 

 

 

  

 

 
(b) 𝛉 = 𝟒𝟓𝟎 (𝓵𝐍𝐅 ≅ 𝟑𝟓. 𝟐 𝐦) 

 

 

  

 

 
(c) 𝛉 = 𝟔𝟎𝟎 (𝓵𝐍𝐅 ≅ 𝟑𝟎. 𝟓 𝐦) 

 

 

  

 

 (d) 𝛉 = 𝟗𝟎𝟎 (𝓵𝐍𝐅 ≅ 𝟒𝟎. 𝟓 𝐦)  

Figure 7-6: S22 and S12 stress component contours, left and right figures, on a zoomed area 

around the intersection at various HF-NF intersection angles after 462 

seconds of injection. ℓ𝑁𝐹 denotes tip-to-tip distance along the natural fracture. 

Displacements are magnified 1,000X. 
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Figure 7-7 displays the dependence of the threshold horizontal stress contrast on 

the HF-NF intersection angle. As shown in this figure, the natural-fracture dilation requires 

negative horizontal stress contrasts or Syy, far-field smaller than Sxx, far-field. Also, higher 

intersection angles require more negative threshold horizontal stress contrast. This trend 

can be justified considering the stronger stress shadowing effect of the hydraulic fracture 

on both wings of the natural fracture at higher angles, and consequently, more resistance 

to the natural-fracture opening. 

 

 

Figure 7-7: Threshold horizontal stress contrast to activate the natural fracture depending 

on intersection angle. 

As mentioned earlier, the initial reservoir pore pressure, 𝑃𝑃,init,res, in 

unconventional resources cannot be easily measured as it is conducted for conventional 

reservoirs (e.g., sandstone) using well test analyses. Thereby, we attempted to accomplish 

a sensitivity study on the effect of 𝑃𝑃,init,res on the threshold horizontal stress contrast, 

∆𝑆𝐻,Threshold. For this purpose, we conducted the numerical experiments at five other 

initial reservoir pore pressures to obtain the minimum horizontal stress contrast for the 

natural-fracture activation at various hydraulic-natural-fracture intersection angles, 휃. In 

y = -12.619x + 155.57

-1200

-1000

-800

-600

-400

-200

0

30 40 50 60 70 80 90

T
h

re
s
h

o
ld

 H
o

ri
z
o

n
ta

l 
S

tr
e
s
s
 

C
o

n
tr

a
s
t 

(k
P

a
)

Intersection Angle (degress)



 263 

order to explain the diverse trends between ∆𝑆𝐻,Threshold and 휃 for various initial reservoir 

pore pressures, we used a nonlinear multivariable regression through the numerical values 

using NonlinearModelFit function, LevenbergMarquardt method, and TrustRegion for 

StepControl in Mathematica (Wolfram Research Inc. 2017). This regression ultimately 

provided the following correlation: 

∆𝑆𝐻,Threshold = 2.254 × 103 + 3.002 × 10−1𝑃𝑝,init,res − 3.135 × 102휃 − 4.726 ×

10−4𝑃𝑝,init,res
2 + 1.284 × 10−1𝑃𝑝,init,res휃 + 5.914 × 10−8𝑃𝑝,init,res

3 + 2.987휃2 −

1.168 × 10−3𝑃𝑝,𝑖𝑛𝑖𝑡,𝑟𝑒𝑠휃
2 − 1.279 × 10−5𝑃𝑝,𝑖𝑛𝑖𝑡,𝑟𝑒𝑠

2 휃 + 1.117 × 10−7𝑃𝑝,init,res
2 휃2 −

1.852 × 10−5휃3,                                                                                                                           (7-3) 

where 𝑃𝑝,init,res and 휃 denote the initial reservoir pore pressure and intersection angle in 

psi and degrees, respectively. 
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(a) Isometric view 

 

 

(b) Side view 

Figure 7-8: Threshold horizontal stress contrast, ∆S𝐻,threshold, versus the intersection 

angle, θ, and the initial reservoir pore pressure, P𝑃,init,res. The blue dots and 

surface demonstrate the values obtained from the numerical experiments and 

the nonlinear multivariable regression, respectively. The differences between 

these two values are shown by the vertical red lines. 
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As observed in Figure 7-8, the trend of ∆𝑆𝐻,Threshold versus 휃 changes from 

inclining to convex and declining for the low, intermediate, and high reservoir pore 

pressures, 𝑃𝑝,init,res, respectively. Also, this figure shows the proximity between the 

numerical values (the blue dots) and the regression surface expect for 𝑃𝑝,init,res = 5500 𝑝𝑠𝑖 

and 휃 = 90° which may originate from the observation of a major natural-fracture slippage 

at a conservative horizontal stress contrast.   

Notably, the declining trend of the threshold horizontal stress at higher pore 

pressures is in agreement with the declining trend observed for Case 1 (Figure 7-7). This 

similar trend confirms the dominant role of the effective stresses (in contrast to the total 

stresses) in the natural-fracture activation as increasing the reservoir pore pressure reduces 

the effective stresses and converges the stress state towards that in Case 1.  

The declining trend of the threshold horizontal stress contrast at higher intersection 

angles in Case 1 can be explained by the volumetric strain contours in Figure 7-9. The 

volumetric strain was calculated using UVARM subroutine by calling GETVRM 

subroutine for the LE strain components, and using the equation 𝐿𝐸1 + 𝐿𝐸2  where 𝐿𝐸1 

and 𝐿𝐸2 denote the first and second logarithmic strain components. Notably, due to the 

finite strain analyses in this work, logarithmic strains are calculated instead of infinitesimal 

strains.   

As Figure 7-9 shows, the cases at 30° and 45° intersection angles contain significant 

volumetric strains around the natural fracture majorly due to the natural-fracture opening 

displacements not the hydraulic-fracture growth. In contrast, cases at 60° and 90° 

intersection angles cause the region of high volumetric strains around the hydraulic fracture 

to overlap with that around the natural fracture. In these cases, the natural fracture opens 

harder as a result of more compressive volumetric strains. Therefore, the required 
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horizontal stress contrast to open the natural fracture should reduce as shown in Figure 7-

7. 

 

  

(a) 휃 = 30° (b) 휃 = 45° 

  

(c) 휃 = 60° (d) 휃 = 90° 

Figure 7-9: Volumetric strain contours on a zoomed area around the intersection at various 

HF-NF intersection angles after 462 seconds of injection. Displacements are 

magnified 1,000X. 

Figure 7-10 shows the fracturing-fluid pressure at the injection point through time 

and far-field horizontal stress. The high spike in the injection pressure is consistent with 

the extremely high injection pressure at very early times in KGD model for plane-strain 

fracture propagation (Khristianovic and Zheltov 1955; Geertsma and de Klerk 1969). Also, 
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early-time high injection pressures have been frequently reported during the fracturing 

operations in the oil and gas reservoirs. The abrupt injection pressure reduction coincides 

with the arrival of the hydraulic-fracture tip to the HF-NF intersection point and subsequent 

natural-fracture opening. This natural-fracture opening for the cases of 60° and 90° 

intersection angles occurred around 300 seconds later than that for the other two cases. 

This delay can be referred to the prior arrival of the lower hydraulic-fracture wing to the 

lower boundary. As expected, all injection pressure profiles tend to converge to the far-

field horizontal stress as the confining pressure on the hydraulic fracture.  

 

 

Figure 7-10: Injection pressure through time for different intersection angles, theta (θ). 

Figure 7-11 compares fracture opening at the injection point for different 

intersection angles. The trends shown in this figure are completely consistent with those in 

Figure 7-10. The early-time increasing injection pressure causes monotonic fracture 

opening at the injection point. This is followed by the abrupt injection point opening 

reduction due to the significant fluid invasion from the hydraulic fracture into the natural 
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fracture. Also, as shown in Figure 7-9, this fluid invasion causes the closure of the hydraulic 

fracture close to the intersection point. Moreover, the hydraulic-fracture closure at the 

injection point or close to the intersection point is more unfavorable in cases with 60° and 

90° intersection angles, which may cause problems during proppant transport (e.g., 

proppant bridging, crushing and embedment) or during maintaining the HF-NF connection.    

 

 

Figure 7-11: Injection fracture opening through time for different intersection angles, theta 

(θ). 

 

7.5 HIGHLIGHTS OF THE CHAPTER 

In this chapter, we developed hydraulic-fracturing models including the HF-NF 

intersection at various intersection angles, enhanced joint zone permeability and stable 

weakening behavior of natural fracture. Our intersection model is based on coupling of the 

middle-edge pore-pressure degrees of freedom for the cohesive element edges at the 

intersection.  

Our results show a complicated dependence of the threshold horizontal stress 

contrast for the natural-fracture shear activation on the intersection angle and the reservoir 
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pore pressure. Depending on the reservoir pore pressure, increasing the intersection angle 

requires higher or lower horizontal stress contrast to activate the natural fracture upon 

fracture intersection. A convex trend can be also observed for intermediate reservoir pore 

pressures. In virtue of large matrix deformations or finite strains during hydraulic-fracture 

growth, our results are strongly influenced by the stress shadowing effect in competition 

with the far-field in-situ stresses. The threshold horizontal stress contrast may follow a 

similar trend at low- and high-stress cases due to the low “effective” in-situ stresses in both 

cases and the dominance of the stress shadowing effect. This stress shadowing effect in the 

low effective in-situ-stress cases causes the natural fractures to dilate asymmetrically at 

intersection angles below 90°. This asymmetric dilation contributes to the lower 

magnitudes of the horizontal stress contrast required for the natural-fracture opening at the 

smaller intersection angles. 

 

7.6 REFERENCES 

Committee on Fracture Characterization and Fluid Flow at National Research Council 

(U.S.). 1996. Rock Fractures and Fluid Flow: Contemporary Understanding and 

Applications. Washington, DC: National Academy Press. 

Dassault Systèmes. 2016. Abaqus Analysis User’s Guide, Vol. 2016. Waltham, 

Massachusetts: Dassault Systèmes. 

Fisher, M. K., Heinze, J. R., Harris, C. D., Davidson, B. M., Wright, C. A., and Dunn, K. 

P. 2004. Optimizing Horizontal Completion Techniques in the Barnett Shale Using 

Microseismic Fracture Mapping. Presented at the SPE Annual Technical 

Conference and Exhibition, Houston, Texas, USA, 26-29 September. SPE-90051-

MS. https://doi.org/10.2118/90051-MS. 

https://doi.org/10.2118/90051-MS


 270 

  Fu, W., Ames, B. C., Bunger, A. P., and Savitski, A. A. 2015. An Experimental Study on 

Interaction between Hydraulic Fractures and Partially-Cemented Natural Fractures. 

Presented at 49th US Rock Mechanics / Geomechanics Symposium, San Francisco, 

California, USA, 28 June-1 July. ARMA-15-132. 

Geertsma, J. and de Klerk, F. 1969. A Rapid Method of Predicting Width and Extent of 

Hydraulically Induced Fractures. Journal of Petroleum Technology 21 (12): 1571-

1581. SPE-2458-PA. 

https://doi.org/10.2118/2458-PA.  

Haddad, M., Du, J., and Vidal-Gilbert, S. 2016. Integration of Dynamic Microseismic Data 

with a True 3D Modeling of Hydraulic Fracture Propagation in Vaca Muerta Shale. 

Presented at the SPE Hydraulic Fracturing Technology Conference, The 

Woodlands, Texas, USA, 9-11 February. SPE-179164-MS. 

https://doi.org/10.2118/179164-MS. 

Haddad, M. and Sepehrnoori, K. 2015. Simulation of Hydraulic Fracturing in Quasi-Brittle 

Shale Formations Using Characterized Cohesive Layer: Stimulation Controlling 

Factors. Journal of Unconventional Oil and Gas Resources 9: 65-83. 

https://doi.org/10.1016/j.juogr.2014.10.001. 

Khristianovic, S. A. and Zheltov, Y. P. 1955. Formation of Vertical Fractures by Means of 

Highly Viscous Liquid. Presented at the 4th World Petroleum Congress, Rome, 

Italy, 6-15 June. WPC-6132.  

Myers, R. and Aydin, A. 2004. The Evolution of Faults Formed by Shearing Across Joint 

Zones in Sandstone. Journal of Structural Geology 26: 947-966. 

https://doi.org/10.1016/j.jsg.2003.07.008. 

Searles, K. H., Zielonka, M. G., Ning, J., Garzon, J. L., Kostov, N. M., Sanz, P. F., and 

Biediger, E. 2016. Fully-Coupled 3D Hydraulic Fracture Models: Development, 

https://doi.org/10.2118/2458-PA
https://doi.org/10.2118/179164-MS
https://doi.org/10.1016/j.juogr.2014.10.001
https://doi.org/10.1016/j.jsg.2003.07.008


 271 

Validation, and Application to O&G Problems. Presented at the SPE Hydraulic 

Fracturing Technology Conference, The Woodlands, Texas, USA, 9-11 February. 

SPE-179121-MS. https://doi.org/10.2118/179121-MS. 

Warpinski, N. R. 2013. Understanding Hydraulic Fracture Growth, Effectiveness, and 

Safety through Microseismic Monitoring. In Effective and Sustainable Hydraulic 

Fracturing, ed. A. P. Bunger, J. McLennan, and R. Jeffrey, Chap. 6. Rijeka, 

Croatia: InTech. https://doi.org/10.5772/55974. 

Wolfram Research Inc. 2017. Mathematica, Version 11.1. Champaign, IL, USA: Wolfram 

Research Inc. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://doi.org/10.2118/179121-MS
https://doi.org/10.5772/55974


 272 

Chapter Eight: Modeling Natural-Fracture Network Using Object-

Based Simulation1 

8.1 SUMMARY 

The object-based model has demonstrated a great potential to stochastically realize 

natural-fracture networks. This model is based on “Random Disk” model and is constructed 

by spatial interactions of objects located at random points in the reservoir domain. In this 

model, marked-point processes are implemented to honor an assumed distribution of the 

fracture characteristics with a random distribution generated by Monte Carlo sampling. 

This sampling assumes that the fracture radius, orientation, and location are not correlated 

with each other. On the basis of geological observations, a Poisson-point process can 

successfully realize fracture spacing by an exponential distribution. 

Fractures are assumed two-dimensional, zero-thickness, circular disks and divided 

into two groups based on the generation time and their alignment which is acquired by the 

Monte Carlo sampling from two Gaussian distributions with 90-degree shift in the mean 

value. This hypothesis is validated considering the frequently observed checker-board 

fracture patterns in formation outcrops. The secondary (daughter) fractures in the second 

group can get arrested by a criterion derived from the distribution of the primary (parent) 

fractures in the first group. For data assimilation purposes, a smooth seismic distribution 

for fracture density is mimicked by simple krigging which inherently possesses a 

smoothing nature. Afterwards, the generated seismic distribution is honored via revising 

the fracture distribution such that the areas with less fracture density contain fewer 

fractures. This chapter provides a novel, easy and fast workflow to stochastically model a 

natural-fracture network following the attributes offered by seismic data and concludes an 

                                                 
1This chapter is retrieved from a full-paper manuscript prepared for the 49th US Rock Mechanics / 

Geomechanics Symposium held in San Francisco, California, USA, 28 June-1 July 2015 (Haddad et al. 

2015).   
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orthogonal or bi-directional fracture pattern. This pattern can be easily extended for multi-

directional fracture patterns using the proposed framework. 

 

8.2 INTRODUCTION 

One of the big concerns in fractured reservoir characterization is the representation 

of the subsurface fractures due to the large uncertainty and extremely limited direct 

measurements pertaining to the exact spatial distribution of fractures. Stochastic 

approaches allow us to realize fractures discretely (Srinivasan and Gringarten 2013; 

Eftekhari 2016). This approach embraces three different methods, object based simulation, 

hierarchical fracture modeling, and multiple point statistics based algorithms (Srinivasan 

and Gringarten 2013). In the current chapter, we focus on the first method.  

Natural fractures in a reservoir are some domain discontinuities created by tectonic 

or contraction activities. Mechanical heterogeneities and flaws in the rock play an 

important role in the initiation of the first few fractures. At later times, the field variable 

governing the fracture propagation is the stress intensity and distribution around the crack 

tip. This stress can be influenced by the stress distribution around the other neighboring 

fractures. According to the stress distribution in front of the growing crack tip, the 

maximum opening stress is located at both sides of the crack tip and very close to the crack 

tip. This leads to the growth of the fracture tips close to each other. Thereby, the fractures 

can grow as a cluster of adjacent parallel fractures. This implies that as we get farther from 

the original fracture, we observe less induced fractures (Delaney et al. 1986; Olson 2004). 

Furthermore, most fractures propagate perpendicular to the local minimum horizontal 

stress, which causes the alignment of many fractures almost around a specific angle. 

However, due to folding, faulting and intrusions, the minimum horizontal stress direction 
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changes through geologic times leading to the initiation of another set of fractures in a 

different angle. Thus, the propagation of this later fracture set is governed not only by the 

stress intensity around the fracture tips but also the pre-existing old fractures which may 

arrest the propagation of the subsequent fractures.  

The common fracture interactions can be categorized as the following: 1) complete 

fracture crossing; and 2) arrest of one fracture at the intersection. The propagation energy 

of a younger fracture decreases as it approaches an older fracture. This energy dissipation 

increases in case a “cluster” of primary fractures are approached by the secondary 

(daughter) fracture. Presumably, a growing secondary fracture is arrested by the presence 

of a cluster of primary (parent) fractures. Therefore, we define a fracture arrest criterion 

according to the existence probability of the older fractures deduced from the distribution 

of the older fractures.       

Characterizing fractures in a reservoir requires some knowledge about the fracture 

distribution in the reservoir which can be provided by azimuthal variations in the seismic 

amplitude. Therefore, we need to integrate seismic data when modeling the fracture 

distribution. By seismic data, we expect to have fracture density in the coarse grid blocks. 

However, in this chapter, due to the lack of seismic data, we mimicked the seismic 

distribution by a random probability distribution on the coarse grid.        

We consider two perpendicular sets of fractures (i.e., primary and secondary 

fractures). We honor an exponential spacing between fractures. Moreover, the fracture 

length and azimuth angle come from two Gaussian distributions with the specific mean and 

standard deviation. A computer program is developed to use any statistical input parameter 

without any restrictions. As the first step, fractures can grow independently and can cross 

each other. As the second step, we impose a restriction on the growth of the secondary 

fractures as they cross a region with high probability of existence of the primary fractures. 
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The later step is accomplished by gridding the entire domain, specifying the grid blocks 

crossed by any fractures in the first set, assigning a probability to any grid block according 

to the number of grid blocks in the vicinity which are crossed by an older fracture, and 

arresting the growth of the secondary fractures which approach the high-probability grid 

block(s). As the third step, we restrict the number of fractures in some sub-regions in order 

to honor the fracture density derived from the seismic data.  

Dix’s interval velocity (Figure 8-1) and lineaments (i.e., a linear feature in the earth 

such as a fault) density (Figure 8-2) are two commonly employed seismic attributes to 

determine fracture density in the Dakota gas reservoirs (Reeves and Smith 2002). In Figure 

8-1, the Dakota fracture counts were interpreted from borehole image logs for five wells 

and fracture density mapping was conducted using collocated co-krigging. Figure 8-2 is 

generated after the interpretation of azimuth-dependent / all-azimuth seismic-attribute 

volumes. 

 

 

Figure 8-1: Collocated, co-krigged fracture density computed from Dix’s interval velocity 

(Reeves and Smith 2002). 
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Figure 8-2: Lineament density computed from seismic attributes in Lower Dakota gas 

reservoir (Reeves and Smith 2002). 

In this study, we do not have access to real seismic data. Because simple krigging 

provides a smoothed fracture density in the reservoir (similar to Figure 8-1), we mimicked 

the fracture density map by simple krigging conditioned to density values at corner points 

of a coarse grid corresponding to seismic data acquisition blocks.     

  

8.3 METHOD 

We assume elliptical fracture shape with a high aspect ratio (the ratio of major axis 

to minor axis). We neglect the spatial three dimensional shape of the fractures and 

approximate them as line objects in a two dimensional domain instead of planes in three 

dimensions. The domain of study in this chapter is a rectangular area with length L and 

width H. The domain is filled by fractures completely fitting inside the domain; the 

fractures crossing the boundaries are eliminated. Faster generation of fractures that do not 
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touch the boundaries is accomplished via sampling the fracture central point in a smaller 

area inside the domain. The boundaries of this smaller area distance from the original 

domain boundaries by half of the mean fracture length.         

In order to define the fracture pattern, we need to acquire the fracture central point, 

length, azimuth angle, and the center-to-center distance from the other fractures. The first 

fracture central point is drawn randomly by generating two numbers between zero and one 

and scaling them according to the length and width of the domain. The central point of the 

subsequent fracture is placed by defining a random distance vector with the size that honors 

the exponential distribution of fractures in the domain. This is conducted through Monte 

Carlo sampling: 1) the distance vector size is drawn from an exponential probability 

distribution; and 2) the distance vector orientation is drawn from a random number between 

0 to 1 and scaling that to the interval [0,2𝜋].    

Selection of the fracture length and azimuth angle is accomplished by Monte Carlo 

sampling; we generate random numbers that are treated as cumulative distribution function 

(CDF) values from zero to one, which retrieves the corresponding quantile. For instance, 

we can get the fracture azimuth angle as shown in Figure 8-3. The computer program is 

designed such that it can accept any mean and standard deviation for each mentioned 

parameter.  
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Figure 8-3: Monte Carlo sampling for fracture azimuth angle for the mean equal to 10° and 

standard deviation equal to 5°. 

The primary fractures are generated based on the arbitrary values for the mean and 

standard deviation for the fracture azimuth angle: 10° and 5°, respectively. Furthermore, 

we selected length mean and standard deviation as 20% and 2% of the length of the domain. 

The secondary fractures are generated stochastically perpendicular to the primary fractures 

with the same mean and standard deviation of the fracture lengths. We assume that the 

secondary fractures are generated after the placement of the primary fractures. 

In the first step, having generated the primary fractures, we assume no restriction 

on the growth of the secondary fractures crossing the primary fractures. As the second step, 

we implement a statistical condition which arrests the growth of the secondary fractures in 

case they progress to a special high probability fracture zone.  

In order to quantify the mentioned statistical condition which is imposed via the 

distribution of the primary fractures, we need to mesh the domain and determine the grid 

blocks that are crossed by any primary fracture. The probability that a secondary fracture 

is arrested in any grid block is defined by the number of filled grid blocks in a 3 × 3 sub-
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domain. Hereby, a grid block is called a “filled” grid block when it is crossed by greater 

than or equal to one fracture, and the aforementioned 3 × 3 sub-domain embraces nine grid 

blocks centered by the desired grid block for which we are calculating the arrest 

probability.  

In this study, we selected the arrest probability threshold equal to 7 9⁄  meaning that 

the secondary fractures get arrested in case their tips encounter a grid block with 7 filled 

grid blocks out of 9 in the associated 3 × 3 sub-domain defined above.        

As the last step, we establish a procedure to honor an arbitrary seismic data for the 

fracture distribution. In the current study, due to the lack of seismic data, we mimic that by 

simple krigging since this method results in a smooth map of fracture density or probability, 

which is similar to seismic distributions. The krigged values are therefore between zero 

and one as the indicative of probability. Here, zero and one correspond to no fracture 

presence and definite fracture presence, respectively. We find the krigged values for any 

grid block, which is considered to be the probability of the fracture initiation in that specific 

grid block. We generate a random number from zero to one while drawing the central point 

of a fracture. The fracture is generated if this random number is less than the krigged value 

for the grid block in which the central point is located; otherwise, we skip that fracture 

initiation. According to this procedure, the more fractures initiate from a grid block with a 

higher krigged value since it is more probable that the generated random number will be 

less than a higher krigged value.   

 

8.3.1 Modified Spacing Distribution 

According to Poisson’s distribution (Srinivasan and Gringarten 2013), the spacing 

probability distribution follows an exponential function as Equation (8-1): 
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𝑓(𝐿) = 𝜆𝑒−𝜆𝐿 ,                                                                                                                 (8-1) 

where L denotes the distance between the centers of the new seed locations and the last 

fracture, and 𝜆 is a constant specifying the inverse of the spacing mean. According to this 

equation, the cumulative distribution function can be written as Equation (8-2) and shown 

as Figure 8-4. 

𝐹(𝐿) = 1 − 𝑒−𝜆𝐿 .                                                                                                            (8-2) 

 

 

Figure 8-4: Cumulative distribution function versus spacing for 𝜆 = 2. 

The inverse of this cumulative distribution function provides the new fracture 

spacing with respect to the previously generated fracture as the following: 

𝐹−1(𝑅𝑉) = −
1

𝜆
ln(1 − 𝑅𝑉),                                                                                           (8-3) 

where RV denotes a random real number between zero and one generated by “rand()” 

function in MATLAB R2013a (The MathWorks Inc. 2013). 

In order to accelerate the generation of fractures, we restricted the value of the 

random variable since we cannot space fractures farther than  ℓ cos (𝛼𝑚)⁄  where ℓ  and  𝛼𝑚 

denote the horizontal length of the domain and the mean of the fracture azimuth angle, 

respectively. Thereby, having re-arranged Equation (8-3), we obtain the following 

condition for the value of RV: 
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𝑅𝑉 < 1 − 𝑒−𝜆(ℓ cos(𝛼𝑚)⁄ ),                                                                                               (8-4) 

where ℓ  and  𝛼𝑚 are defined in advance. Thus, a faster spacing generator is based on the 

following equation which is also plotted in Figure 8-5: 

𝐹−1(𝑅𝑉) = −
1

𝜆
ln(1 − (1 − 𝑒−𝜆(ℓ cos(𝛼𝑚)⁄ )). 𝑅𝑉).                                                       (8-5)  

 

 

Figure 8-5: Restricted cumulative distribution function for faster fracture generation by 

Monte Carlo sampling. 

 

8.3.2 Steps in Fracture Generation 

1. Generate two perpendicular groups of fractures such that the entire length of all 

fractures falls inside the domain. We assume that the domain is big enough to 

contain all of the fractures and eliminate the boundary effect on fracture length 

characteristics. Figure 8-6 represents fractures belonging to these two groups 

which are color-coded as red and blue fractures corresponding to the first and 

second groups, respectively. These first and second groups are also called the 

primary and secondary fractures. Figure 8-10 is another example for multiple 

fractures. 
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2. Mesh the domain into an arbitrary grid block size (Figures 8-6 and 8-10). 

Generating a fine grid is recommended since fine grid blocks lead to minimal side 

effects during the fracture arrest. 

3. Find the grid blocks which are crossed by any of the fractures in the first group of 

fractures (i.e., parent fractures) (Figure 8-7). 

4. Compute the arrest probability at any grid block location which is equal to the 

number of grid blocks in an 𝑛 × 𝑛 sub-domain centered on the desired grid block 

which are crossed by a fracture or more in the first group of fractures (i.e., parent 

fractures) (Figures 8-8 and 8-11). 

5. Find the grid blocks which are crossed by any of the secondary (i.e., daughter) 

fractures (Figure 8-9). 

6. Eliminate the secondary fractures whose central points are located in a grid block 

with the high arrest probability. The mentioned probability here is generated in Step 

5. “High probability” term means the probability higher than a user-defined 

threshold. Here, the threshold is selected equal to 7 9⁄   (Figure 8-12). 

7. Find the high probability grid blocks which are crossed by the remaining fractures 

in the second generation. 

8.  Find the closest grid blocks in Step 7 to the central point on both wings of any 

secondary fracture. 

9. Revise the geometry of the secondary fractures by arresting their growth in the grid 

blocks found in Step 8 (Figure 8-12). 

10. Generate random numbers on a coarse grid block and mimic an arbitrary lineament-

density seismic attribute by simple krigging for the fine grid based on the coarse 

grid random numbers (Figure 8-10). 
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11. Repeat Steps 1 through 9 with one modification on Step 1. In Step 1, while 

generating any fracture, draw also a random number and compare it to the krigged 

value assigned to the grid block containing the fracture center. If the random 

number is less than the krigged value, keep the fracture. Otherwise, go to another 

location by Monte Carlo sampling for the spacing vector and draw a random 

number and check the generation of a new fracture there. Repeat this process until 

we have the maximum number of fractures in the domain. 

 

 

Figure 8-6: Steps 1 and 2; generation of two sample fractures and gridding. 
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Figure 8-7: Step 3; highlighting the grid blocks which are crossed by the red fracture in 

Figure 8-6. 

 

 

Figure 8-8: Step 4; assigning probability to the grid blocks on the basis of the primary 

fractures. 
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Figure 8-9: Step 5; highlighting the grid blocks which are crossed by the blue fracture in 

Figure 8-6. 

 

 

Figure 8-10: Steps 1 and 2; generation of fractures. 
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Figure 8-11: Step 4; assigning probability to the grid blocks. 

 

 

Figure 8-12: Steps 6 and 9; fracture elimination and arrest. 

Figure 8-11 specifies which secondary fracture should be eliminated or arrested. 

As can be seen in Figure 8-12, the fracture Number 3 is eliminated from the fracture 

generation since its central point lies in the high-probability grid block and fracture Number 

2 is arrested when one of the wings propagates to a high-probability grid block. Since we 
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have assigned a probability value to a grid block, the arrest point of a fracture is the central 

point of the grid block and that can cause the fracture to abnormally extend for a small 

distance beyond the location of the parent fracture. This effect is significant in the Figure 

8-12; however, this figure is only for demonstrating the steps of the current study. We can 

reduce this effect easily by refining the grid to an appropriate size as considered in the final 

results.  

 

 

Figure 8-13: Step 10; random number generation on a coarse grid (e.g., 4 × 4) shown by 

the Z values in the figure, and simple krigging for the fine grid on the basis 

of Z values in order to mimic an arbitrary seismic data. 

Figure 8-13 shows the contour plot of krigged values at any grid block obtained 

from the conditioning values on the seismic coarse grid specified on the figure. Note that 

the conditioning values are between zero and one, which provide the krigged values as the 

indicative of probabilities. We have selected a coarse grid 4 × 4 for this case. However, 

the computer program is designed such that it can accomplish simple krigging on the basis 

of any seismic resolution according to the available seismic data. 
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8.4 RESULTS AND DISCUSSION 

8.4.1 Input Data 

The results in this chapter are generated from the input data in Table 8-1. However, 

because the computer program is written in a general form, we can generate the results for 

any input data in the first few lines of the program. 

8.4.2 Fracture Distribution 

In Figures 8-14 through 8-18, we have shown the implementation of Steps 1 

through 9 which are generating two generations of fractures and arresting the fracture 

growth in the second generation on the basis of the first generation. Figures 8-19 through 

8-23 present the histograms for the fracture characteristics such as azimuth angle, fracture 

length, and center-to-center spacing vector size. Figures 8-24 through 8-28 show the 

results for Steps 10 and 11.    
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Parameter Name Description Value 

Xwindow The domain length  1 

Ywindow The domain width 1 

divnum Number of grid blocks in x- and y- directions 100 

SeismicResolution Coarse grid seismic block number in x- and y- 
directions (used for krigging) 

4 

StructNum Number of geological structures (used for krigging) 1 

Structprop(1:6, 
StructNum) 

Structure properties for krigging (Azimuth angle, 
Dip angle, minor axis, major axis, vertical axis, and 

sill, respectively)  

[𝜋 8⁄ 0

𝐷𝑜𝑚𝑎𝑖𝑛 𝐷𝑖𝑎𝑔. 2⁄ 𝐷𝑜𝑚𝑎𝑖𝑛 𝐷𝑖𝑎𝑔.
0 1]

 

Lambda Spacing constant in Poisson’s exponential 
distribution 

2 

Thetamean Azimuth angle mean  
for Monte Carlo sampling  

𝜋 18⁄  

Theta Azimuth angle standard deviation  
for Monte Carlo sampling   

𝜋 36⁄  

Lengthmean Fracture length mean  
for Monte Carlo sampling 

0.2
× 𝑋𝑤𝑖𝑛𝑑𝑜𝑤
/𝑐𝑜𝑠(𝑇ℎ𝑒𝑡𝑎𝑚𝑒𝑎𝑛) 

Lengthdev Fracture length standard deviation  
for Monte Carlo sampling  

0.1 × 𝐿𝑒𝑛𝑔𝑡ℎ𝑚𝑒𝑎𝑛 

fracnum1 Number of fractures in the first generation  200 

fracnum2 Total number of fractures  
before the arrest criterion 

2 × 𝑓𝑟𝑎𝑐𝑛𝑢𝑚1 

Table 8-1: Input data for the fracture generation. 
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Figure 8-14: Step 1; generating two perpendicular groups of fractures: primary (blue lines) 

and secondary (red lines). 

 

Figure 8-15: Steps 2 and 3; gridding and specifying the grid blocks which are crossed by 

the primary fractures. 
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Figure 8-16: Step 4; calculating the arrest probability of the secondary fractures using 3 ×
3 sub-domains. 

 

Figure 8-17: Step 5; finding the grid blocks which are crossed by the secondary fractures. 



 292 

Figure 8-16 shows the fracture arrest probability distribution according to the 

primary fractures. We selected the probability of 7 9⁄  as the arrest probability meaning that 

the secondary fractures which propagate into a grid block with the probability greater than 

7 9⁄  get arrested at that grid block. Furthermore, if the central point of a fracture falls into 

any of the yellow, orange, or red regions, the entire associated fracture would be eliminated 

from the secondary fracture set. 

 

 

Figure 8-18: Steps 6 to 9; arresting the growth of the secondary fractures by the primary 

fractures. 

Figure 8-18 shows two generations of fractures after fracture arrest by the first 

generation. Comparing Figures 8-14 and 8-18 shows that not only some fractures are 

entirely eliminated but also numerous secondary fractures are arrested in grid blocks where 

the probability of finding primary fractures is high enough. 
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8.4.3 Statistical Distributions 

In order to show that the resultant fracture network honors the desired distributions, 

we drew the histograms for different characteristics of the generated fractures. 

 

 

Figure 8-19: Azimuth angle histogram before (left graph) and after (right graph) activating 

the arrest criterion. 

 

Figure 8-20: Histogram for the number of grid blocks which are crossed by a specific 

number of fractures. 
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Figure 8-19 shows the azimuth angle histogram for the two perpendicular 

generations of fractures. The simulation procedure preserves the histogram characteristics 

of the original distribution. Both histograms before and after the activation of the fracture 

arrest criterion show the same Gaussian behavior, which means that eliminating some 

fractures does not influence the azimuth angle distribution. 

Figure 8-20 is the histogram for the number of grid blocks which are crossed by N 

fractures. N here varies from 0 to 5 on the horizontal axis. This histogram shows how much 

tendency the fractures have to cluster around each other since the closer fractures are more 

likely to cross the same grid block. The number of fractures crossing a single grid block is 

roughly an indicative of the fracture spacing and reflects the exponential distribution for 

spacing that was initially assumed. 

 

 

Figure 8-21: Fracture length histogram before (left graph) and after (right graph) the 

activation of the arrest criterion. 
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Figure 8-21 shows the Gaussian distribution for fracture length which is what we 

expected because of the Monte Carlo sampling from a Gaussian distribution for fracture 

length. 

 

Figure 8-22: Fracture spacing histogram before (left graph) and after (right graph) 

activating the arrest criterion. 

Figure 8-22 shows the histogram for the fracture spacing, before and after activating 

the criterion for the fracture arrest. As expected, both histograms for before and after 

considering the fracture arrest criterion have an exponential distribution and confirm the 

higher probability of clustering fractures instead of stand-alone sparse fractures.    
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Figure 8-23: The spacing vector angle before (left graph) and after (right graph) activating 

the arrest criterion. 

Figure 8-23 shows that the sequential fractures can get distributed evenly in all 

directions since the spacing vector angle can get any random values from 0 to 2𝜋.  

 

 

Figure 8-24: Step 10; simple krigging in order to mimic an arbitrary seismic data. 
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As stated before, due to the lack of field seismic data, we attempt to produce a 

smooth distribution of the fracture density as typically observed in the corresponding 

seismic attribute via simple krigging on the basis of randomly generated numbers for an 

arbitrary coarse grid. Figure 8-24 is a mimicked seismic distribution on a coarse 4 × 4 grid 

with probabilities as the input data and simple-krigged in order to obtain a smooth 

distribution. 

 

 

Figure 8-25: Step 11; fractures before considering the arrest criterion including seismic 

data. 
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Figure 8-26: Step 11; fractures after considering the arrest criterion including seismic 

data. 

Figures 8-25 and 8-26 show the fracture distribution before and after considering 

the arrest criterion, respectively. These two figures are generated for the case where we 

have the seismic data. Considering Figure 8-24 for the seismic distribution, we can 

recognize that the fracture distribution is adjustable according to the seismic values as the 

representative of the fracture density (Figure 8-27). 
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Figure 8-27: Fracture distribution according to an arbitrary seismic data. 

Figure 8-27 shows that in the regions with high seismic values, we have more 

fractures and in the areas with low seismic values, we have fewer fractures. This shows 

that our fracture distribution honors the seismic data. 

We drew the histograms for the azimuth angle, fracture length, spacing size and 

angle. All of these histograms showed the desired distributions as we expected before.  

Figure 8-28 shows another fracture distribution honoring a different seismic data. 

This figure is a better demonstration of the implemented method in distributing the 

fractures according to the seismic data. 
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Figure 8-28: Fracture distribution following the seismic data. 

 

8.5 HIGHLIGHTS OF THE CHAPTER 

In this chapter, we implemented an object-based method in a computer program to 

simulate the distribution of natural fractures. Two generations of fractures perpendicular 

to each other were considered. The growth of the secondary fractures can get arrested in 

both fracture wings based on a probability criterion derived from the distribution of the 

primary fractures. Furthermore, the generated fractures can be revised to honor an arbitrary 

seismic data for the fracture density. 
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Chapter Nine: Mechanistic Simulation of Multi-stage, Multi-wellbore 

Hydraulic Fracturing in Naturally Fractured Reservoirs1 

9.1 SUMMARY 

Defining stimulated reservoir volumes in unconventional resources using 

microseismic surveys requires extracting wet events occurred primarily due to the 

pressurized fracturing-fluid access to the slippage site. These events denote the activated 

natural fractures which significantly contribute in the fluid flow enhancement toward the 

horizontal wellbores. This extraction requires modeling hydraulic-fracture growth 

initiating from multiple stages and wellbores in the presence of complex natural-fracture 

networks. The intersection of natural fractures with hydraulic fractures and horizontal 

wellbores concludes unprecedented wellbore interference or anomalies in the confinement 

of the microseismic event distributions to the stage zone under stimulation. A 

comprehensive mechanics-based investigation of these complexities promotes the 

development of new hydraulic-fracture models in a finite element method framework, 

Abaqus.       

Our triple-stage, triple-wellbore hydraulic-fracturing simulations are accomplished 

using fully coupled pore-pressure-stress analyses, a well-established mechanism-based 

intersection model, and a novel universal wellbore-perforation model for simultaneous and 

sequential fracturing scenarios. Each stage contains three fracture clusters hydraulically 

connected through the wellbore through the simulation time. The intersection model 

implicitly couples pore-pressure degrees of freedom at the intersections of thin cohesive 

layers which model the hydraulic or natural-fracture spaces based on a validated cohesive 

                                                 
1This chapter is partly retrieved from two full-paper manuscripts prepared for two conferences: 2017 Science 

in the Age of Experience Conference held in Chicago, Illinois, USA, 15-18 May 2017; and 51st US Rock 

Mechanics / Geomechanics Symposium held in San Francisco, California, USA, 25-28 June 2017 (Haddad 

and Sepehrnoori 2017a, b).   
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traction-separation response. This model fully couples poroelasticity in matrix with 

continuum-based leakoff on the fracture walls and slit flow in fracture, and honors fracture 

tip effects in quasibrittle shale. Natural-fracture network is retrieved stochastically based 

on Monte Carlo sampling, and perforation tunnel lengths are modeled assuming a proper 

number of fully damaged cohesive elements at perforation locations.    

Using this model, we quantified cluster stimulation, the activation of a complex 

natural-fracture network, and fluid infiltration depending on the stimulation scenario, 

wellbore pressure drop, randomly distributed perforation lengths, and fracturing-fluid 

viscosity. The resulting complex stimulation patterns are featured by the following: 1) 

zonal natural-fracture activation by remote hydraulic-fracture growth, and during or after 

cross-over by the hydraulic fracture; 2) stronger stress shadowing effect in sequential 

fracturing with hydraulic connectivity of stage clusters through the wellbore; 3) further 

cluster stimulation and fewer natural-fracture activation at higher fracturing-fluid 

viscosities; 4) possible fluid infiltration into the natural fractures interfering with wellbores; 

and 5) improvement of the cluster stimulation using uniform perforation tunnel length 

distribution.    

This mechanistic model that integrates the natural-fracture network, its intersection 

with the hydraulic fractures, and the hydraulic connection of perforations through the 

wellbore clearly demonstrates a technique to refine stimulated reservoir volumes and better 

explain microseismic anomalies. 

 

9.2 INTRODUCTION 

Hydraulic-fracturing stimulation has been widely deployed for the economic 

production from hydrocarbon-bearing ultra-low permeable shale formations. The design 
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and optimization of these stimulation processes strongly depends on robust computational-

mechanics models mainly because of two issues: 1) numerous controlling parameters and 

the complexity of the geological formations; and 2) unreliable interpretation of the 

microseismic mapping to obtain the geometrical aspects (e.g., area and volume) of a 

stimulated hydraulic-natural-fracture network (Cipolla et al. 2012). These computational 

models, however, may benefit from the microseismic mapping capabilities in specifying 

the location and distribution of the natural fractures.  

As a dominating complexity in the hydraulic-fracturing design, the natural-fracture 

network and connections to the hydraulic fractures may improve or damage the long-term 

production from the hydrocarbon reservoir. For instance, the economically successful 

development of the Barnett Shale is evidently attributed to the effective natural-fracture 

stimulation using slick water at low viscosities (Ely et al. 2014; Fisher et al. 2004). On the 

other hand, the damage to the long-term production may occur due to the fluid flow 

interference of the offset horizontal wells through the natural-fracture network induced by 

primarily independent hydraulic fractures, which can be observed frequently in 

microseismic surveys, Figure 9-1. Furthermore, the hydraulic fractures in a single well 

may propagate beyond the desired stage boundaries and consequently, restrict the 

stimulated reservoir volume (SRV) to the near-wellbore areas. Apparently, the existing 

natural fractures play the dominant role in the diversion of the hydraulic-fracture growth 

to the neighboring stages. This type of fracture interference may be distinguished also in 

microseismic surveys, Figure 9-2. 
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Figure 9-1: Microseismic events recorded during fracturing in a four-well pad (Manchanda 

et al. 2014). 

 

 

Figure 9-2: Microseismic events along a sequentially fractured wellbore (Virues et al. 

2015). The events associated with each stage are color-coded. 

The significant effect of the natural fractures on the hydraulic-fracture growth has 

been indirectly referred to by Warpinski (2013) where he showed the abundance of the 

interior events as well as the tip-related events in a field data, Figure 9-3. Consequently, 

the maximum distance of all events (or the fracture half-length) increases with square root 
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of time whereas the KGD analytical solution (Geertsma and de Klerk 1969; Khristianovic 

and Zheltov 1955) provides a t2/3 trend for the fracture half-length at time t. This shows 

that the probable shear slippage of natural fractures during the interior events and fluid 

infiltration into these induced natural fractures significantly slow down the main hydraulic-

fracture propagation. 

  

 

Figure 9-3: Distance of interior (red) and tip-related (green) microseismic events from the 

fracture mouth versus time. The maximum distance of all events follows a t1/2 

trend after Warpinski (2013). 

All these observations indirectly confirm the presence of a complex natural-fracture 

network in shale formations and the dominant effect of this network on the hydraulic-

fracture propagation. Moreover, wellbore image logs show un-intentional hydrocarbon 

production from the induced natural fractures intersecting with the horizontal wellbores. 

These natural fractures may open their paths towards the wellbore during the stimulation 

of the favorable hydraulic-fracture stage.  

Also, the effective length of the conventional perforation tunnels (as the hydraulic-

fracture initiation spots) significantly influences the fracturing-fluid distribution between 

𝒅𝒎𝒂𝒙 ∝ 𝒕𝟏/𝟐 
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multiple clusters in a stage, and consequently, the cluster stimulation (Cuthill et al. 2017). 

Neglecting this effect may lead to the significant overestimation of the overall cluster 

stimulation. 

The existing fracture simulation models inherently carry a few shortcomings in 

either the number of fractures, the inclusion of the natural fractures and intersections, or 

the reflection of the fully-coupled phenomena in the solution (i.e., the fluid flow within the 

fracture(s), the porous media, and through the fracture walls coupled with the fracture 

growth and matrix deformation). Further details about these shortcomings can be found in 

the work by Haddad et al. (2017).          

The aforementioned complexities besides the shortcomings of the existing models 

promote the development of a new hydraulic-fracturing model (i.e., “universal hydraulic-

fracturing models”). Within this new model, the multiple-stage fracture growth analysis is 

integrated with a wellbore model, a hydraulic-natural-fracture intersection model, a 

natural-fracture network, a perforation model, and a time-dependent connection model of 

stimulation scenarios. 

 

9.3 METHOD 

We develop our model on the basis of a 2D poroelastic hydraulic-fracture 

propagation model and mechanistic techniques to integrate a wellbore model, a fracture 

intersection model, a perforation model, and a fracture-wellbore and cluster-connection 

model. All fractures are modeled using pore-pressure cohesive zone model which 

simplifies the complex quasibrittle fracture mechanism using a macroscopic traction-

separation response and couples leakoff as a fluid flow component with the fluid flow along 

the fracture(s) and within the surrounding porous media. All simulations go through the 
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following steps in Abaqus/Standard (Dassault Systèmes 2016): 1) a geostatic analysis to 

obtain the initial equilibrium between the stresses in the fractures, in the porous media, and 

on the boundaries; and 2) a transient, single-phase, fully-coupled pore-pressure-stress, 

consolidation analysis containing the user-defined injection profile. Notably, our 

hydraulic-fracture growth model has been validated via the comparison with the analytical 

KGD solution in a basic, compatible configuration (Haddad et al. 2017).   

The fracture propagation model contains three horizontal wellbores, three stages in 

each wellbore, and three fractures (or fracture clusters) in each stage as shown in Figures 

9-4 and 9-5. We consider two stimulation scenarios: 1) simultaneous fracturing where all 

three stages receive the fracturing fluid simultaneously; and 2) sequential fracturing where 

the fracturing-fluid flow is directed sequentially to multiple stages. In order to demonstrate 

the effect of the natural-fracture network and horizontal wellbores on the hydraulic-fracture 

propagation, we consider two additional cases: 1) simultaneous fracturing without the 

natural-fracture network; and 2) simultaneous fracturing without the horizontal wellbores.       

Figure 9-4 shows the plan view of the 2D computational domain where the 

hydraulic fractures, the natural fractures, and the horizontal wellbores are highlighted with 

red, orange, and blue lines, respectively. Also, the perforation spots, the stage plugs 

[modeled by fluid pipe connector elements (FPC2D2)], and the injection spots are 

graphically featured by the symbols defined on the upper left corner of Figure 9-4. The 

hydraulic fractures and wellbores are spaced by 20 and 50 m, respectively, and connected 

together through fluid pipe elements (FP2D2). These elements in addition to the connector 

elements and their status at different fracturing stages are graphically shown in Figure 9-

5 which is a magnified section of Figure 9-4. 

In the pore-pressure cohesive zone model, enough refinement in required along the 

cohesive layers to resolve the progressive damage behavior following the elastic response. 
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Because of that, the adjoining poroelastic elements need to be meshed using the 

unstructured meshing technique. So, it is important to have appropriate gradual coarsening 

of the mesh from the cohesive layer towards the outer boundaries of the poroelastic zone. 

This is achieved using edge seeding in partitioned zones. Also, meshing the cohesive zone 

needs the definition of stack direction (through the thickness of fracture). 

For clarity, the characteristics of our so-called “universal hydraulic-fracturing 

model” can be listed as the following: 

 Pore-pressure cohesive behavior is assigned to the hydraulic and natural-fracture 

space(s) using COH2D4P elements (6-node displacement and pore-pressure two-

dimensional cohesive elements). The damage initiation stress, energy release rate, 

and stiffness for all natural fractures are scaled down by a weakening factor WNF 

from those for the hydraulic fractures (Haddad et al. 2017). Also, according to 

comprehensive numerical experiments on the solution convergence behavior, the 

stiffness of the cohesive layer is chosen 60 times that of the surrounding porous 

media (Haddad et al. 2015a). 

 The intersection model is implemented based on the middle-edge pore-pressure 

coupling of the cohesive elements at the intersection, which has been 

comprehensively presented and investigated by Haddad et al. (2016, 2017), and 

Haddad and Sepehrnoori (2016). This implicit intersection model is capable of 

developing a variety of fracture intersection behavior as follows: complete 

crossing; crossing and partial de-bonding of the natural fracture; delayed natural-

fracture de-bonding after the hydraulic-fracture cross of the intersection; and 

complete de-bonding of the natural fracture and the hydraulic-fracture arrest at the 

intersection. The occurrence of these patterns depends on the following: 1) the in-

situ stresses especially the horizontal stress contrast; 2) the poroelastic material 
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properties; 3) the hydraulic and natural-fracture cohesive properties; and 4) the 

length of the initially open segment of the natural fracture at the intersection 

(Haddad et al. 2017). 
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Figure 9-4: Universal hydraulic-fracturing model constructed by 329,719 CPE4P (4-node 

bilinear displacement and pore pressure), 36,441 COH2D4P, 47 FP2D2, and 

33 FPC2D2 elements. There are 53 fracture intersections between the 

cohesive layers associated with nine hydraulic fractures (vertical orange lines) 

and five natural fractures (oblique red lines). The hydraulic fractures and 

horizontal wellbores are spaced by 20 and 50 m, respectively. Each fracture 

stage in sequential fracturing contains three hydraulic fractures and is isolated 

by the connector elements. For further model details, the area surrounded by 

the dashed orange rectangle is magnified in Figure 9-5. PP=pore pressure. 

Pres.,init=initial reservoir pore pressure.        
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Figure 9-5: Zoomed area within the dashed orange rectangle in Figure 9-4. The figure 

sequence graphically shows the status of the connector elements at various 

stage stimulations in the sequential fracturing cases. The dark thick zones in 

the mesh represent dense elements around the cohesive layers. The fluid pipe 

and connector elements are graphically highlighted by the blue lines and valve 

signs, respectively. The orange small squares show open valves whereas the 

orange butterflies show the closed valves.    

 The wellbore model is integrated using the fluid pipe elements FP2D2. These 

elements sequentially connect the perforations, the natural-fracture-wellbore 

intersections, and the injection point together. Each wellbore ends to one injection 

point on the left as shown in Figure 9-4.  

 For fluid pipe elements, the Blasius method is used which determines the friction 

factor f depending on the Reynolds’ number (i.e., Re). Briefly, the friction pressure 

loss is calculated using the formula ∆𝑃 = 𝑓
𝐿

𝐷ℎ

𝜌𝑉2

2
 where 𝐿, 𝐷ℎ, 𝜌, and 𝑉 denote the 

pipe length, hydraulic diameter, fluid density, and fluid velocity, respectively. 

According to the Blasius method, f is equal to 64 𝑅𝑒⁄  for 𝑅𝑒 < 2500, and equal to 

0.3164 𝑅𝑒0.25⁄  for 𝑅𝑒 ≥ 2500. 
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 The fracture-wellbore and cluster connection model fully controls the connection 

between the perforations and the horizontal wellbores as well as the stage 

connection to the injection point. The complete flow control into the fracture 

clusters is imposed using 27 fluid pipe connector elements (FPC2D2) between the 

middle-edge nodes of the cohesive elements at the perforations and the adjacent 

nodes on the fluid pipe elements. Also, the stage flow control along each horizontal 

wellbore is imposed using two connector elements between three fracture stages. 

 For the connector elements, the Darby3K method (Dassault Systèmes 2016) is used 

to preserve the hydraulic pressure loss dependency on Re, and to implement valve 

control using UFLUIDCONNECTORVALVE in Abaqus (Dassault Systèmes 

2016). Briefly, the hydraulic pressure loss through the connectors is dependent on 

loss term K, fluid density 𝜌, and fluid velocity V according to the formula ∆𝑃 =

𝐾
𝜌𝑉2

2
. Here, 𝐾 is equal to 

𝐾1

𝑅𝑒
+ 𝐾∞ (1 +

𝐾𝑑

𝐷ℎ
0.3) where 𝐾1, 𝐾∞, and 𝐾𝑑 are resistance 

coefficients and user-specified. For simplicity, we assumed 𝐾∞, and 𝐾𝑑 equal to 

zero.   

 The stimulation scenarios (simultaneous or sequential) are selected through 

scheduling the opening and closing of the connector elements, which is conducted 

by use of the user-defined subroutine UFLUIDCONNECTORVALVE. For 

instance, in order to open the connector elements with the x-coordinates in the range 

0 to 40 m in the total time interval 0 to 1 s, the mentioned subroutine consists of 

conditional statements as the following: 

IF (((time(2) .ge. 0.0d0) .and. 

   $  (time(2) .le. 1.0d0)) .and. 

   $ ((coords(1) .ge.  0.0d0) .and. 

   $  (coords(1) .le. 40.0d0))) THEN 
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        valveOpening = 1.0d0; 

END IF 

 For more clarity, Figure 9-5 graphically shows the opening and closing sequence 

of the connector elements in a sequential stimulation scenario along Wellbore 1. 

These connector elements provide a tool to study multiple fracturing scenarios with 

a single injection point per wellbore.    

 The natural-fracture network is obtained using an object-based model (Haddad et 

al. 2015b). According to this model, the natural-fracture alignment with respect to 

the average fracture alignment follows a Monte Carlo sampling rule, as shown in 

Figure 9-6, which ultimately defines the angle between a natural-fracture cohesive 

layer and the x-axis. Using this method, we distributed the natural fractures around 

two directions perpendicular to each other which make 60° and 150° with the 

positive direction on the x-axis. Notably, these natural fractures are completely 

cemented (with 100% load carrying capacity) at initial times, and our simulations 

are supposed to determine the extent of the fracture network growth along these 

paths.  

 

 

Figure 9-6: Cumulative distribution function versus angle (with respect to the average 

natural-fracture alignment). For instance, a random number equal to 0.69 

generates this angle equal to 10. 
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 The cohesive elements adjacent to the perforation points or the intersections must 

be initialized as fully damaged elements for their gap flow acceptance using initial 

condition Initial Gap in Abaqus. We refer to these elements as initially open 

segments of the hydraulic or natural fractures. 

 The length of the initially open segment of the hydraulic or natural fractures at the 

injection or intersection points significantly influences the fracture growth. This 

effect is augmented especially in the presence of a wellbore model as shown in the 

results section or in the presence of competing fracture branches at the intersection 

as shown by Haddad et al. (2017). Operationally, this initial open segment (i.e., 

perforation tunnel) is created to hydraulically connect the formation to the wellbore 

using shaped-charge jet explosives (Grove et al. 2009). The effective length of the 

conventional perforation tunnels is not uniform along the wellbore(s) due to the 

variable material properties (Behrmann and Halleck 1988) and the irregular shock 

formation damage (Halleck 1997). To address this inherent uncertainty in the 

perforation tunnel length, we initialized variably-sized elements adjacent to the 

perforation spots as failed elements. Notably, the different sizes of these elements 

at different perforation spots due to meshing criteria included the random nature of 

the length of the perforation tunnels. Figures 9-7 and 9-8 provide the detailed 

information about these perforation tunnel lengths. 
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Figure 9-7: Frequency of the perforation tunnel length. There are nine perforations per 

well. Different element sizes at the perforations leads to different perforation 

tunnel lengths. The average and standard deviation are equal to 0.139 and 

0.053, respectively. 

 

Figure 9-8: Wellbores (continuous lines) and perforation tunnels (dashed lines). The 

perforation tunnel lengths are magnified 100X for demonstration purposes. 

The perforation tunnels are modeled using fully failed cohesive elements 

adjacent to the wellbores. 
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Figure 9-9: Injection rate for simultaneous and sequential fracturing cases. The total 

injected volume is equal to 0.587 m3 for both cases.   

 The injection flow rates, shown in Figure 9-9, ramp up differently in the different 

stimulation scenarios depending on the convergence behavior of these cases. 

However, these injection rate profiles lead to the equal cumulative volume of the 

injected fluid in both stimulation cases due to the slightly different duration of the 

stimulation practice.    

 

9.4 RESULTS AND DISCUSSION 

In order to demonstrate the effect of the wellbore model, natural-fracture network, 

and stimulation scenario on the hydraulic-fracture propagation pattern, we design four 

simulation cases: (1) simultaneous fracturing without the wellbore model; (2) simultaneous 

fracturing without the natural-fracture network; (3) simultaneous fracturing with the 

wellbore model and natural-fracture network; and (4) sequential fracturing with the 

wellbore and natural-fracture network. The wellbore model can be removed by discarding 

the fluid pipe elements and equally distributing the total injection flow rate between all 

fracture clusters. Also, the natural-fracture network can be removed by changing the type 

of the corresponding elements from pore-pressure cohesive element to poroelastic solid 

element.        
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Tables 9-1 and 9-2 summarize the computational model properties, and the 

reservoir characteristics and conditions, respectively. The sequential and simultaneous 

fracturing cases are similar with regards to all model parameters except for the injection 

rate profile and the status of the connector elements through time. In both cases, all three 

wells are stimulated simultaneously whereas the sequential case is distinguished by 

stimulation according to a sequence: Stage 1 followed by Stage 2, and then Stage 3.  

In this chapter, we attempted to demonstrate the significance of the stress 

shadowing effect on the natural-fracture activation. For this purpose, we assigned small 

values to the isotropic horizontal stresses, which infers the presence of the formation at 

shallow depths. Notably, the isotropic horizontal stress assumption offers a limiting case 

which maximizes the induced fracture network. Moreover, as a rough indication of SRV, 

the shear strain distribution is compared in the investigated cases.   

 
Computational model properties Value 

Number of nodes 403,371 

Total number of elements 366,254 

Number of COH2D4P elements (cohesive 2D 
pore-pressure elements)  

36,441 

Number of CPE4P elements (continuum, plane-
strain, solid, 2D, linear elements with pore-

pressure degree of freedom and full integration)  

329,719 

Number of FP2D2 elements (fluid pipe elements)  47 (along three horizontal wellbores) 

Number of FPC2D2 elements (fluid pipe connector 
elements)  

47 (connecting fluid pipe elements to 
middle-edge nodes at perforations and 
natural fractures intersecting wellbores) 

Maximum injection time (seconds) 200 (Cases 1,2, and 3);  
180 (Case 4);  

Total injected volume (10-3 m3) 586.82 

Typical CPU time (seconds) 166,037 (using 48 hyper-threads on 24 
2.6-GHz processing physical cores) 

Table 9-1: Computational model properties. 
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Properties Values 

Far-field stresses, SXX, SYY (103 kPa) 6.90 

Initial reservoir pore pressure (103 kPa) 3.449 

Initial porosity,  (dimensionless) (at zero pore 
pressure, stress, and zero strain) 

0.14 

Effective permeability (mD) at initial porosity 0.5 

Poisson’s ratio, 𝜈 (dimensionless) 0.23 

Young’s modulus,  (106 kPa) 20.69 

Critical stress intensity factor, KIc and KIIc 

(103 kPa.m)  

1.76 

Damage initiation stress, 𝑡I
0 (103 kPa) 1.38 

Damage initiation stress, 𝑡II
0 (103 kPa) 27.59 

Critical energy release rate, 𝐺I
𝑐 and 𝐺II

𝑐  (10-3 kPa.m)  

from Erwin’s equation 

141.54 

Formation grain bulk modulus (106 kPa) 15.33 

Formation fluid bulk modulus (103 kPa) 220.09 

Formation density (kg/m3) 2262.9 

Leakoff coefficient (10-10 m3/kPa.s) 5.88 

Natural-fracture weakening factor, WNF 
(dimensionless) 

0.1 

Number of fracture stages per wellbore 1 (Cases 1,2, and 3); 3 (Case 4) 

Number of fractures clusters per stage 9 (Cases 1,2, and 3); 3 (Case 4) 

Injection points Far-left points of the horizontal 
wellbores (Cases 1,3, and 4);  

all perforations (Case 2) 

Injection fluid density (kg/m3) 1000 

Viscosity (cp) 1, 5, 10, and 20 (No proppant transport) 

Fluid pipe flow loss model Blasius 

Wellbore hydraulic diameter (m) 0.1 

Wellbore hydraulic area (m2) 0.007854 

Fluid pipe connector loss method Darby3K; User valve control for the 
sequential case 

Perforation hydraulic diameter (m) 0.05 

Perforation hydraulic area (m2) 0.00196 

Resistance coefficients K1, K, and KD in Darby3K 0.1, 0, 0 

Table 9-2: Reservoir characteristics and conditions. 
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9.4.1 Effect of Natural-Fracture Network, Wellbore Model, and Fracturing Scenario 

on the Induced Fracture Network 

Figure 9-10 shows the logarithmic shear strain distribution after 200 seconds of 

injection in the simultaneous fracturing case without the natural-fracture network. Here, 

the perforation efficiency is defined as the fraction of the stimulated clusters out of the total 

perforated clusters. In this case, the perforation efficiency is equal to 85.2% 

(≅23/27×100%), which is controlled by the perforation tunnel lengths and complex fluid 

flow distribution between the fracture clusters due to the stress shadowing effects and 

friction pressure drop along the wellbores and fractures. Notably, the cluster stimulation in 

this case is in agreement with the distribution of the perforation tunnel lengths shown in 

Figure 9-8 as the fractures have grown further from the longer perforation tunnels (less 

resisting spots for fracture initiation). For instance, no observable fracture initiates from 

the second perforation of Wellbore 1 from the right-hand side in Figure 9-8 due to the 

extra-low tunnel length of this perforation. 
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Figure 9-10: Logarithmic shear strain distribution after 200 seconds of injection in the 

simultaneous fracturing case without the natural-fracture network (Case 1). 

Displacements are magnified 4,000X for better demonstration of the fracture 

spaces. Hydraulic fractures have extended from 23 out of 27 perforation 

tunnels. 

The incremental fracture length towards the injection points on the left hand side 

originates from the friction pressure drop along the horizontal wellbores. 
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Figure 9-11: Logarithmic shear strain distribution after 200 seconds of injection in the 

simultaneous fracturing case without the wellbore model (Case 2). 

Displacements are magnified 4,000X for better demonstration of the fracture 

spaces. Hydraulic fractures have extended from all perforation tunnels. 

Figure 9-11 demonstrates the logarithmic shear stress distribution after 200 

seconds of injection in the simultaneous case without the wellbore model. In this case, 

uniform injection rates are assigned to all fracture clusters, which imposes unequivocal 

fracture propagation from all perforations. 

Figure 9-12 presents the logarithmic shear strain distribution after 200 seconds of 

injection in the simultaneous fracturing case including the wellbore model and natural-

fracture network. Here, the more complex stress shadowing effect and the perforation 

tunnel length distribution have concluded fewer hydraulic-fracture growth accompanied 
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by wider openings. Figures 9-8 and 9-12 demonstrate the direct relation between the 

perforation tunnel lengths and the cluster stimulation. Moreover, due to the lower control 

on the fluid distribution between the fracture clusters in this case compared to the following 

sequential case, we observe a very poor perforation efficiency which is equal to 41% 

(≅100%×11/27). 

 

 

Figure 9-12: Logarithmic shear strain distribution after 200 seconds of injection in the 

simultaneous fracturing case (Case 3). Displacements are magnified 4,000X 

for better demonstration of the fracture spaces. Hydraulic fractures have 

extended from 11 out of 27 perforation tunnels. 
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Figure 9-13: Logarithmic shear strain distribution after 180 seconds of injection in the 

sequential fracturing case (Case 4). Displacements are magnified 4,000X for 

better demonstration of the fracture spaces. Hydraulic fractures have extended 

from 22 out of 27 perforation tunnels. 

Figure 9-13 shows the logarithmic shear strain distribution after 180 seconds of 

injection in the sequential fracturing case. The smaller apertures of the hydraulic fractures 

towards the right hand side of the figure reflect the fracturing-fluid leakoff into the 

formation in the isolated first and second stages which preceded the third-stage stimulation 

on the left hand side. Here, the fracture intersections have arrested the growth of the second 

and third hydraulic fractures from the right hand side. Furthermore, the stress shadowing 

effect of the first stage on the second stage has caused further natural-fracture activation in 
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the second stage. Also, the smaller natural-fracture density within the third stage on the left 

hand side has led to straight hydraulic-fracture growth. Overall, 22 out of 27 perforations 

have received significant amounts of the fracturing fluid, which renders 81% 

(=100%×22/27) perforation efficiency. Thereby, sequential fracturing is twice as efficient 

as simultaneous fracturing in initiating hydraulic fractures from the perforations. 

In virtue of ultra-low permeabilities of the shale formations, more cluster 

stimulations significantly outperform creating wider fewer fractures in the production 

enhancement. Thereby, in comparison with the simultaneous fracturing case, the sequential 

fracturing case provides a more promising field development in shale resources. 

The detrimental effect of the non-uniform perforation tunnel lengths in the cluster 

stimulation can be clearly observed in Figures 9-10, 9-12, and 9-13. This effect can be 

perceived also in the stimulation of a single stage containing multiple fracture clusters [e.g., 

Stage 1 (the far-right stage in Figure 9-13 for the sequential fracturing case)]. Within this 

fracture stage, the variable perforation tunnel lengths tremendously disturb the uniform 

fracturing-fluid distribution between the fracture clusters. This problem may be mitigated 

using the so-called “consistent” perforation technology leading to the perforation tunnels 

with uniform lengths and diameters (Cuthill et al. 2017). Nevertheless, the non-uniform 

cluster stimulation in the sequential case (Figure 9-13) is far less severe than that in the 

simultaneous case (Figure 9-12) since the fracture growth competition in the simultaneous 

case occurs within nine clusters per wellbore in contrast to three clusters per stage in the 

sequential case. The effect of the perforation tunnel length distribution on the cluster 

stimulation is further investigated in a following section. 

Figure 9-14 shows the injection pressure profile through time for different 

wellbores and stimulation scenarios including the wellbore model and natural-fracture 

network. The multiple-stage stimulations in the sequential case are associated with multiple 
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injection pressure bumps. The different pressure profiles during the first two-stage 

stimulations for different wellbores in the sequential case may be associated with the 

natural-fracture activation and the fracture arrest at the intersections. This trend is 

succeeded by almost similar fracturing pressures for different wellbores during the last-

stage stimulation, which is coincident with straight fracture growth as shown in Figure 9-

13. The injection pressure for the simultaneous case ramps up smoothly and maintains at 

high levels. Apparently, the stress shadowing effect of the fracture growth from Wellbores 

1 and 3 on Wellbore 2 has caused a higher injection pressure for fracture growth from 

Wellbore 2. 

 

 

Figure 9-14: Injection pressure profile through time for multiple wellbores and different 

stimulation scenarios. “Simul.” and “Seq.” in the legend refer to the 

simultaneous and sequential fracturing scenarios.  These results are associated 

with Cases 3 and 4 containing the natural-fracture network and wellbore 

model. 
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9.4.2 Effect of Viscosity on Induced Fracture Network 

Figure 9-15 shows the effect of the fracturing-fluid viscosity on the complexity of 

the induced fracture network. Increasing the viscosity results in more planar fracture 

growth and less fluid infiltration into the natural fractures whereas decreasing the viscosity 

concludes fewer cluster stimulation and further fluid deviation towards the accessible 

natural fractures. This trend is in agreement with the economically successful stimulation 

of numerous shale formations using low-viscosity fluids due to the further extension of the 

stimulated reservoir volumes via natural-fracture activation (Ely et al. 2014; Fisher et al. 

2004). 
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(a) 1 cp (b) 5 cp 

  
(c) 10 cp (d) 20 cp 

Figure 9-15: Effect of the fracturing-fluid viscosity on the complexity of the induced 

fracture network using the simultaneous fracturing scenario (Case 3). 

Increasing viscosity causes further cluster stimulation and more planar 

fracture network. The number of stimulated clusters out of 27 clusters is equal 

to 8, 10, 12, and 19 for the viscosities equal to 1, 5, 10, and 20 cp, respectively. 

Contours show the logarithmic shear stress distribution after 180 seconds of 

injection. Displacements are magnified 2,000X for better demonstration of 

the fracture spaces.     
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9.4.3 Effect of the Hydraulic Connection or Isolation of Fracture Clusters on the 

Induced Fracture Network 

The proposed model is capable of hydraulically isolating each stimulated fracture 

cluster from the other ones within a stage or maintaining the hydraulic connection between 

them throughout the other stage stimulations via the flow pipe connector elements. To 

show the effect of this feature in the final fracture network, we defined a new case (i.e., 

modified Case 4a) by modifying the sequence of opening and closing the flow pipe 

connector elements in the sequential fracturing Case 4. Notably, the result for Case 4 

(Figure 9-13) is retrieved assuming that the clusters within a stage do not hydraulically 

communicate with each other after the stage stimulation. The differences in the induced 

fracture network between Case 4 and the new case are highlighted in Figure 9-16 by 

ellipses at similar colors embracing the differently induced fractures. Apparently, the case 

with the hydraulic connection of the stage clusters throughout the simulation provides a 

more realistic induced fracture network.    
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(a) Hydraulically isolated stage clusters 

(Case 4) 

(b) Hydraulically connected stage clusters 

(Case 4a) 

Figure 9-16: Effect of the hydraulic connection of the stage clusters after the stage 

stimulation on the induced fracture network. Contours show the logarithmic 

shear stress distribution after 180 seconds of injection. Displacements are 

magnified 4,000X for better demonstration of the fracture spaces. 

 

9.4.4 Effect of the Subsequent Natural-Fracture-Wellbore Hydraulic Interference 

on the Induced Fracture Network 

As stated previously in the characteristics of our universal hydraulic-fracturing 

model, all natural fractures crossing the horizontal wellbores may hydraulically 

communicate with the wellbores upon natural-fracture dilation through the wellbore-NF 

intersection. Here, we attempt to demonstrate the effect of removing this feature from the 

model by defining a new sequential fracturing case (i.e., Case 4b). For this purpose, we 

eliminate the flow pipe connector elements between the natural fractures and wellbores in 

all NF-wellbore intersections. Figure 9-17 demonstrates the differences in the induced 

fracture network between Cases 4a and 4b with and without the possible NF-wellbore 

hydraulic communication, respectively. These differences in the induced fractures are 
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highlighted with the ellipses at various colors. Apparently, the hydraulic NF-wellbore 

connection can significantly change the final induced fracture network especially in a 

sequential fracturing scenario due to the substantially different stress shadowing effect of 

the previous stage on the currently stimulating stage. For instance, the stimulation of Stage 

1 on the right-hand side of Figures 9-17a and 9-17b is almost the same; however, upon 

hydraulic connection of two natural fractures to the wellbores within Stage 2 [as shown in 

Figure 9-17a], the stimulation of Stages 2 and 3 in Case 4a digresses from that in Case 4b.            

 

  
(a) Possible NF-wellbore hydraulic 

communication (Case 4a) 

(b) No NF-wellbore hydraulic 

communication (Case 4b) 

Figure 9-17: Effect of the possible hydraulic communication of the natural fractures and 

wellbores on the induced fracture network. Contours show the logarithmic 

shear stress distribution after 180 seconds of injection. Displacements are 

magnified 4,000X for better demonstration of the fracture spaces. 
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9.4.5 Further Investigation on Dependence of Induced Fracture Network on 

Perforation Tunnel Length 

 As stated previously, the non-uniform perforation tunnel lengths cause unfavorable 

cluster stimulation as the clusters with the longest perforation tunnel length may receive 

more fracturing fluid and therefore, are likely further stimulated. Using “consistent” 

perforation technology may remedy this problem. In this section, we attempt to define a 

new case (i.e., Case 3a) by modifying Case 3 in three aspects: (1) distribute almost uni-

length perforation tunnels, Figure 9-18; 2) reduce the average perforation tunnel length 

from 0.139 to 0.052 m to mimic the limited-length perforation tunnels created by 

“consistent” perforation technology compared to the conventional perforation technology; 

and 3) further refine the mesh in the vicinity of the cohesive layers for further accuracy of 

the solution. The new utilized mesh consists of 615,169 nodes, 511,305 poroelastic solid 

elements, and 51,574 cohesive elements. The flow pipe and connector elements are the 

same as those in Table 9-1. 
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Figure 9-18: Wellbores (continuous lines) and perforation tunnels (dashed lines) for the 

modified Case 3a with almost uniform-length perforation tunnels. The 

perforation tunnel lengths are magnified 300X for demonstration purposes. 
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Figure 9-19: Logarithmic shear strain distribution after 200 seconds of injection in the 

modified simultaneous fracturing case (Case 3a). Displacements are 

magnified 4,000X for better demonstration of the fracture spaces. Hydraulic 

fractures have extended from 16 out of 27 perforation tunnels. 

Figure 9-19 shows the induced fracture network after 200 seconds of injection in 

the modified simultaneous fracturing Case 3a. Obviously, almost uniform perforation 

tunnel length distribution in this case leads to further cluster stimulation compared to that 

in Case 3 as the perforation efficiency in Case 3a reaches to 59% (≅100%×16/27) which 

is 18% higher than that in Case 3. Thereby, from the reservoir-geomechanics point of view, 

the consistent perforation technology may significantly improve the cluster stimulation 

which results in the expansion of the stimulated reservoir volume and further long-term 

hydrocarbon production. 
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9.4.6 Effect of Horizontal Stress Contrast on the Induced Fracture Network 

In all previous cases, there was no horizontal stress contrast, which provokes a 

concern about ignoring the contribution of the maximum horizontal stress in the opening- 

or sheaing-mode activation of fewer or further natural fractures, respectively. In this 

section, we attempt to demonstrate this contribution by designing a simultaneous fracturing 

case similar to Case 3 with one difference: increasing the maximum horizontal stress for 

100 psi (horizontal stress contrast equal to 100 psi). The logarithmic shear strain 

distribution (an indicative of shear stimulations) has been shown in Figure 9-20.    
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Figure 9-20: Logarithmic shear strain distribution after 155 seconds of injection in the 

simultaneous fracturing case (Case 3) with 100-psi horizontal stress contrast 

(SH,max-Sh,min=100 psi) (i.e., Case 3b). Displacements are magnified 2,000X 

for better demonstration of the fracture spaces. Hydraulic fractures have 

extended from 11 out of 27 perforation tunnels, and extensive shear 

stimulations are evident. 

As can be seen in Figure 9-20, increasing the maximum horizontal stress by 100 

psi does not influence the number of extended stimulation sites from the perforations as 

this number is 11 out of 27 perforation tunnels which is the same as that in Case 3 (see 

Figure 9-12). However, this increase in the horizontal stress contrast leads to a higher 

deviatoric stress on the natural fracture planes, which enhances the shear stimulation as 

occurred in the upper and lower left corners of the stimulation area. This shear stimulation 

is also obvious in the slippage of the upper V-shape block isolated between two slanted 

natural fractures.  
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9.5 DISCUSSION 

These simulations besides the results presented by Haddad et al. (2017) 

qualitatively demonstrate the dominance of various parameters on the HF initiation and 

propagation and the NF activation. These parameters are listed as the following:  

1) Minimum and maximum horizontal stresses;  

2) Injection scenario (sequential or simultaneous);  

3) Wellbore model;  

4) Perforation tunnel length;  

5) Injection fluid viscosity;  

6) HF-NF intersection location, angle, and initial opening; and  

7) Injection rate. 

 

9.6 HIGHLIGHTS OF THE CHAPTER 

We proposed a novel universal hydraulic-fracturing model incorporating the 

essential operation and field components during the stimulation of shale formations such 

as perforation tunnels, natural fractures and intersections, horizontal wellbores, plug and 

perf (via connector elements), and external stimulation scenarios (via user subroutines).  

Our study on the synthetic simultaneous and sequential fracturing cases shows that 

sequential fracturing provides more control on the cluster stimulation especially in the 

presence of the non-uniform perforation tunnel lengths and the perforation connection 

through the wellbore. Fractures preferentially initiate from the most compliant perforation 

tunnels which are the longest ones, and the small perforation tunnels may not receive any 

fracturing fluids leading to lower perforation efficiencies. Based on our simulation for the 

uniform perforation tunnel length distribution, the consistent perforation technology 

significantly improves the cluster stimulation. Also, increasing the horizontal stress 
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contrast does not enhance the cluster stimulation but increases the shear stimulation. 

Furthermore, the absence of the wellbore model and/or natural-fracture network leads to 

the significant over-estimation of the cluster stimulation. Also, increasing the fracturing-

fluid viscosity leads to further cluster stimulation and less complex induced fracture 

network in accordance with the field observations. Moreover, the possible hydraulic 

connectivity of the natural fractures with wellbores, and the clusters within a stage through 

the wellbore may significantly influence the ultimate induced fracture network. 
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Chapter Ten: Development and Validation of an Explicitly Coupled 

Geomechanics Module for a Compositional Reservoir Simulator1  

10.1 SUMMARY 

Pore-pressure-stress analyses in stress-sensitive reservoirs investigate interactions 

between the in-situ stress and fluid flow; these interactions help or resist production, or 

conclude surface subsidence during production. Among the tools for these analyses, an 

explicitly coupled geomechanics and fluid flow model provides an essential, reliable, and 

fast production estimate for field planning and development. In this chapter, we 

implemented this model in an in-house, three dimensional, compositional reservoir 

simulator, UTCOMP (Ghasemi-Doroh 2012), using Chin’s iterative coupling method. This 

development integrated a stand-alone geomechanics module based on finite element 

method with the reservoir simulator, an advantage of our coupling algorithm, and improved 

our understanding of the production through various enhanced oil recovery processes such 

as water and CO2 flooding processes previously coded in UTCOMP. Benefiting from the 

higher time scales of solution variations due to the geomechanics module, we lowered the 

frequency of calling this computationally expensive module. Also, we reduced the order of 

the finite element shape functions for displacement from quadratic to linear, which majorly 

mitigated the high computational cost of our geomechanics studies while we almost 

maintained the solution accuracy. To validate our implementation, we investigated a 

primary oil production case and compared the results from UTCOMP with those from two 

other simulators: 1) CMG software program using different coupling methods; and 2) 

another pre-validated in-house reservoir simulator, GPAS (Pan 2009). In order to evaluate 

our improvements in this chapter, we compared our results with those from a pre-validated 

                                                 
1This chapter is retrieved from an article which is published in the proceedings of the SPE Reservoir 

Characterisation and Simulation Conference and Exhibition (Haddad et al. 2015), and the Journal of 

Petroleum Science and Engineering (Haddad and Sepehrnoori 2016). 
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in-house reservoir simulator, GPAS. We observed a minor discrepancy between the 

solutions at very early times which originates from the different structures in these two 

reservoir simulators, IMPEC in UTCOMP and fully implicit in GPAS. 

 

10.2 INTRODUCTION 

In stress-sensitive reservoirs, the interaction between in-situ stress and fluid flow 

has some complications, which might be in favor of production or against it (Pan 2009). 

Also, due to production from some extra loose formations, surface subsidence might occur, 

which suggests coupling a geomechanics model with the reservoir fluid flow for the sake 

of a better simulation of this subsidence. An explicitly coupled geomechanics and fluid-

flow model is one of the methods to provide us with an accurate, reliable, and fast 

prediction for better well planning and reservoir management decisions. 

Pan (2009) integrated a geomechanics module with a fully-implicit reservoir 

simulator, GPAS, using fully coupling and iterative coupling schemes in conjunction with 

quadratic elements in the finite element method (FEM). This simulator can solve highly 

nonlinear problems; however, this advantage hardly justifies the computational expenses 

of this development. The remedies for the high computational expenses can be listed as the 

following: 1) using reduced-order elements for displacement in the geomechanics module; 

2) calling geomechanics module at lower frequencies; and 3) using implicit-pressure, 

explicit-concentration scheme (IMPEC) instead of fully implicit scheme for reservoir 

simulation. In this study, we attempted to accomplish these in another reservoir simulator 

with IMPEC scheme.    

Dean et al. (2006) compared the results from various techniques for coupling 

porous flow and geomechanics: explicit coupling, iterative coupling, and full coupling. 
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They concluded that all these coupling techniques result in almost identical results for 

various single-phase and three-phase flow problems provided that small time steps are used 

for the explicit coupling and tight tolerances (for the nonlinear iterations) are used for the 

interative coupling. Thereby, implementing an explicit coupling scheme in a reservoir 

simulator based on IMPEC does not compromise the results if small time steps are used 

for the reservoir simulations.           

The theme of this chapter is to develop and validate a geomechanics module in an 

in-house reservoir simulator; UTCOMP, which is one of the 3D compositional reservoir 

simulators developed at The University of Texas at Austin (Ghasemi-Doroh 2012). This 

simulator, at its current form, does not entail any geomechanics module despite the fact 

that various reservoir engineering processes require geomechanics calculations for a better 

understanding of production and field development. Moreover, the IMPEC scheme used in 

UTCOMP allows easier integration of various physical phenomena in this reservoir 

simulator in comparison with fully-implicit reservoir simulators such as GPAS (Pan 2009). 

Therefore, we implement this module and couple it with the existing code of the UTCOMP 

reservoir simulator; this coupling is based on the modified Chin’s Iterative coupling 

method (Chin et al. 2002). We validate our results comparing them with the results from 

CMG software program at various coupling procedures (Computer Modelling Group 

2015), and GPAS which is a pre-validated in-house reservoir simulator developed at The 

University of Texas at Austin (Pan 2009; Wang et al. 1997). The CMG’s coupling 

procedures define different explicit dependence of porosity on deformation, pore pressure, 

temperature, volumetric strain, and total mean stress (Computer Modelling Group 2015). 

These functionalities provide various degrees of coupling of geomechanical effects with 

the reservoir simulator, and thereby, the range of solutions to be compared with the results 

from our implementation.         



 345 

10.3 METHOD 

UTCOMP is a non-isothermal EOS compositional reservoir simulator coded in 

FORTRAN and enables researchers to investigate a wide variety of important enhanced oil 

recovery processes (Ghasemi-Doroh 2012; Chang 1990). In this simulator, IMPEC scheme 

is used for solving the governing system of equations for fluid flow in porous media; 

pressure equation is solved implicitly and concentration values are calculated explicitly. 

More details about the IMPEC scheme in UTCOMP can be found elsewhere (Ghasemi-

Doroh 2012). In our implementation, geomechanics module is developed and called right 

after solving the system of equations for pressure every single or multiple time step(s), and 

the geomechanics output, which includes new porosity and permeability values, is passed 

to the reservoir simulator for the next time step calculations. This procedure is based on 

true Biot’s consolidation theory and simplifies Chin’s iterative coupling method (Chin et 

al. 2002).   

We simplified the Chin’s iterative loop in a time step between the geomechanics 

module and reservoir simulator to a single execution of the geomechanics module per time 

step. Thereby, we call our implementation method as “explicit coupling” procedure due to 

the time-marching nature of running the reservoir simulator and geomechanics module. 

This simplification may not significantly influence the solution knowing that UTCOMP is 

an IMPEC reservoir simulator that applies small time steps for the stability and 

convergence of the solution. However, calling the geomechanics module in every small 

time step in UTCOMP significantly increases the computational expenses. Therefore, we 

also attempted to reduce the computational expenses by lowering the frequency of calling 

the geomechanics module.  

We work with two porosity definitions: 1) reservoir porosity, 𝜙 (=∀𝑝 ∀𝑏⁄  where ∀𝑝 

and ∀𝑏 denote the reservoir pore and bulk volumes, respectively), used in the reservoir 
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fluid-flow model; and 2) true porosity, 𝜙∗ (=∀𝑝
∗ ∀𝑏

∗⁄  where ∀𝑝
∗  and ∀𝑏

∗  denote true pore and 

bulk volumes, respectively), calculated from the stress analysis model. Equations (10-1) 

and (10-2) relate these two porosity definitions together via the volumetric strain, 휀𝜈, and 

initial porosity, 𝜙0 in virtue of grain incompressibility and true and reservoir pore volume 

equality (Pan 2009; Chin et al. 2002; Pan et al. 2007): 

𝜙∗ = 1 − (1 − 𝜙0)𝑒
𝜀𝜈 .                                                                                                 (10-1) 

𝜙 = (
1−𝜙0

1−𝜙∗)𝜙∗.                                                                                                              (10-2) 

Here, the volumetric strain, 휀𝜈, is positive in compaction which is in agreement 

with the well-established geomechanics stress and strain sign convention. Notably, this 

sign convention is different from that in the work done by Pan (2009) and Chin et al. 

(2002). Substituting Equation (10-1) in Equation (10-2) results in Equation (10-3), an 

explicit equation for reservoir porosity: 

𝜙 = 𝑒−𝜀𝜈 − (1 − 𝜙0).                                                                                                   (10-3) 

Also, reservoir porosity can be expressed in terms of true porosity after substituting 

the term (1 − 𝜙0) from Equation (10-1) in Equation (10-3): 

𝜙𝜙∗(1 − 휀𝜈).                                                                                                              (10-4) 

A detailed derivation of Equations (10-1) through (10-4) can be found in the 

following section. These equations include the effect of the volumetric strain in porosity, 

and are implemented after the calculation of the volumetric strain in the geomechanics 

module. Moreover, as expected, Equations (10-1) and (10-3) show that increasing the 

volumetric strain (which coincides with the bulk volume contraction according to the signs 

convention for the strains) results in the reduction of true and reservoir porosities or the 

pore volume. Considering Equations (10-1) through (10-4), we need to modify the mass 

balance equation as Equation (10-5) (Pan et al. 2007): 
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∀𝑏
𝐷[(1−𝜀𝜈)𝜙∗𝑁𝑖]

𝐷𝑡
− ∀𝑏∇.∑ [𝜉𝑗𝑥𝑖𝑗

�̿�𝑘𝑟𝑗

𝜇𝑗
(∇𝑃𝑗 − 𝛾𝑗∇𝐷)]

𝑛𝑝

𝑗=1
+ ∀𝑏휀𝜈

𝐷(𝜙∗𝑁𝑖)

𝐷𝑡
− 𝑞𝑖 = 0

𝑖 = 1,2, … , 𝑛𝑐 + 1
 .    (10-5) 

Since we assume infinitesimal strains, we can neglect the last term, ∀𝑏휀𝜈
𝐷(𝜙∗𝑁𝑖)

𝐷𝑡
. 

Using Equation (10-4) we have: 

∀𝑏
𝐷(𝜙𝑁𝑖)

𝐷𝑡
− ∀𝑏∇.∑

[𝜉𝑗𝑥𝑖𝑗
�̿�𝑘𝑟𝑗

𝜇𝑗
(∇𝑃𝑗 − 𝛾𝑗∇𝐷)] − 𝑞𝑖 = 0,

𝑖 = 1,2, … , 𝑛𝑐 + 1

𝑛𝑝

𝑗=1
                                        (10-6) 

where 𝜙 is calculated using Equation (10-4) depending on the true porosity, 𝜙∗ and the 

volumetric strain, 휀𝜈; these two parameters are evaluated in the geomechanics module and 

transferred to the reservoir simulator for the subsequent time step(s) calculations. 

Equation (10-6) uses the same terms as in the mass balance equation in traditional 

reservoir simulators without the geomechanics effect, which simplifies the integration of a 

reservoir simulator with a stress analysis simulator using minimal modifications. One 

important modification (for the sake of the porosity initialization phase) is to replace the 

traditional constant pore compressibility scalar with the so-called equivalent 

compressibility, �̃�𝑝, as shown in Table 10-1 for different geometric dimensions.  

The general time-marching procedure can be found in Figure 10-1 where the 

modifications from this work in the general flowchart of UTCOMP are highlighted. This 

procedure can be explained as the following: in every time step, the reservoir porosity and 

permeability, and the pore pressure are passed from the reservoir simulator to the 

geomechanics module and the updated porosity and permeability values are returned from 

the geomechanics module to the reservoir simulator for the next time step(s). The updated 

porosity and permeability may be used for multiple subsequent steps in order to reduce the 

computational cost of calling the geomechanics module according to the flow chart shown 

in Figure 10-2. Moreover, a type of coupling updates only porosity values after the 

geomechanics calculation and permeability remains constant through the simulation. For 
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further details on the iterative coupling procedure, readers are referred to Chin et al. (2002) 

and Tran et al. (2002). 

 

 

Figure 10-1: Flow chart of the explicitly coupled geomechanics module with the UTCOMP 

reservoir simulator.  
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Figure 10-2: Modified flow chart of the explicitly coupled geomechanics module with the 

UTCOMP reservoir simulator for fewer geomechanics module calls. 

 
Dimension (n) Equivalent Compressibility (psi-1) 

(�̃�𝒑,𝒏, 𝒏 = 𝟏, 𝟐, 𝟑) 

1 (1 − 2𝜈)(1 + 𝜈)

𝐸(1 − 𝜈)𝜙0

 

2 2(1 − 2𝜈)(1 + 𝜈)

𝐸𝜙0

 

3 3(1 − 2𝜈)

𝐸𝜙0

 

Table 10-1: Equivalent compressibility, �̃�𝒑 (Pan 2009). 

We primarily implemented higher order (quadratic) finite elements for 

displacement in the geomechanics module, which caused heavy computational expenses. 

Using quadratic elements sufficiently satisfies severe inf-sup condition for mathematical 

convergence of our problem; however, a lower order element not fulfilling this condition 
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may still be acceptable (Bathe 2001; Hughes 1987). Figure 10-3 shows the degrees of 

freedom in the aforementioned higher-order and lower-order finite elements.  

 

 

Figure 10-3: Quadratic and linear finite elements. “u” and “p” on these elements show the 

displacement and pore-pressure degrees of freedom, respectively.   

Moreover, calling the geomechanics module in every single time step unnecessarily 

increases the computational expenses without much gains in the solution accuracy. 

Thereby, we attempted to resolve these issues in our implementation without 

compromising the solution accuracy and convergence.    

In order to improve the computational efficiency of the geomechanics module, we 

further improved the code with the following features: 1) implementation of first-order 

elements besides the second-order elements; and 2) reducing the frequency of calling the 

geomechanics module. The formulation of the lower-order finite element method is 

elaborated in the following section which is followed by the results for various test cases. 

Also, lowering the frequency of calling the geomechanics module can be implemented by 

accumulating the pore-pressure change during the time steps between the old and new 

geomechanics calls and passing the pore-pressure change to the geomechanics module to 

calculate new porosity and permeability values.  

For clarity, the previous implementation by Pan (2009) in GPAS can be outlined as 

below: 
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1. Use true porosity, 𝜙∗ in mass balance equation instead of reservoir porosity. 

2. Use the approximate equivalent compressibility, �̃�𝑝 as shown in Table 10-1 in 

order to improve the stability and robustness of the solver of the fluid-flow system. 

3. (Optional) use Equation (10-7) to update the absolute permeability based on the 

variation of porosity (Chin et al. 1998): 

𝑘 𝑘𝑖⁄ = (𝜙∗ 𝜙𝑖
∗⁄ )𝑛,                                                                                                        (10-7) 

where 𝑘 and 𝑘𝑖 are the current and initial permeability values, and 𝜙∗ and 𝜙𝑖
∗ denote the 

current and initial true porosities, respectively. Equation (10-1) provides the current true 

porosity based on the initial true porosity and the volumetric strain which is obtained from 

the geomechanics module. The power-law exponent n is an empirical constant and strongly 

depends on chemical and mechanical compaction processes (David et al. 1994). The typical 

value of n is 3.0 after P&M theory (Computer Modelling Group 2015) and for chemical 

compaction processes (David et al. 1994). Generally, this power-law relationship between 

permeability and porosity is established for stress-sensitive, weak, or unconsolidated rocks, 

and the exponent n is considered as a matching parameter (Chin et al. 1998) and is obtained 

empirically through curve-fitting of the permeability reduction as a function of rock 

porosity with experimental data. This procedure can conclude n in the wide range of 4.6 to 

25.4 for sandstones (David et al. 1994). For instance, for a high permeability reservoir at 

Gulf of Mexico deep-water turbidite sands, n was obtained to be equal to 5.6 using curve-

fitting by Chin et al. (1998). Also, Pan (2009) used generic n values equal to 6 and 15 for 

3D three-component CO2 injection and 3D two-component water injection cases, 

respectively. Considering the fact that n always holds positive values with high magnitudes 

in Equation (10-7), even small increments of porosity lead to significant permeability 

increases, which models the nonlinear contribution of pore throat size in the permeability 

during pore body expansion (porosity increment). Notably, originating from field 
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observations, Equation (10-7) nonlinearly and mechanistically updates permeability as a 

function of true porosity (or volumetric strain according to Equation (10-1) which 

inherently depends on the temporal pore-pressure changes or the in-situ effective stresses.          

Our implementation has this capability to skip modifying permeability during an 

explicit coupling procedure whereas the porosity values still get updated after the 

geomechanics calculations. This capability can be used to study the explicit effect of 

permeability modification on production results. Moreover, it is especially applicable for 

the matrix loading situations above the critical pressure where grain crushing and 

compaction creep occur and consequently, permeability behaves independent of porosity 

variation (David et al. 1994). We attempted to evaluate the significance of including this 

permeability modification in a 3D water injection case using a big power-law exponent, 

n=15. Also, we set n=10 in the other cases in order to test the viability of our 

implementation.       

 

10.3.1 True and Reservoir Porosities 

In this section, we attempt to demonstrate the detailed derivation of Equations (10-

1) through (10-4) starting from the definition of the volumetric strain according to the 

geomechanics sign convention for strains; compaction strains are positive. The differential 

volumetric strain can be expressed as Equation (10-8): 

𝑑휀𝑣 = −
𝑑∀𝑏

′

∀𝑏
′ ,                                                                                                                  (10-8)           

where ∀𝑏
′  represents the true bulk volume, and the minus sign on the right hand side is due 

to the strains sign convention. Integrating Equation (10-8) from the initial state (with zero 

volumetric strain and initial true bulk volume of ∀𝑏
0) to an arbitrary state (at volumetric 

strain equal to 휀𝑣 and true bulk volume of ∀𝑏
∗ ) leads to Equation (10-9): 



 353 

∫ 𝑑휀𝑣
𝜀𝑣

0
= ∫ −

𝑑∀𝑏
′

∀𝑏
′

∀𝑏
∗

∀𝑏
0 .                                                                                                     (10-9) 

Therefore, the volumetric strain can be expressed as Equation (10-10): 

휀𝑣 = −𝑙𝑛(∀𝑏
′ )|

∀𝑏
∗

∀𝑏
0 = −𝑙𝑛 (

∀𝑏
∗

∀𝑏
0).                                                                                    (10-10) 

Thus, the bulk volume can be written as a function of the volumetric strain as 

Equation (10-11): 

∀𝑏
∗= ∀𝑏

0𝑒−𝜀𝑣 .                                                                                                                (10-11) 

Equation (10-11) shows that increasing volumetric strains (equivalent to further 

compaction of the bulk volume) results in smaller true bulk volumes as expected. 

Furthermore, assuming that the grain compressibility is zero, an expression can be 

established between the true porosity, 𝜙∗, and the initial reservoir porosity, 𝜙0, using 

Equation (10-12): 

1−𝜙∗

1−𝜙0
=

∀𝑔
∗

∀𝑏
∗⁄

∀𝑔
0

∀𝑏
0⁄

=
∀𝑏

0

∀𝑏
∗ ,                                                                                                       (10-12) 

where ∀𝑔
∗  and ∀𝑔

0 are true grain volume and the initial grain volume, respectively, which 

are equal to each other due to the grain incompressibility assumption. 

Combining Equations (10-11) and (10-12), we obtain Equation (10-13):  
1−𝜙∗

1−𝜙0
= 𝑒𝜀𝑣 ,                                                                                                                   (10-13) 

which can be re-arranged for 𝜙∗ as a function of the volumetric strain as Equation (10-14):  

𝜙∗ = 1 − (1 − 𝜙0)𝑒
𝜀𝑣 .                                                                                                (10-14) 

Equation (10-14) means that more volumetric strain leads to smaller true porosity 

as expected.    

Also, assuming that the reservoir and true pore volumes, ∀𝑝 and ∀𝑝
∗ , are equal to 

each other, we can relate reservoir porosity to true porosity through Equation (10-15): 

𝜙

𝜙∗
=

∀𝑝

∀𝑏
0⁄

∀𝑝
∗

∀𝑏
∗⁄
=

∀𝑏
∗

∀𝑏
0.                                                                                                           (10-15)    
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Combining Equations (10-11), (10-13), and (10-15), we can write Equation (10-

16): 
1−𝜙0

1−𝜙∗
=

𝜙

𝜙∗
.             (10-16) 

Thereby, an expression for reservoir porosity as a function of the volumetric strain 

can be obtained by substituting Equation (10-14) in Equation (10-16), which leads to 

Equation (10-17): 

𝜙 = 𝜙∗ (
1 − 𝜙0

1 − 𝜙∗
) = (1 − (1 − 𝜙0)𝑒

𝜀𝑣) (
1 − 𝜙0

1 − (1 − (1 − 𝜙0)𝑒
𝜀𝑣)

) 

= (1 − (1 − 𝜙0)𝑒
𝜀𝑣) (

1−𝜙0

(1−𝜙0)𝑒𝜀𝑣
).                                        (10-17) 

Simplifying Equation (10-17) concludes Equation (10-18) for reservoir porosity as 

a function of the volumetric strain: 

𝜙 = (1 − (1 − 𝜙0)𝑒
𝜀𝑣)𝑒−𝜀𝑣 = 𝑒−𝜀𝑣 − (1 − 𝜙0).                                                      (10-18) 

Also, substituting the term (1 − 𝜙0) in Equation (10-18) from Equation (10-13) 

leads to Equation (10-19) in order to obtain an explicit relationship between true and 

reservoir porosities: 

𝜙 = 𝑒−𝜀𝑣 − (1 − 𝜙0) = 𝑒−𝜀𝑣 − (1 − 𝜙∗)𝑒−𝜀𝑣 = 𝜙∗𝑒−𝜀𝑣 .                                        (10-19) 

Using the first two terms in the Taylor series of 𝑒−𝜀𝑣 in the vicinity of 휀𝑣 = 0 

concludes a simpler expression for reservoir porosity as Equation (10-20): 

𝜙𝜙∗(1−휀𝑣).                     (10-20) 

 

10.3.2 Lower-Order Finite Element Method 

One approach to derive finite element discretization is to multiply shape function 

in the equilibrium equations and integrate over the domain. The other approach that is more 

physical is to use virtual work principle (VWP) (Zienkiewicz 1972). The finite element 

derivation here is based on VWP for the deformable system. This method means that when 



 355 

loads are applied to a solid body and result in the deformations, the external work done by 

the external loads will be converted into the internal work done by the stresses inside the 

body. This internal work is called strain energy, which is caused by the effective stresses 

(Terzaghi 1936; Biot 1941) and is stored in the body. According to the current work’s 

convention for positive compressions, the effective stress tensor is defined equal to the total 

stress tensor minus the product of pore pressure and unit tensor.  

The pore space is occupied not only by the water phase but also the oil and gas 

phases. However, for the stress analysis purposes and simplicity, we neglect the capillary 

pressure (the hydraulic pressure difference across phase interfaces) and proceed with the 

water-phase pressure as the so-called “pore pressure”. According to the definition of strain, 

we can write the strain vector  , ,x y z
  as the multiplication of an operator matrix and 

displacement vector, as shown in Equation (10-21). This defines full strain-displacement 

relations. 

{휀} = {휀𝑥 휀𝑦 휀𝑧
𝛾𝑥𝑦 𝛾𝑦𝑧 𝛾𝑧𝑥}𝑇 =

[
𝜕 𝜕𝑥⁄

0
0

0
𝜕 𝜕𝑦⁄

0

0
0

𝜕 𝜕𝑧⁄

𝜕 𝜕𝑦⁄

𝜕 𝜕𝑥⁄
0

0
𝜕 𝜕𝑧⁄

𝜕 𝜕𝑦⁄

𝜕 𝜕𝑧⁄
0

𝜕 𝜕𝑥⁄
]

𝑇

{
𝑢
𝑣
𝑤

} = [𝐴]{𝑈},
                             (10-21) 

where [𝐴] is the operator matrix and {𝑈} denotes the displacement vector. The 

aforementioned volumetric strain can be expressed as the summation of the first three 

entries of the above strain vector, according to Equation (10-22): 

휀𝑣 = 휀𝑥 + 휀𝑦 + 휀𝑧.                                                                                                       (10-22) 

We used linear 8-node brick-shaped elements as shown in Figure 10-4, and the 

associated linear shape functions can be summarized in Equation (10-23): 

𝜑𝑖
(𝑒)

=
1

8
(1 + 𝜉𝜉𝑖)(1 + 휂휂𝑖)(1 + 휁휁𝑖),                                                                       (10-23) 

where 𝜉𝑖, 휂𝑖, and 휁𝑖 are the coordinates of the ith corner node in the local coordinate system 

(𝜉, 휂, 휁). 
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Figure 10-4: 8-node brick element (Smith and Griffiths 2004). 

The displacement vector in Equation (10-21) can be re-written as 

{∑𝜑𝑖𝑢𝑖 ∑𝜑𝑖𝑣𝑖 ∑𝜑𝑖𝑤𝑖}
𝑇, or Equation (10-24): 

{
𝑢
𝑣
𝑤

}
(𝑥,𝑦,𝑧)

= [Φ1 Φ2 ⋯ Φ8](𝑥,𝑦,𝑧) × {𝑈1 𝑈2 … 𝑈8}𝑇 ,                                (10-24) 

where Φ𝑖 denotes a 3×3 matrix equal to the product of 𝜑𝑖 and the unit matrix, and 𝑈𝑖 is a 

3-component vector equal to {𝑢𝑖 𝑣𝑖 𝑤𝑖} where i refers to the corner node number. The 

index (𝑥, 𝑦, 𝑧) denotes the spatial value of the associated vector or tensor. Combining 

Equations (10-21) and (10-24) provides the strain-displacement matrix which directly 

relates the spatial strain matrix to the element corner node displacements. This is the basis 

for computing stresses and strains in any point based on their values in the element nodes. 

To complete the system of equations, we used the isotropic fully elastic constitutive law to 

calculate stresses from strains.   

In UTCOMP, an appropriate time increment is calculated in every time step based 

on the criteria on the solution variation in the previous time step in order to achieve a stable 

and converged time marching procedure (Chang 1990). Furthermore, due to the new 

involved physics after our implementation, another criterion on time increment must be 
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imposed specifically for the geomechanics module. One simple criterion for better 

convergence of the solution in the later time steps can be expressed in forms of the 

maximum allowable reservoir porosity alteration through the domain as Equation (10-25): 

𝑖𝑓 (Δ𝜙𝑚𝑎𝑥 > 10−4) 𝑇ℎ𝑒𝑛 Δ𝑡 = Δ𝑡. (10−4 Δ𝜙𝑚𝑎𝑥⁄ ),                                                 (10-25) 

where Δ𝜙𝑚𝑎𝑥 denotes the maximum porosity alteration in all grid blocks during the 

previous time step. This proposed criterion holds the following characteristics: 1) it 

assumes linear porosity variation with time during a time step, which is a reasonable 

assumption due to the tiny time increments in UTCOMP; 2) it is activated when we turn 

on the geomechanics model; 3) the constant 10-4 is selected empirically in order to obtain 

a stable solution and a favorable convergence rate; and 4) it uses the same time-step control 

as the CMG’s convergence criterion on the maximum allowable pore-pressure change in a 

time step. This latest keyword requires a user-defined value for pore-pressure change in all 

grid blocks above which the time step is cut back to satisfy this convergence condition.   

We validated our implementation by comparing our simulation results with those 

of CMG software program (Computer Modelling Group 2015) for a simple primary 

production case. For comparison purposes, we tested three different geomechanics 

coupling types in CMG: GCOUPLING equal to 0 through 2.  

Briefly, using GCOUPLING 0 which is a one-way coupling method, fluid flow 

porosity does not depend on deformation, and fluid pressures and temperatures are used by 

the geomechanics module to update formation strains and stresses. This method is useful 

when the fluid-flow calculations use a porosity model that cannot be approximated well by 

the other "two-way" coupling models, GCOUPLING 1 and 2. In our developments in 

UTCOMP, rock compressibility is modified based on Young’s modulus, Poisson’s ratio, 

and the initial porosity as in Table 10-1, whereas GCOUPLING 0 in CMG modifies 
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Young’s modulus based on rock compressibility, Poisson’s ratio, and initial porosity. 

However, these two modifications are consistent with each other.  

Both coupling Types 1 and 2 use pressure and temperature for porosity 

modification; however, the pressure coefficient is calculated depending on volumetric 

strain in GCOUPLING 1 versus total mean stress and Biot’s coefficient in GCOUPLING 

2 (Computer Modelling Group 2015). Biot’s coefficient is assumed equal to the default 

value of 1.0, and the total mean stress is internally calculated in CMG depending on the 

geomechanical model’s boundary conditions, Young’s modulus, Poisson’s ratio, and bulk 

and rock compressibility values (Tran et al. 2002; Computer Modelling Group 2015). The 

vertical boundaries around the reservoir and the bottom of the reservoir are constrained for 

normal displacements and the top boundary is loaded vertically and can move freely. These 

boundary conditions can be implemented in CMG using the geomechanical coupling factor 

equal to 1 (Computer Modelling Group 2015). Notably, bulk compressibility is the 

reciprocal of bulk modulus and this modulus can be expressed as 𝐸 3(1 − 2𝜈)⁄ , where 𝐸 

and 𝜈 denote Young’s modulus and Poisson’s ratio, respectively. However, we correct 

porosity and permeability based on only volumetric strain.  

We validated the results systematically in only a primary production case where the 

overburden stress or geomechanical effect acts as the dominating production mechanism. 

First, we tried to match the results without geomechanics for both UTCOMP and CMG 

cases. Second, we attempted to investigate the difference between results from UTCOMP 

and CMG integrating geomechanics in the simulation.  

A comprehensive user manual for generating the input files for the coupled 

UTCOMP-geomechanics reservoir simulations can be found in Appendix Four.     
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10.4 RESULTS AND DISCUSSION 

We investigated the performance of our geomechanics module implementation and 

coupling through the comparison of the results from our simulations with those from CMG 

software program (Computer Modelling Group 2015) and in-house reservoir simulator 

GPAS (Pan 2009; Wang et al. 1997). The studied cases are listed as the following: 1) 

primary production; 2) 3D water injection; and 3) 3D CO2 injection. These cases were 

selected as they demonstrate various production mechanisms with variable coupling 

strengths with the geomechanics effects. For instance, geomechanical forces act as the 

main production mechanism in the primary production case whereas the effect of these 

forces in production during CO2 injection may be counteracted due to the existing gas 

phase and compression.    

   

10.4.1 Primary production case 

The first investigated case is a 3D single-component primary production problem 

with a constant overburden pressure, as shown in Figure 10-5. This problem is solved 

using two reservoir simulators, UTCOMP (Ghasemi-Doroh 2012), and CMG (Computer 

Modelling Group 2015), and the oil production rate from these two simulators is compared 

with and without geomechanics in Figure 10-6. In this case, both porosity and permeability 

are modified and the power-law relationship is used for the modification of permeability 

using porosity. The parameters of this case are listed in Tables 10-2 and 10-3. 
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Model Parameter Value 

Reservoir model Length (ft) × Width (ft) × Thickness (ft) 1,680 × 1,680 × 60 

Number of grid blocks 21 × 21 × 3 

Grid block size (ft3) 80 × 80 × 20 

Porosity (dimensionless) 0.2 

Permeability (mD) 10 

Initial water saturation (dimensionless) 0.0000001 

Simulation time (day) 500 

Reservoir fluid composition 𝐶10 (100%) 

Initial reservoir pressure (psi) 1,500 

Production well pressure (psi) 1,200 

Production well grid block location 11 × 11 × (1 𝑡𝑜 3) 
Relative permeability model Linear model 

(Table 10-3) 

Geomechanics 
model 

Number of elements 21 × 21 × 3 

Element type 8-node brick 

Element size (ft3) 80 × 80 × 20 

Young’s modulus (ksi) 145 

Poisson’s ratio (dimensionless) 0.3 

Rock compressibility (psi−1) 3 × 10−6 

 Permeability power-law exponent, n 
(dimensionless) 

10 

 

Table 10-2: Summary of input data for three-dimensional primary production problem. 

 
Parameter water oil 

Residual saturation (dimensionless) 0.25 0.15 

End point relative permeability (dimensionless) 1.0 1.0 

Exponent of relative permeability (dimensionless) 1.0 1.0 
 

Table 10-3: Linear relative permeability parameters. 

The geomechanics boundary condition in this case is zero normal displacement on 

all of the boundary surfaces except the upper surface on which the overburden pressure is 

exerted. This overburden pressure is equal to a unit load. 
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Figure 10-5: Geometry of the primary production case and the final pore-pressure contours 

from CMG software program. 

 

 

Figure 10-6: Comparison of producing oil rate from different CMG couplings, UTCOMP, 

and GPAS for the primary production case. 
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GCOUPLING 0 gives the same result as the cases without geomechanics since this CMG 

coupling only modifies Young’s modulus. The different oil production rates from 

UTCOMP, GPAS, and CMG when activating the geomechanics calculations originate 

from their different numerical schemes: IMPEC for UTCOMP and CMG, and fully implicit 

for GPAS. The first scheme modifies saturation in the next time step based on pore-

pressure change in the current time step whereas the second scheme obtains both saturation 

and pore-pressure changes at the current time step. This difference may conclude negligible 

discrepancies between the results in cases without the geomechanics calculations 

considering the smaller time steps in the IMPEC scheme. However, the spatial 

modification of porosity after the geomechanics calculations leads to more pore-pressure 

changes which influence saturation in the current or next time step using fully implicit or 

IMPEC scheme, respectively. Thereby, the effect of the geomechanics calculations on 

saturation lags until the next time step using IMPEC scheme whereas this effect is observed 

at the same time step using the fully implicit scheme. Therefore, the fully implicit scheme 

leads to slightly higher oil production rates compared to the IMPEC scheme.        

CMG coupling Types 1 and 2 give lower and higher oil rates with respect to the 

case without geomechanics module, respectively, due to the different coupling procedures 

of these two methods whose complete description can be found in GEM User Guide 

(Computer Modelling Group 2015). The higher production rate associated with 

GCOUPLING 2 is in good agreement with the UTCOMP results, which validates our 

geomechanics implementation in UTCOMP. 

Moreover, CMG simulator is capable of updating geomechanics quantities with a 

constant frequency indicating the number of elapsed time steps per geomechanics calls 

(Computer Modelling Group 2015). We used this capability in the primary production case 

for GCOUPLING=2 in CMG to increase the mentioned frequency value from 1 to 2, which 
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reduced the CPU time by a factor of 0.58. This computational time reduction should be 

almost identical between different cases considering the following: 1) the majority of the 

overall computational time is spent during geomechanics calculations; and 2) the 

geomechanics computational expenses are proportional to the number of geomechanics 

module calls. This hypothesis is later investigated by comparing the computational time 

saving in the current case, primary production in CMG, with that in the water injection and 

CO2 injection cases when the frequency of the geomechanics calls is reduced. 

From the mechanical point of view, in our implementation where we have no 

normal displacement in the lateral walls, a higher oil rate is reasonable as a result of active 

geomechanics effects; pushing against the reservoir through the overburden pressure. This 

simple case is similar to the case of squeezing a sponge fully saturated with water. As 

expected, leaving the sponge on a table does not change the sponge’s water saturation 

whereas holding it in hand and squeezing it drains most of the water out of the sponge. 

In order to check the performance of our implementation for other major reservoir 

engineering processes, we applied the developed program for the geomechanics module in 

UTCOMP on 3D cases of water and CO2 injection. Notably, the above comparison with 

CMG results sufficiently validated our implementation. Thereby, in the following cases, 

we only compared our results with those from a pre-validated in-house reservoir simulator, 

GPAS, in order to evaluate our improvements in this study.      

 

10.4.2 3D water injection case 

Water injection is a common secondary recovery method which is performed in 

most oil reservoirs before application of enhanced oil recovery methods. In this method, 

the characteristics of the region in the vicinity of the wellbore are of great importance for 
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the water injectivity as an extremely high injection pressure may apply on the injection 

perforations and thereby, locally alter the reservoir properties (e.g., porosity and 

permeability). Therefore, in this case, we attempted to couple water injection process 

simulated by UTCOMP to our geomechanics module in order to further understand the 

realistic behavior of the reservoir under high mechanical and hydraulic loads. We assumed 

a cubic reservoir isolated hydraulically and mechanically from the vertical surroundings, 

fixed at the bottom wall, and loaded on top with the overburden pressure. The detailed 

input data for the model re-generation can be found in Tables 10-4 and 10-5. 

 
Model Parameter Value 

Reservoir model Length (ft) × Width (ft) × Thickness (ft) 350 × 350 × 60 

Number of grid blocks 7 × 7 × 3 

Grid block size (ft3) 50 × 50 × 20 

Porosity 0.3 

Permeability (mD) 100 

Initial water saturation 0.2 

Simulation time (day) 2000.0 

Injection well water content (%) 100 

Reservoir fluid composition C10 (100%) 

Water injection rate (STB/day) 400 

Production well pressure (psi) 600 

Injection well grid block location 1 × 1 × 1 to 1 × 1 × 3 

Production well grid block location 7 × 7 × 1 to 7 × 7 × 3 

Relative permeability model Corey’s model (Table 10-5) 

Geomechanics model Number of elements 7 × 7 × 3 

Element type 8-node brick 

Element size (ft3) 50 × 50 × 20 

Young’s modulus (ksi) 13 

Poisson’s ratio (dimensionless) 0.3 

Modified rock compressibility (psi−1) 3.0312691×10-4 

 Permeability power-law exponent, n 15 
 

Table 10-4: Summary of input data for the 3D water injection case. 
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Parameter water oil 

Residual saturation (dimensionless) 0.2 0.25 

End point relative permeability (dimensionless) 1.0 1.0 

Exponent of relative permeability (dimensionless) 2.0 2.0 
 

Table 10-5: Corey’s model relative permeability parameters for the 3D water injection 

case. 

 

 

Figure 10-7: Comparison of cumulative oil production in GPAS and UTCOMP with and 

without geomechanics module for the 3D water injection case. “por” in the 

legend represents porosity coupling whereas “por+perm” denotes porosity 

and permeability coupling.    

Figure 10-7 compares the cumulative oil production in the 3D water injection case 

from two simulators, GPAS and UTCOMP with and without geomechanics, and with or 

without permeability modifications. As mentioned before, in an explicit coupling 

procedure, updating permeability values can be performed optionally while the porosity 

modification provides always a geomechanics coupling. Figure 10-7 shows the perfect 

match between different methods, which verifies our implementation and the negligible 

geomechanics effects on production. This negligible effect is reasonable as the reservoir is 

fully saturated with a single component liquid with low compressibility values, which does 

not allow the contraction of the pore space or the porosity and permeability alteration under 
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the overburden loads. Moreover, Figure 10-8 shows the small difference between the 

cumulative oil production profiles by a closer look into the curves shown in Figure 10-7. 

The difference is around 0.3% of the average value after 2,000 seconds of injection or 

production. 

Figure 10-9 compares the oil production rate from different simulators and 

coupling methods, and is in agreement with the results in Figures 10-7 and 10-8. 

Noticeably, the oil rate from “UTCOMP+GEOM (por+perm)” curve maintains the highest 

level right before the abrupt reduction around 750 days while it drops to the lowest level 

right after this sharp reduction. The integration of this variation in time, as shown in Figures 

10-7 and 10-8, smoothens the observed transient behavior in oil rate and thereby, the 

geomechanics effects. Therefore, the oil rate comparison provides a better method to 

evaluate the effect of the geomechanics coupling on production.     

 

 

Figure 10-8: Comparison of cumulative oil production in GPAS and UTCOMP with and 

without geomechanics module for the 3D water injection case (closer view). 
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Figure 10-9: Comparison of oil production rate in GPAS and UTCOMP with and without 

geomechanics module for the 3D water injection case. 

We attempted to reduce the frequency of geomechanics calls for the 3D water 

injection case. This concluded a significant CPU time reduction by a factor of 0.6 when 

calling geomechanics module every two time steps instead of every time step. Moreover, 

this reduction in the frequency of the geomechanics calls did not influence the results as a 

comparison for the average reservoir pressure, oil production rate, and cumulative oil 

production from different calling frequencies shows a perfect match between the results.  

Interestingly, this CPU time reduction factor, 0.6, is close to the CPU time reduction 

factor, 0.58, in the primary production case which was obtained using GCOUPLING=2 in 

CMG. It should be noted that both mentioned cases executed the geomechanics module 

every other time steps, which led to these CPU time reduction factors close to 0.5. 

However, the difference between these CPU time reduction factors and 0.5 reflects the 

contribution of the reservoir simulation calculations in the overall CPU time.     

However, we could not obtain numerical convergence for geomechanics calls 

falling three or more time steps apart keeping the minimum and maximum time step size 

as before. This constant user-defined frequency is case-dependent, is obtained by trial and 
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error especially for complicated problems, and depends on the user-defined allowable 

minimum and maximum time step size. As a complementary, UTCOMP reservoir 

simulator contains multiple criteria to increase or decrease the time step size depending on 

the change of the solution variables at the current time step (Chang 1990). These criteria 

may indirectly take into account the effect of the porosity change in both the convergence 

rate and the next time step size [e.g., through the mass balance equation, Equation (10-6)] 

where the reservoir porosity is modified using the geomechanics module. 

Furthermore, in another study, we attempted to demonstrate the grid independency 

of the solution. For that purpose, we refined the grid used for the 3D water injection case 

from 7 × 7 × 3 to 25 × 25 × 10 keeping all other model parameters the same as those in 

Tables 10-4 and 10-5. Having compared the average reservoir pressure, oil production rate, 

and cumulative oil production from the investigated cases, we concluded that the 

discrepancy between the results due to grid refinement is negligible, which proved the 

independence of the solution from the grid. 

 

10.4.3 CO2 injection case 

The last investigated case examines the geomechanics effect on production where 

the main driving mechanism is oil swelling, reduction of oil viscosity, and IFT through 

achieving miscibility conditions depending on thermodynamic properties including pore 

pressure. Notably, pore pressure is one of the transferring parameters from the reservoir 

simulator to the geomechanics module. Considering the effect of pore-pressure alteration 

on porosity and permeability, the indirect influence of our geomechanics coupling on 

thermodynamic calculations can be easily inferred. Moreover, CO2 injection has recently 

attracted significant attention and field application as it provides a great potential for carbon 
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sequestration besides enhancing the oil recovery. Tables 10-6 and 10-7 provide the 

detailed model description for this case where all boundaries except the top boundary are 

constrained for normal displacement and a unit load is exerted on the top boundary.    

 
Model Parameter Value 

Reservoir model Length (ft) × Width (ft) × Thickness (ft) 400 × 400 × 45 

Number of grid blocks 10 × 10 × 3 

Grid block size (ft3) 40 × 40 × 15 

Porosity (dimensionless) 0.3 

Permeability (mD) 10 

Initial water saturation (dimensionless) 0.17 

Simulation time (day) 4,000.0 

Injection well content CO2 (95%) and C1 (5%) 

Reservoir fluid composition CO2 (1%), 
C1 (29%), NC16 (70%) 

Total gas injection rate (MSCF/day) 10 

Production well pressure (psi) 500 

Injection well grid block location 1 × 1 × 1 to 1 × 1 × 3 

Production well grid block location 10 × 10 × 1 to 10 × 10 × 3 

Relative permeability model Corey’s model  
(Table 10-7) 

Geomechanics model Number of elements 10 × 10 × 3 

Element type 8-node brick 

Element size (ft3) 40 × 40 × 15 

Young’s modulus (ksi) 13 

Poisson’s ratio (dimensionless) 0.3 

Modified rock compressibility (psi−1) 3.0312691×10-4 

 Permeability power-law exponent, n 10 
 

Table 10-6: Summary of input data for the 3D CO2 injection case. 

 
Parameter water oil gas 

Residual saturation (dimensionless) 0.2 0.1 0 

End point relative permeability (dimensionless) 0.4 0.7 0.9 

Exponent of relative permeability (dimensionless) 3.0 2.0 2.0 
 

Table 10-7: Corey’s model relative permeability parameters for the 3D CO2 injection 

case. 
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Figures 10-10 through 10-12 compare respectively the cumulative oil production, 

oil production rate, and average reservoir pressure for the 3D CO2 injection case in GPAS 

and UTCOMP with and without geomechanics module where both porosity and 

permeability are modified. These figures show that activating geomechanics slightly 

increases the cumulative oil production and oil production rate, and slightly decreases the 

average reservoir pressure. These slight differences can be justified considering the 

following observations: 1) the preferential compression of the gas phase via the overburden 

loading, concluding a small pore-pressure increase and consequently, a slight porosity and 

permeability modification; 2) the positive effect of the overburden pressure on production 

enhancement via porosity reduction; and 3) the transient porosity, and permeability 

distribution in the reservoir specially in the vicinity of the injector and producer, which 

builds up the average reservoir pressure before the CO2 breakthrough and depletes that 

after the breakthrough. 

Moreover, the discrepancy between the results from GPAS and UTCOMP in the 

cumulative oil production and the oil production rate, as shown in Figures 10-10 and 10-

11, may originate from the different numerical schemes in these two simulators as 

explained comprehensively regarding the results in Figure 10-6. Nevertheless, this 

discrepancy is transient and at later times (e.g., after 4,000 days) the results converge to 

each other.    

Furthermore, we tried to reduce the number of geomechanics calls in order to 

reduce the total CPU time while maintaining the accuracy of the solution. For this purpose, 

we built a new model similar to the CO2 injection case except that the frequency of 

geomechanics calls was decreased from every time step to every 10 time steps. This calling 

frequency reduction significantly reduced the computational cost by a factor of 0.11, 

almost proportional to the inverse of the number of time steps per geomechanics calls. 
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Furthermore, a comparison for the average reservoir pressure, oil production rate, and the 

cumulative oil production from the investigated cases in Figures 10-10 through 10-12 

shows that calling geomechanics module every 10 time steps does not influence the 

accuracy of the solution. 

 

 

Figure 10-10: Comparison of cumulative oil production in GPAS and UTCOMP with and 

without geomechanics module, and various calling frequencies of 

geomechanics module for the 3D CO2 injection case. 
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Figure 10-11: Comparison of oil production rate in GPAS and UTCOMP with and without 

geomechanics module, and various calling frequencies of geomechanics 

module for the 3D CO2 injection case. 

 

Figure 10-12: Comparison of average reservoir pressure in GPAS and UTCOMP with and 

without geomechanics module, and various calling frequencies of 

geomechanics module for the 3D CO2 injection case. 
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This CPU time reduction factor can be compared with that in the primary 

production or water injection cases after normalizing that by the ideal CPU time reduction 

factor which is the inverse of the number of time steps between the geomechanics module 

calls. For instance, this normalized value in this CO2 injection case is 1.1 which is close to 

1.16 in primary production case or 1.2 in water injection case. Table 10-8 summarizes our 

analysis on CPU time reduction due to lower calling frequencies of the geomechanics 

module in all investigated cases. 

 
Case Number of time steps 

between geomechanics 
calls 

CPU time 
reduction 

factor 

Normalized CPU 
time reduction 

factor 

Primary production in 
CMG-GCOUPLING=2 

2 0.58 0.58/0.5=1.16 

3D water injection in 
UTCOMP 

2 0.6 0.6/0.5=1.2 

CO2 injection in 
UTCOMP 

10 0.11 0.11/0.1=1.1 

Table 10-8: CPU time reduction using lower calling frequencies of the geomechanics 

module. The denominator values in the far right column represent the ideal 

CPU time reduction factor and equal to the inverse of the number of time 

steps between geomechanics calls. 

Figure 10-13 compares the time step size through time for the 3D CO2 injection 

case in GPAS and UTCOMP with and without geomechanics module. This comparison 

shows that UTCOMP increases time steps more conservatively mainly due to the IMPEC 

scheme where the saturation is calculated explicitly through smaller time steps compared 

to those in a fully implicit and unconditionally stable reservoir simulator such as GPAS. 
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Figure 10-13: Comparison of time steps in GPAS and UTCOMP with and without 

geomechanics module for the 3D CO2 injection case. 
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For most of the investigated case studies, UTCOMP results are in a good agreement 

with those from GPAS and Coupling 2 of CMG. The slight difference between UTCOMP 

and GPAS is due to the different structures of these two reservoir simulators; the former is 

IMPEC and the latter is fully implicit. 

Running the geomechanics module every N time steps (where N is greater than one) 

can significantly reduce the CPU time while maintaining the solution accuracy. The 
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number of time steps per geomechanics calls, however, requires a rigorous criterion other 

than a constant user-defined number. 

Water flooding is more sensitive to the number of time steps per geomechanics 

calls than the gas flooding cases such as CO2 injection.  
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Chapter Eleven: Hydraulic-Fracturing Fluid Effect on Clay Swelling in 

Stimulated Naturally Fractured Reservoirs1 

11.1 SUMMARY 

Production trends from hydraulically fractured reservoirs show impediments of gas 

flow via the partially invaded fracturing fluid into the formation due to viscous and 

capillary forces and formation damage due to clay swelling. The occurrence of this clay 

swelling on the surfaces of hydraulic fractures (HFs) highly depends on the fracture 

network complexities which can be predicted using a geomechanical model. Clay-

swelling-induced conductivity damage is primarily a function of rock mineralogy, 

fracturing-fluid composition, formation brine salinity, and fracturing-fluid access to a 

realistic complex fracture network. In this chapter, we introduce a mechanistic approach to 

model clay swelling and water imbibition in various rock mineralogies including the 

Barnett (clay-rich), Eagle Ford (calcite-rich), and Marcellus Shales. Clay swelling 

counteractively influences production through favorable water-gas replacement and 

undesirable permeability reduction. We used a coupled multi-phase reactive-transport 

simulator to comprehensively model this process. Here, the main clay swelling 

mechanisms are denoted as the ion hydration and the expansion of the electrostatic double 

layer. We used the calculated volume expansion of clay materials exposed on the fracture 

surface to modify the fracture and matrix permeabilities.  We acquired a complex fracture 

network mechanistically using a well-established poroelastic cohesive zone model 

integrated with a wellbore model and an implicit intersection model. Subsequently, we 

developed an embedded discrete fracture model (EDFM) in order to evaluate the 

                                                 
1This chapter is retrieved from a full-paper manuscript prepared for the Unconventional Resources 

Technology Conference held in Austin, Texas, USA, 24-26 July 2017 (Haddad, Sanaei, and Sepehrnoori 

2017). The clay swelling model has been developed by Alireza Sanaei via a collaborative project for the 

integration of the hydraulic-fracturing model with the UTCOMP reservoir simulator.  
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production performance of this complex HF network after clay swelling damage and water 

imbibition. 

The simulation results indicate that the degree of clay swelling varies in different 

shale formations. On the basis of the clay content and the mineralogies considered in this 

chapter, we observed a significant expansion in electrostatic double layer for the Barnett 

Shale following the fracturing-fluid injection. Nevertheless, this effect was lower in the 

Eagle Ford and Marcellus Shales. The presented approach provides the capability to 

mechanistically model the clay stability and water imbibition to approximate their impact 

on the production performance. 

 

11.2 INTRODUCTION 

The massive injection of hydraulic-fracturing fluids in shale formations coincides 

with unprecedented interactions between the non-residing (drilling or injected) fluids and 

the residing (in-situ) fluids and rock matrices. One adverse interaction against the oil/gas 

production can be referred to as clay swelling which is triggered via the ion concentration 

gradients between the non-residing and residing fluids in the presence of the abundant clay 

content in shale formations (Sanaei et al. 2016, 2017). This interaction proportionately 

increases with the contact area between the fracturing fluid (usually fresh water) and the 

rock surface in virtue of very small fluid leakoff due to the ultra-low permeability of shale 

formations. Beside this contact area, the extremely low permeability of shale formations 

and the considerable amount of organic matter reduces the predictability of the production 

characteristics of shale reservoirs (Mehrabi et al. 2017). 

This expansive contact area (as the essential element in the economic shale 

production) is generated through hydraulic fracturing, which may be identified via the track 
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of wet events (in contrast to dry events) in the microseismic event distribution (as a fracture 

diagnostic technique) (Haddad et al. 2017). Thereby, a clear understanding of the effect of 

clay swelling on hydrocarbon production requires a rigorous method to obtain the induced 

fracture network after the hydraulic-fracturing stimulation practice. The current limitations 

on the interpretation of fracture diagnostic techniques motivate the developments for the 

numerical simulation of hydraulic fracturing which is preferentially capable of including 

numerous operational and geological complexities such as the naturally fractured 

formations, non-uniform perforations, and wellbore model (Haddad and Sepehrnoori 

2017). The elimination of these complexities through the use of planar, parallel, equal-

length, and similar hydraulic fractures (a common trend in the current literature) in the 

absence of natural fractures may promote a history matching process with further number 

of independent variables. This definitely increases non-uniqueness of the solution, 

decreases the capability to forecast or interpret production (due to the lack of nonlinear 

fracture propagation physics), and subsequently the erroneous estimation of clay swelling. 

Clay swelling reportedly results in the formation damage in the oil and gas 

reservoirs. The investigation of this problem in the current literature is limited to confined 

spaces (e.g., the vicinity of the wellbore during drilling, completion, or work-overs). 

Furthermore, in enhanced oil recovery, the injection of water-based fluids (e.g., brine or 

surfactant solution) probably disrupts the chemical equilibrium between the in-situ fluids 

and the rock matrix. This process consequently results in clay swelling and swelling-

induced fine migration, which arises adverse injectivity problems and the deficiency of the 

EOR processes (Jones 1964; Krueger 1986; Civan and Knapp 1987; Zhou et al. 1997). 

These adverse effects are attributed to the permeability reduction due to the cross-sectional 

area reduction and pore throat blockage during clay swelling and swelling-induced fine 

migration, respectively. These problems may occur also during the hydraulic-fracturing 
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stimulations; fracturing fluids may disrupt the geochemical equilibrium between the pore 

fluids and the rock. In case the stimulation is accomplished using fresh water, the clay 

content within the formation rock may swell and expand, which concludes the reduction of 

the flow path areas (or conductivities) against the fluid production.  

Clays in oil and gas reservoirs naturally originate from weathering and 

decomposition of igneous rocks. Clays comprise oxygen, hydroxyl, and a variety of cations 

which form octahedral and tetrahedral platelets. These platelets can be stacked via two 

structures: 1) 1:1; and 2) 2:1. The first structure comprises one tetrahedral and one 

octahedral platelet whereas the second structure is composed of two tetrahedral platelets 

enclosing one central octahedral platelet. These two clay structures are often referred to as 

T-O and T-O-T layers. Clays are also categorized based on the arrangement of their layers, 

and their substitution and composition into the following: 1) allophone; 2) kaolinite; 3) 

halloysite; 4) smectite; 5) illite; 6) chlorite; 7) vermiculite; 8) attapulgite-palygorskite–

sepiolite, and 9) mixed layer minerals (Grim 1953; Anderson et al. 2010).  

Four clay minerals (i.e., kaolinite, mica, smectite, and illite) are the main 

constituents of clay in shales. In this chapter, we establish our simulations on the presence 

of smectite and illite minerals which represent swelling and non-swelling clays, 

respectively. Figure 11-1 schematically shows essentially similar structures of smectite 

and illite minerals which commonly comprise 2D arrays of aluminum-oxygen-hydroxyl 

octahedral structures alternated by 2D arrays of silica-oxygen tetrahedral structures known 

as T-O-T (Grim 1953; Bradbury and Baeyens 2005a). Smectite is characterized by a very 

large surface area mostly in the interlayer region. The substitution of the trivalent 

Aluminum for the tetravalent Silicon and the divalent cations (e.g., Mg and Fe) for the 

trivalent Aluminum in the smectite mineral concludes a permanent negatively charged 

lattice which is neutralized by the cations adsorption over the interlayer surface. The 
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separation within these two structural layers (i.e., d100 spacing) depends on the 

exchangeable cations characteristics, the solution composition, and the clay mineralogy, 

and can be quantified using X-ray powder diffraction (XRD) (Zhou et al. 1996). In the 

water presence, interlayer exchangeable cations tend to hydrate, which consequently 

increases the d100 spacing and causes a volume expansion as known as clay swelling (Zhou 

et al. 1997; Anderson et al. 2010). Within the illite mineral, these lattice substitutions take 

place in the tetrahedral layer, and the neutralizing interlayer cations (dissimilar to the 

cations over the external surface) are not generally exchangeable (Newman 1987; Van 

Olphen 1977). Thereby, the interlayer swelling in the presence of water is not detected in 

illite in contrast to smectite.  

Briefly, clay swelling is commonly modeled via defining sorption mechanisms 

which are further discussed in the following section. These mechanisms include the surface 

complexation and ion exchange which dominate in clay-water interactions. 

 

 

Figure 11-1: Schematic representation of T-O-T clay structures: (A) smectite as a swelling 

clay; and (B) illite as a non-swelling clay (Sanaei et al. 2016). 

The current chapter proposes a novel flowchart for the mechanistic simulation of 

the following in the presence of a physics-based induced fracture network: 1) clay swelling 
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during or after the hydraulic-fracturing practice; and 2) consequent long-term gas 

production. This work is accomplished through the explicit coupling of a hydraulic-

fracturing model and a geochemical module with a compositional reactive-transport 

reservoir simulator. For the long-term gas production forecast, the complex fracture 

network obtained from the hydraulic-fracturing model is imported into an EDFM. Notably, 

the capability of EDFM in the simple and robust representation of complex fracture 

networks within a structured reservoir grid has been shown in the literature (Moinfar et al. 

2014; Cavalcante-Filho et al. 2015; Shakiba and Sepehrnoori 2015; Xu et al. 2016; Sanaei 

et al. 2016, 2017). Our integrated study of fracturing, clay swelling, and fractured reservoir 

simulation demonstrates the discrepancy in the results using different fracturing models 

with various degrees of complexity: the presence of the natural fractures, the stimulation 

scenario, and the wellbore model.      

 

11.3 METHOD 

11.3.1 Sorption Models for Clay Swelling   

Ion sorption on the clay minerals influences the electrostatic double layer expansion 

via two apparent mechanisms modeled here: 1) ion exchange; and 2) surface complexation 

processes. The ion exchange is quantified using the cation exchange capacity (CEC) which 

equals the amount of permanent negative charge over the clay mineral after isomorphous 

substitution. This negative charge is neutralized by the excess aqueous cations accumulated 

in the vicinity of the clay mineral via electrostatic attractions. Electrostatically bound 

cations can exchange under appropriate conditions (Grim 1953; Van Olphen 1963; Bolt et 

al. 1976). For instance, for Cation B with charge zB in aqueous phase and Cation A with 
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charge zA over the clay mineral, the associated ion exchange reaction can be expressed as 

Equation (11-1): 

𝑧𝐵𝐴𝑋 + 𝑧𝐴𝐵 ↔ 𝑧𝐴𝐵𝑋 + 𝑧𝐵𝐴,                                                                                       (11-1) 

where 𝑋 denotes the exchangeable site which represents a unit charge in an arbitrary 

location inside or close to the solid phase. This reaction is associated with an equilibrium 

constant 𝐾𝑋 which can be expressed as Equation (11-2): 

𝐾𝑋 =
[𝐴]𝑧𝐵[𝐵𝑋]𝑧𝐴

[𝐵]𝑧𝐴[𝐴𝑋]𝑧𝐵
,                                                                                                            (11-2) 

where the bracket sign [ ] represents concentration (Missana et al. 2008). Smectite and illite 

contain large and small CECs around 100 and 20 meq/100g, respectively. This difference 

originates from the cation exchange sites: the external surfaces in illite and the entire body 

mass in smectite.  

In addition to the cation exchange, surface complexation reactions also enhance the 

ion sorption on the clay minerals surface via the “edge” sites. These edge sites comprise 

the surface hydroxyl group (≡ 𝑆𝑂𝐻). Similar to the oxide surface reactions, surface 

complexation may take place on the edge sites (Bradbury and Baeyens 2002) which can 

attract around 5-50% of the CEC and become neutral, positively, or negatively charged 

(e.g., ≡ 𝑆𝑂𝐻, ≡ 𝑆𝑂𝐻2+, or ≡ 𝑆𝑂−) as a function of acidity or pH. Along the edge sites 

(e.g., ≡ 𝑆𝑂𝐻), this pH-dependent charge originates from the following reactions: 

≡ 𝑆𝑂𝐻2
+ ↔≡ 𝑆𝑂𝐻 + 𝐻+,                                                                                             (11-3) 

≡ 𝑆𝑂𝐻 ↔≡ 𝑆𝑂− + 𝐻+.                                                                                                (11-4) 

The corresponding equilibrium constants can be expressed as Equations (11-5) and 

(11-6): 

𝐾𝑎1 =
[≡𝑆𝑂𝐻]{𝐻+}

[≡𝑆𝑂𝐻2
+]

𝑒𝑥𝑝 (−
𝐹Ψ

𝑅𝑇
),                                                                                       (11-5) 

𝐾𝑎2 =
[≡𝑆𝑂−]{𝐻+}

[≡𝑆𝑂𝐻]
𝑒𝑥𝑝 (−

𝐹Ψ

𝑅𝑇
),                                                                                       (11-6) 
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where the brace sign { } denotes the ion activity, the exponential term accounts for the 

columbic term or the electrostatic effects. The term F stands for the Faraday constant [equal 

to 96,485 JV-1eq-1 (joule per volt per equivalent)], Ψ represents the surface potential V 

(volt), R denotes the gas constant (equal to 8.314 JK-1gr-mol-1), and T is the absolute 

temperature (K) (Dzombak and Morel 1990; Parkhurst and Appelo 2013). Also, a surface 

complexation reaction that represents the sorption of Cation A with charge zA over the 

surface site is defined as Equation (11-7): 

≡ 𝑆𝑂𝐻 + 𝐴𝑧𝐴+ ↔≡ 𝑆𝑂𝐴(𝑧𝐴−1) + 𝐻+.                                                                         (11-7) 

The edge sites of ≡ 𝑆𝑂𝐻 in semctite and illite contribute in the total CEC by 5-

10% and 20-50%, respectively (Missana et al. 2002; Bradbury and Baeyens 2005a,b; 

Missana et al. 2008). Thereby, the intensity of the edge sites of illite is four to five times 

that of smectite. However, CEC in smectite is five times that of illite, which makes both 

clays similar in the edge site contribution. Furthermore, smectite yields a specific surface 

area 5-6 times that of illite as shown in Figure 11-2, which can cause more swelling in 

smectite. Table 11-1 presents the ion exchange and surface complexation reactions 

considered in this study to capture the ion sorption of smectite and illite clays.  
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(a) smectite (b) illite 

Figure 11-2: SEM images of the investigated clay minerals: (a) smectite; (b) illite 

(images reproduced from the “Images of Clay Archive” of the 

Mineralogical Society of Great Britain & Ireland and The Clay Minerals 

Society). These minerals can be distinguished by the significantly different 

surface areas. 

 
Surface Complexation Reactions Log K Cation Exchange Reactions Log K 

≡ 𝑆𝑂𝐻 ↔≡ 𝑆𝑂𝐻 0.0 𝑋− ↔ 𝑋− 0.00 

≡ 𝑆𝑂𝐻 ↔≡ 𝑆𝑂− + 𝐻+ 
-6.2a 
-7.9b 

𝑁𝑎+ + 𝑋− ↔ 𝑁𝑎𝑋 0.00 

≡ 𝑆𝑂𝐻2
+ ↔≡ 𝑆𝑂𝐻 + 𝐻+ 

-5.5a 
-4.5b 

𝐻+ + 𝑋− ↔ 𝐻𝑋 1.00 

≡ 𝑆𝑂𝐻 + 𝐶𝑎2+ ↔≡ 𝑆𝑂𝐶𝑎+ + 𝐻+ -5.0a 𝐶𝑎2+ + 2𝑋− ↔ 𝐶𝑎𝑋2 0.80 

≡ 𝑆𝑂𝐻 + 𝑀𝑔2+ ↔≡ 𝑆𝑂𝑀𝑔+ + 𝐻+ -5.0a 𝑀𝑔2+ + 2𝑋− ↔ 𝑀𝑔𝑋2 0.60 

  𝐹𝑒2+ + 2𝑋− ↔ 𝐹𝑒𝑋2 0.44 

  𝐴𝑙3+ + 2𝑋− ↔ 𝐴𝑙𝑋3 0.41 

  𝐴𝑙𝑂𝐻2+ + 2𝑋− ↔ 𝐴𝑙𝑂𝐻𝑋2 0.89 

Table 11-1: Ion exchange and surface complexation models (Sanaei et al. 2016, 2017). 

Clay water content: Clays contain three water types: 1) the interlayer pore water 

which surrounds the exchangeable cations; 2) water in the electrostatic double layer (EDL); 

and 3) bulk solution water. In the interlayer pore water, the cations neutralize the structural 

negative charges in the T-O-T layers, and the water molecules accumulate within layers 
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and integrate in the crystallographic structure of the swollen clay. The second water type 

(in EDL) comprises a stern layer and also a diffusive layer. Within the stern and diffusive 

layers, hydrated cations bind to or reside close to the surface, respectively. The EDL water 

exists in both swelling and non-swelling clays. The third water type refers to the water in 

the bulk solution which is neutral in the co-existence of both cations and anions (Zhu and 

Anderson 2002; Appelo and Wersin 2007; Tournassat and Appelo 2011). Figure 11-3 

shows the schematics of the interlayer EDL and bulk solution water in a typical clay-rich 

rock. 

 

Figure 11-3: Schematics of a clay structure in the presence of water: (A) prior to 

swelling; (B) posterior to swelling. Water molecules and cations hold 

various configurations such as the following: (A1) water and cations in the 

EDL water; (A2) surface-bound cations within the stern layer; (A3) the 

diffusive layer, the interface between the stern layer and the bulk solution 

water; (A4) bulk solution water (Sanaei et al. 2016, 2017). 

In the simulator, the amount of water in EDL is calculated dynamically depending 

on the shale mineralogy, composition, and salinity of the aqueous phase. Clay swelling 

decreases the conductivity of the hydraulic fracture(s) as well as the rock matrix 

permeability. The change in conductivity of the hydraulic fracture(s) is calculated by 
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considering the rock matrix exposed on the fracture walls. For instance, the clay-free rock 

leads to the fully open fracture aperture to the fluid flow. Also, all the water inside the 

fracture is assumed as the solution bulk water. However, adjacent to the fracture(s), the 

rock matrix containing clay minerals at the initial conditions absorbs some water (i.e., EDL 

water) on the fracture walls. Thereby, in the presence of clay in the vicinity of the fractures, 

the area open to flow changes proportional to the fraction of the solution bulk water within 

the fracture out of total water [expressed also as (1 − 𝐸𝐷𝐿𝑊𝐼𝑜𝑙𝑑)]. Subsequently, the low-

salinity water injection disturbs the equilibrium between the formation water and rock 

matrix, which leads to clay swelling, more water adsorption on the fracture walls, and the 

reduction of the fracture cross-sectional area open to flow [expressed also as (1 −

𝐸𝐷𝐿𝑊𝐼𝑛𝑒𝑤)]. Therefore, the new fracture aperture can be calculated using Equation (11-

8): 

𝜔𝑓
𝑛𝑒𝑤 = 𝜔𝑓

𝑜𝑙𝑑 × (
1−𝐸𝐷𝐿𝑊𝐼𝑛𝑒𝑤

1−𝐸𝐷𝐿𝑊𝐼𝑜𝑙𝑑 ),                                                                                    (11-8) 

where 𝜔𝑓
𝑜𝑙𝑑 and 𝜔𝑓

𝑛𝑒𝑤 denote the old and new fracture apertures before and after clay 

swelling due to low-salinity water injection. In a conservative case where the induced 

fractures are un-propped, the fracture permeability can be calculated using the quadratic 

relation 𝜔𝑓
2 12⁄ , which concludes Equation (11-9) for the new fracture permeability after 

clay swelling: 

𝑘𝑓
𝑛𝑒𝑤 = 𝑘𝑓

𝑜𝑙𝑑 × (
𝜔𝑓

𝑛𝑒𝑤

𝜔𝑓
𝑜𝑙𝑑 )

2

,                                                                                               (11-9) 

which can be combined with Equation (11-8) to obtain the fracture permeability as a 

function of the clay-swelling parameter EDLWI: 

𝑘𝑓
𝑛𝑒𝑤 = 𝑘𝑓

𝑜𝑙𝑑 × (
1−𝐸𝐷𝐿𝑊𝐼𝑛𝑒𝑤

1−𝐸𝐷𝐿𝑊𝐼𝑜𝑙𝑑 )
2

.                                                                                   (11-10) 
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The definition and calculation procedure for obtaining EDLWI is detailed by Sanaei 

et al. (2017). We modify the fracture conductivity (𝑘𝑓𝜔𝑓) to investigate the impact of clay 

swelling on the long-term-production performance of hydraulically induced fractures. 

 

11.3.2 Multi-stage, multi-wellbore, hydraulic-fracturing model 

The conductive fracture network is obtained from a poroelastic fracture initiation 

and propagation model [i.e., cohesive zone model (CZM)] in the context of the finite 

element method using the commercial software program Abaqus (Dassault Systèmes 

2016). In this methodology, the hydraulic-fracture (HF) growth direction is approximated 

perpendicular to the minimum horizontal stress whereas the natural fractures (NFs) may 

align arbitrarily which are interpreted from respective seismic attributes (e.g., curvature 

attribute). These fracture spaces are modeled by pre-defined, zero-thickness, pore-pressure 

cohesive elements which mechanistically dilate, partially de-bond, or completely damage 

due to the gradual (i.e., quasistatic) hydraulic pressure buildup during the fracturing-fluid 

injection. A typical poroelastic solution around a propagating fracture tip can be shown as 

Figure 11-4a in the presence of the pore fluid flow coupled with the fracturing-fluid 

leakoff (as a flow component normal to the fracture path) and the fracture tangential flow. 

The cohesive elements follow a special constitutive law well-known as cohesive traction-

separation response which is shown schematically in Figure 11-4b for the hydraulic and 

natural fractures. This constitutive law sufficiently explains the complex fracture 

mechanisms in quasibrittle materials (e.g., shale formations) with elastic deformation and 

damage evolution zones at distinct fracture separation intervals. The difference in this 

response for the hydraulic and natural fractures originates from the weaker material 
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properties of the NFs with respect to the intact rock where HFs propagate. This difference 

is quantified by the weakness factor WF shown in Figure 11-4b. 

 

  

(a) (b) 

Figure 11-4: (a) A typical poroelastic solution comprising pore-pressure distribution, 

pore fluid flow velocity vectors, and fracture aperture in the vicinity of the 

fracture process zone in a CZM (Haddad and Sepehrnoori 2015); (b) 

typical traction separation responses for the hydraulic and natural fractures 

shown by orange and red dash lines, respectively (Haddad et al. 2017).   

CZM carries no fundamental limitation on the number and configuration of 

fractures (e.g., parallel or intersecting, and planar or nonplanar) considering the recent 

developments on the fracture intersection model via the middle-edge pore-pressure 

coupling of the cohesive elements at the intersection(s) (Haddad et al. 2017). The addition 

of further cohesive element layers for more natural and hydraulic fractures results in further 

computational expenses (non-proportional to the number of elements) due to the required 

refined mesh in the vicinity of the cohesive layers and further model nonlinearities 

associated with the cohesive response. However, the higher computational expenses can 

be divided within more parallelized computational cores on supercomputing clusters as we 

accomplished in this study. Also, CZM provides this capability to include the effect of the 
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perforation tunnel lengths on the simultaneous fracture propagation in the presence of a 

wellbore model (Haddad and Sepehrnoori 2017).   

Thereby, we developed a hydraulic-fracturing model consisting of three horizontal 

wellbores, three stages in each wellbore, three fracture clusters in each stage, and five NFs 

(presumably the major NFs in the NF network) capable of intersecting the HF planes in 53 

spots (Figure 11-5). Here, the NFs are assumed as pre-existing interfaces fully cemented 

with weaker materials (e.g., calcite) compared to the adjoining intact rock (e.g., shale), and 

“the HF planes” refer to the predefined, zero-thickness cohesive layers along which the 

HFs may propagate during the injection process. In order to model fracture growth in the 

intact rock, these HF cohesive planes are characterized by higher fracture initiation stresses 

compared to those for the pre-existing NF planes. 

Our universal model not only includes multiple hydraulic and natural fractures via 

CZM but also integrates a wellbore model via fluid pipe elements (Dassault Systèmes 

2016) which hydraulically connect the perforations sequentially. Haddad and Sepehrnoori 

(2017) have shown the indispensable role of this wellbore model in the non-uniform HF 

growth from various perforations with different perforation tunnel lengths shown in 

Figures 11-6a and 11-6b. Furthermore, the alignment of the NFs with respect to the 

assumed average alignment is retrieved from Monte Carlo sampling as shown in Figure 

11-6c. Further details about this model, material properties, and the fracturing scenarios 

can be found in the work by Haddad and Sepehrnoori (2017).  

 

 

 

 

 



 392 

 

 

 

 

 

(b) 

(a)  

Figure 11-5: (a) Universal hydraulic-fracturing model with the hydraulic and natural-

fracture cohesive layers shown by vertical orange and oblique red lines, 

respectively. The HF and wellbore spacing are equal to 65.6 and 164 ft, 

respectively. (b) A magnified region within the orange box in Figure 11-5a, 

which schematically demonstrates the state of the connector elements at 

various stage stimulations in sequential fracturing (Haddad and Sepehrnoori 

2017). 
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(a) 

 

(b) 

 

 (c) 

Figure 11-6: (a) Wellbores and perforation tunnels, the continuous and dashed lines, 

respectively. The perforation tunnel lengths are magnified 100X for 

demonstration purposes. (b) The perforation tunnel length distribution. (c) 

Cumulative distribution function versus angle (with respect to the average 

NF alignment) used for the stochastic Monte Carlo sampling of the NF 

alignment (Haddad and Sepehrnoori 2017).     

The relevant outputs of this model can be enlisted as the following: 1) the length 

and aperture profile of the HFs; 2) the perforation tunnels that significantly receive the 

fracturing fluid; and 3) the dilated NFs, and their length and aperture profile due to the HF 

growth and the fracturing-fluid infiltration into the NFs. These data can be retrieved from 

the Abaqus output database (*.odb) file which is visualized (for instance) in Figure 11-7a 

for the logarithmic shear strain distribution (as an indicator of the potential stimulated 

reservoir volumes) at the end of the hydraulic-fracturing stimulation. From this figure, we 

can extract a complex fracture network manually through selecting the middle-edge nodes 

of the cohesive elements (e.g., the red dotted line) along the dilated hydraulic or natural 

fractures (the white streaks in the middle of the model). As the next step, we import the 
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spatial track and aperture of all dilated fractures into an excel sheet for the EDFM analysis. 

This information is plotted in Figure 11-7b for the Abaqus result shown in Figure 11-7a.  
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(a) Induced fracture network 

 

(b) Extracted fracture network 

Figure 11-7: (a) Logarithmic shear strain distribution after a simultaneous hydraulic-

fracturing stimulation including the wellbore model and the NF network. HFs 

have extended from only 11 out of 27 perforation tunnels (Haddad and 

Sepehrnoori 2017). The red dotted line shows the manually defined path for 

the extraction of the aperture and location of a dilated HF arrested by two NFs 

on both tips. (b) Manually extracted fracture network from Figure 11-7a with 

bubble sizes proportional to the fracture aperture. 
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11.3.3 EDFM configurations 

The fracture network information requires one step of simplification prior to the 

generation of the EDFM input files for our in-house reservoir simulator. This simplification 

includes the following:  

1) Obtaining the mean of the variable aperture along each fracture (the outcome 

of the fracturing model); 

2) Replacing all variable-aperture fractures with uniform-aperture fractures with 

the obtained mean apertures; 

3) Assuming that all dilated fractures are packed with fine proppant particles; 

4) Obtaining the proppant pack permeability equal to 1.15 Darcy using the 

Kozeny-Carman equation (Kozeny 1927; Carman 1937) assuming the 

porosity equal to 0.36 and the proppant size equal to 0.1 mm; 

5) Obtaining all fracture conductivities as the product of the proppant pack 

permeability and the fracture aperture; 

6) Increasing the reservoir model fracture apertures for the sake of accelerating 

the numerical convergence via the conservation of the fracture conductivities 

and reducing the fracture permeability to 10 mD.  

Therefore, the general simulation flowchart to accomplish this study can be 

performed as shown in Figure 11-8. This flowchart consists of three instinct sections:  

1) Hydraulic-fracturing model (Haddad and Sepehrnoori 2017) and EDFM 

preprocessing (Cavalcante-Filho et al. 2015); 

2) Geochemical module; 

3) The UTCOMP reservoir simulator [an in-house reservoir simulator which 

has been developed since 1990s at The University of Texas at Austin 

(Korrani 2014)].  
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Sections 1 and 2 are both explicitly coupled with Section 3 according to the 

following sequence:  

1) The dilated fracture network is obtained from the hydraulic-fracturing model 

and the associated EDFM input files are generated using the EDFM 

preprocessing program. 

2) The EDFM input files are used besides the other UTCOMP input files in the 

reservoir simulations using the explicitly coupled UTCOMP with the 

geochemical module (Korrani et al. 2016; Sanaei et al. 2016, 2017).     

The sample input files for UTCOMP and the EDFM preprocessor software program 

are provided in Appendix Five.  
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Figure 11-8: General flow chart consisting of the hydraulic-fracturing model and EDFM 

preprocessing, the UTCOMP reservoir simulator, and the geochemical 

module. 

 

11.4 RESULTS AND DISCUSSION 

We investigate water-rock interaction using the Barnett, Eagle Ford, and Marcellus 

Shale mineral compositions summarized in Table 11-2 and the simulation model 

properties in Table 11-3. The Barnett Shale is a clay-rich formation containing 55% clay, 

the Eagle Ford Shale is a calcite-rich formation with 62% calcite, and the Marcellus Shale 

contains 34% calcite and 25% clay. In order to investigate the uncertainty in the exact 
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composition of the clay types in these shale formations, we consider illite and smectite 

(representative minerals of non-swelling and swelling clays, respectively) as the only clay 

constituents of the rock with similar distribution.  

 
Shale Play Calcite (wt%) Quartz (wt%) Clay (wt%) Other Minerals (wt%) 

Barnett 3 33 55 9 

Eagle Ford 62 24 12 2 

Marcellus 34 28 25 13 

Table 11-2: Mineral content of three shale samples. The Barnett and Eagle Ford Shale data 

are extracted from Zhang et al. (2016), and the Marcellus Shale data is 

extracted from Ali and Hascakir (2015). 

 
Parameter Value 

Reservoir dimension (ft × ft × ft) 1,300 × 1,300 × 50 

Grid block size (NX × NY × NZ) 50 × 50 × 1 

Porosity (dimensionless) 0.06 

Rock permeability (mD) 0.0001 

Depth (ft) 7,000 

Initial pressure (psia) 3,800 

BHP (psi) 1,000 

Initial gas saturation (dimensionless) 0.70 

Reservoir temperature (̊F) 180 

Rock compressibility (psi-1) 3.0×10-6 

Table 11-3: Properties of the simulation models. 

We investigate the effect of the clay swelling on the long-term production using a 

simultaneous hydraulic-fracturing model in the presence of the NF network or the wellbore 

model, with a full degree of complexity as shown in Figure 11-7.  

Figure 11-9 shows the cumulative gas production for the synthetic cases with the 

Barnett, Eagle Ford, and Marcellus Shale mineral compositions for 500 days. The solid 

and dashed lines represent the production performance of the intact and damaged hydraulic 

fractures before and after clay swelling, respectively. As expected, after fresh-water 
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fracturing-fluid injection, clay swelling (and the consequent fracture aperture reduction) 

contributes significantly in the production loss. The cumulative production is reduced by 

62.2%, 18.7%, and 32.8% compared to the case without clay swelling in the Barnett, Eagle 

Ford, and Marcellus Shales, respectively. These production reductions are in agreement 

with the reductions in the hydraulic-fracture permeability after swelling. In other words, 

these reductions are proportional to the squared ratio of apertures before clay swelling over 

that after clay swelling. Hence, these results demonstrate the dominant role of the 

hydraulic-natural-fracture network in gas production from ultra-low permeable reservoirs. 

Therefore, the reduction in aperture and conductivity of fractures significantly impacts the 

fracture network performance.  

 

 

Figure 11-9: Effect of clay swelling in the cumulative gas production at various shale 

formations. 

Figure 11-10 illustrates the temporal evolution of the pressure depletion in the 

Barnett Shale with clay swelling. In early times, gas is produced only from the zones close 
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to the fracture network and producing wellbores. However, at later times, the pressure 

depletion zone stretches into the porous media adjacent to the fracture network. 

Considering Figures. 7 and 10, we observe a direct relation between the highest fracture 

aperture (Figure 11-7) and the maximum pressure depletion zone (Figure 11-10) in the 

middle of the reservoir, which demonstrates more significant contribution of the wider 

fractures in gas production.        
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(a) 100 days (b) 200 days 

 
 

(c) 300 days (d) 500 days 

 

Figure 11-10: Temporal evolution of the reservoir pressure with clay swelling at the 

Barnett Shale. 
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11.5 HIGHLIGHTS OF THE CHAPTER 

In this chapter, we proposed a comprehensive flowchart integrating models for 

hydraulic-fracturing simulation, clay swelling, and fractured reservoir flow simulation. The 

results demonstrate the significant effect of clay swelling in the gas production reduction. 

Furthermore, the variable fracture aperture obtained from the hydraulic-fracturing 

simulation features the higher-fidelity long-term gas production due to the variable degree 

of depletion even within a hydraulic-natural-fracture network. 
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Chapter Twelve: Major Obstacles in Production from Hydraulically 

Re-fractured Shale Formations: Reservoir Pressure Depletion and Pore 

Blockage by the Fracturing Fluid1 

12.1 SUMMARY 

Gas production from ultra-low permeable shale resources declines drastically at 

early times upon which organically rich undrained zones are still left at high gas content. 

In order to enhance nearly flat gas production rates, re-fracturing virgin zones using the 

newly emerged technologies has been widely implemented in the past few years. 

Therefore, numerical optimizing tools for re-fracturing must capture several production 

steps including the irreversible reservoir conditions; the depleted reservoir pressure and the 

associated fracturing-fluid pore blockage close to hydraulic fractures. These have not been 

considered in the production models in the literature.  

In this chapter, we introduce a multi-step production model including intermediate 

fracturing-fluid injection and soaking time, followed by a detailed sensitivity analysis for 

the most influential parameters in gas production. A synthetic shale gas reservoir model is 

created with logarithmically spaced, locally refined grids (LS-LR) inside the stimulated 

reservoir volume to accurately capture the physics of flow in shale gas reservoirs. This 

model consists of the following sequential steps: 1) production from the first set of 

hydraulic fractures and well shut-in at the re-fracturing time; 2) activation of the second 

set of hydraulic fractures induced by re-fracturing, and fracturing-fluid (e.g., water) 

injection into all fractures to simulate the fracturing-fluid invasion into the matrix; 3) 

fracturing-fluid soaking period; and 4) production from the renovated fracture network (the 

new and old hydraulic fractures). This model provides a mechanistic approach to include 

and simulate the following obstacles in gas production enhancement using re-fracturing: 

                                                 
1This chapter is retrieved from a full-paper manuscript prepared for the 2015 Unconventional Resources 

Technology Conference held in San Antonio, Texas, USA, 20-22 July (Haddad et al. 2015).   
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1) reservoir pressure depletion in the initially stimulated reservoir volume as the depleted 

reservoir pressure cannot strongly repel the invaded fracturing fluid out of the matrix; 2) 

deep fracturing-fluid invasion due to the pressure depletion and the alteration of single-

phase flow to two-phase flow.  

The results showed that the pressure depletion and the resultant water retainment 

in the pore space reduced the production enhancement by 5% compared to the base case 

without these effects. This modification in gas production can influence the risk 

assessments for further investment on re-fracturing a field yet producing at low rates, and 

may revise the number of considered fields for re-fracturing. 

 

12.2 INTRODUCTION 

Shale gas resources have profoundly contributed to the long-term independence of 

the US on oil and gas from foreign resources. According to the 2013 Annual Energy 

Outlook (U.S. Energy Information Administration 2013), the abundance of these organic-

rich formations all over the US can shift the US from a gas importer to an exporter by 2019 

only in case the production from these reserves is exploited using the modern technologies 

of horizontal drilling and hydraulic fracturing. These technologies enhance the reservoir 

drainage area by providing complex networks of flow channels and activating gas 

desorption that is one of the major producing mechanisms from shale resources. In practice, 

these technologies have substantially proliferated gas production, for instance, three orders 

of magnitude in Woodford Shale during six years (French et al. 2014).  

Shale plays are commonly characterized by their ultra-low permeability in the order 

of nano-Darcies, which demonstrates the resistance of the shale matrix to gas production. 

Therefore, shale plays are completed by closely spaced fractures presumably with optimal 
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fracture spacing. Nevertheless, the abrupt gas production decline during the first few years 

raises several concerns including optimizing initial fracture spacing, re-fracturing 

treatment to enhance production, and selection of optimal re-fracturing time. The 

investigation of optimal fracture spacing requires rigorous fracture mechanics models with 

the capabilities to include stress interactions of closely spaced fractures (Haddad and 

Sepehrnoori 2014a,b and 2015a,b). Due to the recent emergence of economic gas 

production from shales, the fracture mechanics models for closely spaced hydraulic 

fracturing is still being revised. These models require substantial development, and 

intensive CPU and operator times, which discourages reservoir engineers from 

systematically studying this problem. Without a comprehensive geomechanics reservoir 

model, the general tendency is toward higher and non-optimum fracture spacing in order 

to minimize stress interactions or shadowing effect of fractures. Thereby, assuming that 

the initial fracture spacing was higher than optimal, placing the second set of fractures in 

between can remedy the sharp primary production decline. Furthermore, acid re-fracturing 

the primary fracture network or in the new clusters may keep the hydraulic fractures open 

by etching the fracture walls and creating wormholes in leakoff directions (Pournik et al. 

2009); the fracturing-fluid leakoff is intuitively enhanced by lower reservoir pressures due 

to primary production. Moreover, the fracturing-fluid penetration and flow-back to and 

from the shale rocks are governed by various phenomena such as capillary 

saturation/activation, Fick’s law, and gas desorption (Hayatdavoudi et al. 2015).      

Nevertheless, placement of the second set of hydraulic fractures in a depleted 

reservoir has a commonly underestimated detrimental consequence on ensuing production; 

the fracturing fluid permeates more into the matrix during the injection process and less 

out of the matrix during the flow-back. The reason behind the latter fact is that the pore 

pressure in the depleted reservoir is less than the virgin reservoir’s pore pressure. 
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Consequently, the secondary long-term gas production is governed by a two-phase flow 

regime in which the liquid phase is almost immobile in the matrix due to the irreducible 

water saturation and the hysteresis effect after imbibition (water injection) and drainage 

(water production) processes in shale rocks (Sigal 2013). This immobile water trapped in 

the matrix can reduce gas relative permeability as much as one order of magnitude.  

Therefore, it is essential in evaluating the effectiveness of the re-fracturing 

treatment to integrate an intermediate fracturing-fluid (e.g., water) injection period right 

before the re-fracturing process while running numerical simulations for the entire 

operation. This intermediate step of water injection is the main theme of the current 

chapter, which is integrated in our numerical simulations for a more reliable and rigorous 

production estimate. Moreover, this study can result in a more trustworthy economic 

analysis on the profitability of the re-fracturing process. Furthermore, we conduct a 

comprehensive sensitivity study on the most significant parameters on gas production 

using re-fracturing treatment on shale gas reservoirs. 

  

12.3 METHOD 

Overall, four main steps are followed in our simulations: 1) primary production 

from a primary set of hydraulic fractures while the secondary hydraulic fractures exist but 

are not activated in the model; 2) activation of secondary hydraulic fractures through 

fracture connection to the wellbore, and water injection in all hydraulic fractures during re-

fracturing treatment; 3) water soaking (shut-in) period for a short time interval (e.g., a 

month); and 4) opening both primary and secondary hydraulic fractures to the wellbore and 

producing from all of them. We presume that re-fracturing is performed by default after 10 

years of production from the primary fractures. Step 2 is accomplished in the model by two 
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virtual injection wells, I1 and I2, coincident with the producing wells, P1 and P2, in order 

to maintain the wells type in the model all along the simulation. Moreover, the duration of 

step 3 is based on the common practice in completing the horizontal wellbores in shale 

resources as the secondary production is not initiated right after re-fracturing and the 

operators use this period of time for reservoir data acquisition.  

Table 12-1 lists the above mentioned steps and their default durations. By default, 

primary production starts at 2010 and ends at 2020, and followed by a secondary 

production starting at 2020 and ending at 2040. A sensitivity study is performed to 

determine the suitable time period for each of these four steps. For instance, fracturing-

fluid (e.g., water) injection period is investigated for the range of 0.5 to 1.5 days and 

secondary production for 25 to 35 years. The default values in the table represent the base 

case and the time ranges are based on typical values in the literature and common field 

practice. Notably, the duration of Step 4 is a function of primary production interval and 

not an independent variable as we restrict the overall production period to 40 years. 

 
Step 

Number 
Step Name Time 

Duration 
(default 
values) 

Time Range 
(for Sensitivity 

Study) 

1 Primary production: opening primary HF to 
wellbores 

10 years [5,15] years 

2 Fracturing-fluid (e.g., water) injection in all 
hydraulic fractures 

1 day [0.5, 1.5] days 

3 Water soaking (shut-in) period 1 month [1, 3] months 

4 Secondary production: opening all HF to 
wellbores 

20 years [25, 35] years 

Table 12-1: The four steps included in the analysis with their range of investigation. 

We assume that the second set of hydraulic fractures propagate similar to the first 

set; the new fractures propagate perpendicular to the wellbore and have similar properties 
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to the primary fractures. This assumption is reasonable when stress interactions between 

hydraulic fractures are negligible. These stress interactions are also known as stress 

shadowing effect, which diminish at higher fracture spacing and can be rigorously 

investigated using quasistatic fully coupled pore-pressure-stress analyses for planar 

fractures such as the works conducted by Haddad and Sepehrnoori (2014a,b and 2015a,b). 

Nevertheless, this stress analysis is out of the scope of this study as we assume that the 

fractures are far enough with a negligible stress showing effect.  

The main theme of the current chapter is to investigate the effect of pressure 

depletion on re-fracturing water leakoff into the formation and its substantial effect on the 

secondary production from the re-stimulated reservoir volume. This primary pressure 

depletion depends on the primary production time; the longer the primary production, the 

larger the drainage area and the lower the pore pressure in the secondary hydraulic-

fractures’ planes. Moreover, longer water injection results in longer contact between water 

and shale rock, which promotes more aggressive water leakoff due to capillary imbibition 

and huge pore-pressure gradients on fracture walls. This later effect gets worse when 

following the common unconventional field practice of delaying production for a few 

weeks or a month after re-fracturing. Therefore, a comprehensive re-fracturing study has 

to be accompanied by a sensitivity study on the time lapse for the aforementioned steps. 

We mainly focus on the durations of the first, second, and third steps (Table 12-1) since 

the first step significantly influences the reservoir pressure draw-down, and the second and 

third steps switch the gas flow regime from almost single-phase to two-phase. The analysis 

was conducted using CMOST software program (Computer Modelling Group 2013). This 

program accelerates the sensitivity studies by taking advantage of proxy models to 

minimize the number of running cases to fully accomplish the sensitivity study for the 

whole desired range of target variables. 
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12.4 RESULTS AND DISCUSSION 

Our numerical reservoir model is a generic reservoir model with typical values for 

rock and fluid properties of a shale reservoir and restricted domain of interest embracing 

two horizontal wellbores with nine hydraulic-fracturing stages (Figure 12-1a). For 

simplicity, we assumed that the reservoir is isolated from the boundaries and not connected 

to any aquifer. A maximum permeability of 2 mD was assigned to the fracture volume 

based on actual fracture conductivity of 3 mD-ft and fracture width of 1.5 ft. Furthermore, 

Figure 12-1 shows the computational grid and its refinement around the horizontal 

wellbores. This refinement is preferable to resolve sharp pore-pressure gradients 

perpendicular and very close to the fracture walls due to the ultra-low permeability of shale 

rocks. One successful strategy for this refinement is known as LS-LR model, which refines 

the grid logarithmically toward the fracture walls (Figure 12-1b), and significantly 

decreases the computational expenses while maintaining the accuracy of the solution 

(Rubin 2010). Furthermore, we neglected Klinkenberg effect and Knudsen diffusion 

because these phenomena contribute only in low-pressure flow regimes for the shale pore 

size distribution [e.g., during shale permeability measurements in laboratory conditions 

(Sanaei et al. 2014a, b)]. In order to complete the definition of the model, the relative 

permeability curves are shown in Figure 12-2 and Table 12-2 summarizes the values for 

geometrical dimensions and properties of the studied reservoir. 
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(a) Computational grid (b) Zoomed view on grid 

refinement around fractures 

Figure 12-1: The geometry of reservoir, horizontal wellbores, and hydraulic fractures, and 

gridding using LS-LR technique (left figure), and a zoomed region in the 

vicinity of a perforation (right figure).    

 
Parameter Default value 

Reservoir dimensions (ft3) 2,650×1,700×50 

Top horizon depth (ft) 9,000 

Initial reservoir pore pressure (psi) 5,000 

Fracture spacing (ft) ~250 

Fracture half length (ft) 250 

Fracture height (ft) 50 

Fracture conductivity (mD-ft) 3 

Number of fracturing stages (dimensionless) 9 stages; 5 primary and 
4 secondary stages 

Reservoir temperature (oF) 180 

Matrix permeability (nD) 80 

Matrix porosity (dimensionless) 0.05 

Bottomhole pressure (psi) 1,000 

Gas viscosity (cp) 0.018 

Water viscosity (cp) 2.2 

Table 12-2:  Properties of investigated shale gas reservoir model. 
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Figure 12-2:  Oil-water and oil-gas relative permeability curves according to a tabulated 

data set. 

Figure 12-3 shows the pore-pressure contours in the reservoir at different times for 

the default operational parameters in Table 12-1. Before 2020, the primary hydraulic 

fractures develop the drainage areas as shown in Figures 12-3a and 12-3e as 2D and 3D 

representations, respectively. These drainage areas can ultimately extend to the planes of 

the secondary hydraulic fractures, Figure 12-3b, before secondary hydraulic fracturing. 

This extension can lead to more water leakoff during the re-fracturing process. Figures 12-

3c, 12-3d, and 12-3f demonstrate the development of the drainage areas around all 

hydraulic fractures after re-fracturing.         
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(a) 2015-1-1, Top view (b) 2020-2-1, Top view 

  
(c) 2030-1-1, Top view (d) 2040-1-1, Top view 

  
(e) 2015-1-1, 3D view (f) 2040-1-1, 3D view 

 

Figure 12-3: Pore-pressure contours in the reservoir for different dates during production, 

and before and after re-fracturing for the default valued parameters in Table 

12-1. The pore-pressure unit in these contours is psia and the dimension of 

the model can be found in Table 12-2. 
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Figure 12-4 compares cumulative gas production from Wellbore P1, as shown in 

Figure 12-3e, with and without the simulation of the intermediate water injection step 

during the re-fracturing process. We can observe that the final cumulative gas production 

in the case with the water injection step is around 20 MMSCF lower than that in the case 

without water injection step. This significant difference in the cumulative gas production 

demonstrates the importance of simulating the intermediate water leakoff during re-

fracturing which is neglected in most re-fracturing simulations.  

Figure 12-5 compares the cumulative water injected for creating the secondary 

fractures in one horizontal leg and the cumulative produced water during gas production 

from the same wellbore. The general trend shows the production of half of the water 

injected after 20 years from the re-fracturing step. This water recovery, 50%, exceeds the 

general water recovery of 25% reported frequently by the hydraulic-fracturing operators. 

This difference can originate from the following: 1) different time scales for these two 

recovery factors as the operators usually calculate that based on acquired data in short time 

intervals (e.g., a couple of years), however, our numerical model provides the 50% 

recovery factor after 20 years of secondary production; and 2) assumed relative 

permeability curves for water and gas, which promotes to analyze the sensitivity of the 

results on the endpoint and exponent values in the Corey’s model for relative permeability 

in the future work.  

 

 



 420 

 

Figure 12-4: Comparison of cumulative gas production from Wellbore P1 with and without 

intermediate water injection step, Step 2 in Table 12-1, which demonstrates 

the main theme of the current study. 

 

 

Figure 12-5: Comparison of injected water in Wellbore I1 during re-fracturing and 

produced water in Wellbore P1 during gas production. 
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As the next step, we investigated the time duration effect of the four production 

steps on both cumulative gas and water productions. This was accomplished using a proxy 

model in CMOST, response surface methodology. Generally, proxy models require 

verification as they go through training and verification processes for choosing the 

combinations of different parameters in the sensitivity study. Therefore, we verified our 

model by comparing the cumulative gas production and water injection from the 

simulations with those predicted by the proxy model (Figures 12-6 and 12-7). The 

accumulation of data points on 45-degree line show that the compared values match each 

other and therefore, the proxy model successfully predicted the simulated cumulative gas 

production and water injection.    

 

 

Figure 12-6: Quality control for the proxy model comparing the simulated and proxy-

predicted cumulative gas production from production wellbore P1. 
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Figure 12-7: Quality control for the proxy model comparing the simulated and proxy-

predicted cumulative injected water in the injection wellbore I1. 

Having shown that the implemented proxy model can rigorously predict the 

cumulative gas production and water injection, as the next step, we accomplished a 

comprehensive sensitivity study on the duration of Steps 1, 2, and 3 listed in Table 12-1 

which correspond to re-fracturing time (primary production period), water injection period, 

and soaking (shut-in) period after re-fracturing and before secondary production.  

Figure 12-8 shows the effect of changing re-fracturing time (or the number of years 

for primary production), fracturing-fluid (e.g., water) injection period during re-fracturing, 

and post-fracturing shut-in (soaking) period, on the cumulative gas production from one of 

the production wellbores, P1. The black line represents the base case with default values 

for different parameters previously listed in Table 12-1. Also, the blue lines represent the 

other cases where the values of the parameters in Table 12-1 were set up according to CMG 

proxy model (Computer Modelling Group 2013) and in the assigned range. As observed in 

this figure, the investigated parameters can change the ultimate gas production by 50 

MMSCF at 2050. This variation in gas production majorly originates from variable water 

invasion in these different cases. Moreover, the maximum cumulative gas production is 
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observed when re-fracturing is conducted after 5 years of production, fracturing fluid is 

injected only for half a day, and soaking period lasts long for 1 month. In other words, the 

sooner the re-fracturing, the higher the cumulative gas production. Furthermore, the shorter 

the water injection and soaking periods, the higher the cumulative gas production.   

Figure 12-9 clearly compares the significance of the investigated parameters in the 

cumulative gas production in a tornado plot. According to this figure, re-fracturing (or the 

primary production) time and post-fracturing shut-in (soaking) period have significant 

effect on the cumulative gas production and the effect of re-fracturing time is higher than 

soaking period. Obviously, the reservoir drainage area around the primary hydraulic 

fractures expands more with time and as a result, the later the re-fracturing year, the higher 

the pressure depletion around the re-fracturing zones. This can lead to higher fracturing-

fluid invasion and more pore space blockage due to that, which adversely influences the 

cumulative gas production afterwards. Our proxy model also provides us with an explicit 

second order, polynomial equation for the cumulative gas production as a function of the 

investigated parameters, which can be written as Equation (12-1).       
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Figure 12-8: Sensitivity study on the cumulative gas production from the horizontal 

wellbore P1 varying the parameters listed in Table 12-1 according to one of 

the CMOST proxy models, response surface methodology. The middle black 

line and blue lines correspond to the cumulative gas production for the default 

and perturbed cases, respectively. 

 

 

Figure 12-9: Tornado plot for the investigated parameters affecting the cumulative gas 

production from wellbore P1. The reduced quadratic proxy model with 𝛼 =
1 was used for this sensitivity study. The higher-order parameters depend on 

the main three first-order parameters, 𝑌𝑝𝑟𝑖𝑚𝑎𝑟𝑦, 𝐷𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛, and 𝑀𝑠𝑜𝑎𝑘𝑖𝑛𝑔. 
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Cumulative gas production from Wellbore P1: 

𝑄cum,gas,𝑃1 = 3.48 × 1011 + 3.49 × 108 × 𝑌primary + 9.80 × 108 × 𝐷injection + 3.15 ×

105 × 𝑀soaking − 8.71 × 104 × 𝑌primary
2 − 5.31 × 105 × 𝑌primary × 𝐷injection − 7.51 ×

105 × 𝑀soaking × 𝐷injection + 1.77 × 107 × 𝐷injection
2 ,            (12-1) 

where 𝑄cum,gas,𝑃1, 𝑌primary, 𝐷injection, and 𝑀soaking denote the cumulative gas production 

from Well P1 (in SCF), the ending year of primary production, water injection period (in 

days), and soaking period (in months), respectively. As mentioned before, in this study, the 

primary production starts at 2010 and lasts for 5 to 15 years, the water injection period 

varies from 0.5 to 1.5 days, and the soaking period changes from 1 to 3 months.       

Furthermore, the cumulative water injection can be stated as a function of the 

investigated parameters. This functionality is demonstrated in the corresponding tornado 

plot, Figure 12-10, and Equation (12-2). Figure 12-10 shows that the fracturing-fluid (e.g., 

water) injection period causes the highest impact on the cumulative water injection, and 

the second influential parameter is the re-fracturing time (or the primary production 

period). Moreover, according to this tornado plot, the re-fracturing time proportionally 

affects the cumulative water injection, which again confirms our hypothesis on the 

significant effect of pressure depletion on the invaded fluid and gas production.  
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Figure 12-10: Tornado plot for the investigated parameters affecting the cumulative water 

injection in wellbore I1. The reduced quadratic proxy model with 𝛼 = 1 was 

used for this sensitivity study. The higher-order parameters depend on the two 

first-order parameters, 𝐷𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 and 𝑌𝑝𝑟𝑖𝑚𝑎𝑟𝑦. 

Cumulative water injection in Wellbore I1: 

𝑄𝑐𝑢𝑚,𝑤𝑎𝑡𝑒𝑟,𝑖𝑛𝑗,𝐼1 = 1.14 × 107 − 1.13 × 104 × 𝑌𝑝𝑟𝑖𝑚𝑎𝑟𝑦 + 2.13 × 104 × 𝐷𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 +

2.82 × 𝑌𝑝𝑟𝑖𝑚𝑎𝑟𝑦
2 − 3.33 × 103 × 𝐷𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛

2 ,                                                                (12-2)                      

where 𝑄𝑐𝑢𝑚,𝑤𝑎𝑡𝑒𝑟,𝑖𝑛𝑗,𝐼1 denotes the cumulative water (in bbl) injected in Well I1 during re-

fracturing, and the independent parameters in the right hand side are defined after Equation 

(12-1). 

 

12.5 HIGHLIGHTS OF THE CHAPTER 

The main findings via this chapter can be summarized as the following: 

 We successfully highlighted the detrimental effect of missing the simulation of 

intermediate water injection steps on predicted gas production from presented 

numerical models for the re-fracturing process in the literature. 

 The intermediate step was designed and implemented sequentially right after 

primary gas production from the primary hydraulic fractures: 1) grid modification 
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for the secondary hydraulic fractures; 2) fracturing-fluid (e.g., water) injection step 

by defining the injection wellbores similar to the production legs and injecting 

water in them for a typical time interval for hydraulic-fracturing processes; and 3) 

post-fracturing soaking (shut-in) period according to field practice for data 

acquisition. We demonstrated the profound effect of water injection during re-

fracturing on cumulative gas production by comparing the results with and without 

water injection and soaking steps. 

 The significant effect of considering intermediate water injection step originates 

from two factors: 1) two-phase gas flow regime very close to the fracture walls after 

re-fracturing, which leads to more flow resistance to gas phase; 2) pressure 

depletion around the re-fracturing zones which causes higher fracturing-fluid 

invasion into the matrix. The second factor can aggravate the first one as a bigger 

invaded volume causes more blockage to the flow of gas toward the hydraulic 

fractures.   
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Chapter Thirteen: Conclusions and Recommendations for Future 

Research 

This chapter summarizes findings throughout all chapters and provides a few 

recommendations for the future research. 

 

13.1 SUMMARY AND CONCLUSIONS 

Shale formation have globally emerged as the sustainable hydrocarbon resources 

in the advent of the economic horizontal drilling technology combined with multiple-stage 

hydraulic fracturing. The viable production from these resources requires a maximized 

stimulated reservoir volume encompassing a complex induced fracture network, highly 

dependent on the stimulation design. The optimization of the ultimate recovery requires 

integrated fracturing-reservoir models in virtue of the limitations on the field data 

acquisition and their reliability, the high-cost of re-stimulation plans, and low-fidelity 

current reservoir simulation workflows.            

Throughout this dissertation, we proposed 2D and 3D CZM and XFEM-based CZM 

hydraulic-fracturing models with a combination of the following capabilities: (1) inclusion 

of fracture intersections via pore-pressure coupling; (2) fully-coupled poroelasticity in 

matrix, continuum-based leakoff, and slit flow in fracture(s) with the cohesive behavior for 

fracture growth. These models were validated in comparison with KGD solution, and were 

employed for the hydraulic-fracturing design and understanding microseismic event 

distributions. Moreover, the output of these models in a specific 2D case was integrated 

with a reservoir simulation workflow for the prediction of long-term production from the 

induced fracture network. 
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The primary multiple-stage fracturing models showed the stress shadowing effect 

in the following: (1) shorter and wider fractures out of simultaneous double-cluster 

fracturing compared to single-cluster fracturing; (2) fracture closure due to residual stresses 

in the media; and (3) shorter and wider second-cluster fracture due to the pre-existing first-

cluster fracture in sequential fracturing. Moreover, we showed the following trends in the 

fracture growth: (1) longer, wider, and taller fractures at higher injection rates; (2) the 

dominant effect of the leakoff coefficient on the fracture geometry; and (3) longer, 

narrower fractures in less-stiff formations. Furthermore, for the specific reservoir 

conditions in this study, we showed that simultaneous fracturing of two clusters at 66-ft 

spacing leads to optimal stimulation among the available fracturing scenarios due to the 

following: (1) the maintenance of the hydraulic-fractures connection to the wellbore; (2) 

almost symmetric fracture growth in both clusters; and (3) less maximum injection 

pressure.     

Our 2D and 3D fracture-intersection cases demonstrate the significant role of the 

following parameters in the growth pattern of fractures upon intersection: (1) the length of 

the initially open segment of the natural fracture at the intersection; (2) the horizontal stress 

contrast; (3) the distance between the injection point and the intersection. Notably, 

hydraulic fracturing in higher depths with higher horizontal stress contrasts and closer 

injection points to the intersection cause more extensive natural-fracture opening and shear 

slippage. Also, we demonstrated the application of the proposed 3D fracture intersection 

model for further understanding of the anomalies observed in the Vaca Muerta Shale. This 

study revealed that the microseismic events at shallower depths, later times, and deviated 

from the expected planar distribution are mainly associated with shear slippage along weak 

interfaces due to the induced stresses by hydraulic fracturing. Thereby, our explicit 
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modeling of fluid infiltration into the natural fracture(s) at the intersection leads to better 

understanding of the nature of microseismic events.  

Our universal hydraulic-fracturing model includes the operational and field 

components during the shale stimulations such as perforation tunnel length distribution, 

horizontal wellbores, stochastically-retrieved fully-cemented natural-fracture network, 

plugs for the stage stimulation (via connector elements), and external stimulation scenarios 

(controlled by programming the connector elements in an external user subroutine). The 

application of this model on synthetic cases shows the following: (1) sequential fracturing 

with limited number of clusters per stage leads to more control on the cluster stimulation 

in the presence of the non-uniform perforation tunnel length distribution and wellbore 

model; (2) proportional cluster efficiency with the perforation tunnel length (promoting the 

consistent perforation technology); (3) over-estimation of the cluster stimulation in the 

absence of the wellbore model and/or the natural-fracture network; (4) increasing the 

horizontal stress contrast does not enhance the cluster stimulation but increases the shear 

stimulation; and (5) more viscous fracturing fluids conclude less complex induced fracture 

network (in agreement with the common field observations). The initial natural-fracture 

network in this model was obtained from the proposed object-based method. Also, the 

transfer of the induced fracture network into an EDFM is featured by the higher-fidelity in 

the estimation of long-term gas production.             

For the investigation of the effect of in-situ stresses on the reservoir engineering 

problems, we implemented the coupling of a geomechanics module with the UTCOMP 

reservoir simulator. We first validated this implementation using the comparison of the 

results with GPAS and CMG results from various cases. Our improvements in the 

geomechanics module (lowering the frequency of calling the geomechanics module and 

the order of the finite-element shape functions) significantly reduced the computational 
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expenses while maintaining the solution accuracy. Overall, water flooding shows more 

sensitivity to the number of the reservoir-simulation time steps per geomechanics call than 

gas flooding cases (e.g., CO2 injection). 

Our reservoir simulation model for re-fracturing included various injection and 

production steps to show the effect of the re-fracturing-fluid injection in a depleted 

formation on the ultimate recovery. This study showed the significant effect of the re-

fracturing water injection in production via changing a single-phase to two-phase gas flow 

regime and deeper water invasion into the matrix due to the pressure depletion (after 

primary production).         

  

13.2 RECOMMENDATIONS FOR FUTURE RESEARCH 

The current work can be extended as the following. 

First, our 3D multiple-stage fracture propagation models in Chapter Three can be 

improved via the addition of a wellbore model. Also, we can further extend these models 

by increasing the number of stages which has recently become a common practice in the 

development of shale resources. Notably, the wellbore model may result in a non-uniform 

fracturing-fluid distribution, and therefore, non-uniform fracture propagation.  

Second, we used XFEM for modeling nonplanar, non-intersecting hydraulic-

fracture propagation in Abaqus 2014. This study is limited to the cases that fractures do 

not intersect each other. However, the more recent Abaqus version (2017) can provide 2D 

XFEM fracture intersection solutions based on the dual enrichment of the element crossed 

by two fractures. Using this new capability provides us with a tool to investigate offset 

fracture growth following the intersection of a hydraulic fracture with a natural fracture [as 
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alluded in the work done by Dahi-Taleghani and Olson (2013)]. A preliminary set of results 

using this capability has been published by Kumar et al. (2017).            

Third, the restriction on fracture propagation through some limited number of 

cohesive planes may be waived via defining pore-pressure cohesive elements on the edges 

of all poroelastic solid elements. This approach is similar to the discrete element method 

and may arise a few concerns such as the zero-volume cohesive elements on all element 

edges, still mesh-dependent solution (causing jagged fractures rather than smooth 

fractures), and huge number of cohesive elements with viscous regularization which may 

lead to significant deviation from the correct solution. The implementation of this approach 

requires coding (preferably in Python due to its advantage in working with big databases 

of huge FEM models) on the basis of the input file for the element edge identification, 

middle-edge node numbering by offset technique in Abaqus, and middle-edge pore-

pressure coupling in all mutual points between multiple elements. A starting point for this 

approach can be modeling dry fracture growth (in the absence of pore-pressure degrees of 

freedom) as explained by Jin et al. (2016).   

Fourth, we modeled fracture intersections via the following input file modifications 

in Abaqus 6.14-2: 1) addition of pore-pressure degrees of freedom to the cohesive elements 

that were defined in Abaqus/CAE; 2) definition of concentrated flow, *cflow, in the step 

definition; 3) coupling pore-pressure degrees of freedom at the intersection using 

*EQUATION keyword; and 4) parameterization of the material properties, and boundary 

and initial conditions. However, the latest improvements in Abaqus/CAE 2017, provide 

access to the pore-pressure cohesive elements and the corresponding concentrated flow 

boundary condition. Moreover, a recently developed group of pore-pressure cohesive 

elements (e.g., COD2D4P and COD3D8P) supports the transition of Darcy flow to 

Poiseuille flow within the fracture, fluid flow continuity at intersecting cohesive layers, 
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and gravity-induced fluid flux. In order to increase the model accuracy and simplify the 

model generation, the current intersection model can be extended using the aforementioned 

improvements in the new version of Abaqus.  

Fifth, the application of CZM is definitely above and beyond modeling multiple-

stage fracture propagation and fracture intersections. This model can be broadly applied on 

numerous drilling operational problems such as fracture ballooning, wellbore breathing 

(Shahri and Mehrabi 2012), stability, and strengthening (Zhao and Gray 2017). Pore-

pressure CZM provides a fracture fluid flow model, a continuum-based leakoff model, and 

a rigorous approach for the plastic zone and softening effect at the fracture tip in quasibrittle 

materials such as shale formations. 

Sixth, the thermal effect contraction has been extensively reported (especially in 

geothermal projects) as the stimulating mechanism for fracture growth (Enayatpour 2015). 

This effect can be studied via adding another degree of freedom to all elements, the 

temperature, which is feasible in the current version of Abaqus (2017). Notably, the 

temperature degree of freedom can be added to both poroelastic solid and pore-pressure 

cohesive elements, which leads to further solution accuracy due to including convective 

heat transfer via the slit flow in the fractures.  

Seventh, the most viable mechanism for excessive aquifer water production in 

unconventional resources may be the activation of faults and the aquifer water migration 

through them towards the upper layers and producing horizontal wells. This problem has 

been widely observed in the Wolfcamp Shale in the Permian Basin in west Texas. Our 

fracture propagation model is capable of investigating the possibility of re-activating major 

natural fractures or faults during the stimulation practices. The proposed mechanism is the 

internal pressurization of the faults leading to the tensile failure and subsequent shear 

failure of these faults. 
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Eighth, our fully-coupled poroelastic analysis can be used for modeling reservoir 

evaluation processes as follows: 1) pressure-transient draw-down and buildup tests in the 

presence of the poro-elasto-plastic effects which may be significant in the vicinity of the 

wellbores; and 2) minifrac and DFIT tests to obtain the geomechanical parameters such as 

the minimum horizontal stress.        

Ninth, we implemented geomechanics coupling with UTCOMP reservoir simulator 

only for the poroelastic solid domain and neglected the discontinuities (e.g., faults and 

fractures) in this geomechanics coupling. However, under the variable in-situ stresses, the 

natural-fracture network may further influence the long-term production via fracture 

closure by pore-pressure depletion, or the dilation of natural fractures in the vicinity of the 

injection wells. We may capture these effects through the improvement of the 

geomechanics module using either of the following methods: 1) considering the natural-

fracture network in the finite element framework via enrichment of the elements similar to 

that in XFEM; and 2) post-processing the stress distribution in the fracture-free poroelastic 

domain (as implemented in this work) to obtain the normal and shear stress components on 

the natural-fracture planes, and modifying the fracture aperture (or conductivity) on the 

basis of empirical methods. These first and second methods result in a two-way and one-

way coupling between matrix and fracture deformations. In other words, in the second 

method, the fracture deformation does influence neither the stress distribution nor the 

matrix deformation. Both these methods can be coupled with an EDFM model in 

UTCOMP to obtain the long-term production with the inclusion of the poroelastic effects 

of the fracture network.   

Tenth, we reduced the computational expenses of the geomechanics calculations 

by calling the geomechanics module every N reservoir-simulation time step where N is a 

user-defined, fixed integer. This constant frequency of geomechanics calls should be 
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replaced by a more rigorous criterion which would correlate the frequency of calling the 

geomechanics module for the next time steps with the variation of pore pressure within the 

current time step or reservoir porosity within the previous geomechanics call.     
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Appendix One: How to Define Pore-Pressure Cohesive Elements in 

Abaqus 6.14 

It is not possible to define neither 2D nor 3D pore-pressure cohesive elements in 

Abaqus CAE 6.14 or older. Instead, the following procedure is offered: 

1. Define non-pore-pressure (dry) cohesive elements (COH2D4 and COH3D8) 

along the layer where you would like the hydraulic fracture to grow. These elements are 

accessible in Abaqus CAE. 

2. Generate the input file for that. 

3. Open the input file and change the element type to COH2D4P and COH3D8P. 

4. In order to generate the middle nodes, you have to use the OFFSET keyword in 

the cohesive element definition. This keyword automatically adds middle nodes numbered 

by an offset value (e.g., 1,000,000) from the cohesive layer's lower wall node numbers. 

5. Use *cflow keyword in the input file for the injection definition. 

6. Remove part, assembly, and instance definitions in the input file. Defining these 

is not required for Abaqus analyses and may cause extra un-necessary modeling burden. 
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Appendix Two: How to Build Fracture Intersection Model in Abaqus 

2016 

In order to build a fracture intersection model in Abaqus 2016, the following tasks 

should be accomplished in the proper order as proposed. 

1. Build the geometry of the model and partition that knowing the location of the 

hydraulic and natural fractures. These fracture are modeled by narrow slits 

(partitions) which are associated with cohesive layers and can intersect each other 

depending on the natural-fracture distribution. The thickness of these slits should be 

a small value in the order of 10-5 m. For local mesh refinement around the cohesive 

layers, a wide margin (with thickness around 5 m) should be partitioned on both sides 

of the cohesive layer(s). Also, the model needs to be partitioned for the accurate 

implementation of the injection points and subsequent wellbore model.      

2. Remove the intersection area(s) [rectangle(s)] in the geometry. This leads to 

intentional holes in the model. 

3. Define geometry sets for the individual hydraulic fractures, natural fractures, and 

porous media.    

4. Seed the edges of the partitions with enough refinement close to the intersections and 

the injection locations. Seeding refinement and coarsening must be accomplished 

smoothly in order to avoid numerical difficulties. 

5. Define mesh type and control for various partitions. The porous media and cohesive 

layers require continuum linear solid elements with pore-pressure degree of freedom 

[CPE4P (2D elements) or C3D8P (3D elements)] and pore-pressure cohesive 

elements [COH2D4P (2D elements) or COH3D8P (3D elements)]. The cohesive 

layers require sweep paths in the mesh control in order to contain middle-edge nodes 

through the thickness not on the cohesive layer walls. 
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6. Mesh the entire part and quality-control the mesh by zooming in various areas and 

using the “verify” option in the meshing tools. Abaqus can highlight almost-zero-

area elements which can cause difficulty for the solution convergence. 

7. Remove and rebuild the partition mesh (i.e., region mesh) with abnormalities 

including but not limited to the drastic refinement or coarsening, many element 

connections to a single node, drastic aspect ratio, corner element angles close to 180° 

(probable to cause convergence problems during large deformations due to proximity 

to negative element area values obtained from determinant). 

8. Define node and element sets for the intersection nodes and elements, injection nodes 

and elements, and boundary nodes. 

9. Make assembly from the single part previously built and meshed. 

10. Generate the input file. 

11. Parameterize the input data in the input file using *parameter keyword. 

12. Add equations to the input file to implement pore-pressure coupling for the middle-

edge nodes. Use CompareIt software program to find the places to change in 

comparison with a previously working input file template.  

13. Initialize the injection elements by the initial open keyword. 

14. Develop the user subroutines for the pore-pressure and effective stress initialization 

and assign the corresponding initializations to be accomplished using these 

subroutines using User keyword in the input file. 

15. Remove the instance keyword from the node and element sets definitions as this 

keyword is not required for running jobs from the input file. Also, remover assembly 

definition in the input file. Steps 14 and 15 are accomplished in the input file which 

consists of keywords with the information at a specific syntax.    
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16. Add viscous regularization to stabilize the solution due to the negative modulus of 

the nonlinear cohesive material behavior at the progressive damage segment of the 

traction-separation response. This viscous regularization may change in the range 

0.02 to 0.035 depending on the convergence behavior of the solution. 

17. Impose the injection boundary condition to the injection nodes using *cflow keyword 

and with the arbitrary amplitude. 

18. Submit the job script to the parallel-processing cluster. 

19. Move the output database file to your personal computer using WinSCP file transfer 

software program. 

20. Check the acceptance of the results by your engineering judgment.                                 
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Appendix Three: User Subroutines in the Universal Model 

We used the following subroutines in conjunction with the modified input file for 

the proposed fracture propagation models in Chapters Two, Three, Six, Seven and Nine. 

The functionality of the provided subroutines is listed in Table A3-1.   

 
Subroutine Name functionality 

disp reservoir boundary pore-pressure initialization 

sigini effective stress initialization  

uporep reservoir pore-pressure initialization 

ufluidconnectorvalve control on the opening or closure of the 
connector flow pipe connector elements to 

change the fracturing scenario or the 
stimulating stage    

UFIELD Prescribes pre-defined field variables at the 
nodes of the model, applicable for gouge 

permeability definition 

ufluidleakoff Defines fluid leakoff coefficients for pore-
pressure cohesive elements  

UVARM Calculates and outputs a variable or variables 
from material point data for all material 

calculation points of elements of interest  

Table A3-1: User subroutines in the universal model and their functionality. 

 

     subroutine disp(u,kstep,kinc,time,node,noel,jdof,coords) 

c    Copyright by Mahdi Haddad 2017 

      include 'aba_param.inc' 

      dimension u(3),time(2),coords(3) 

      psiTokPa = 101.3250d0/14.690d0 

      Pp_Const = 500.0d0 * psiTokPa 

      u(1) = Pp_Const 

      return 

      end      
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c 

      subroutine sigini(sigma,coords,ntens,ncrds,noel,npt,layer, 

     $     kspt,lrebar,names) 

c    Copyright by Mahdi Haddad 2017 

      include 'aba_param.inc' 

      dimension sigma(ntens),coords(ncrds) 

      character*80 names(2) 

c     Unit Conversion 

      psiTokPa = 101.3250d0/14.690d0 

      ftTom = 0.30480d0 

      pi = 3.14159265358979323846 

c     Angle with Horizontal Axis   

      Beta1 = (65.0d0 / 180.0d0 ) * pi 

      Beta2 = (60.0d0 / 180.0d0 ) * pi 

      Beta3 = (125.0d0 / 180.0d0 ) * pi 

      Beta4 = (30.0d0 / 180.0d0 ) * pi 

      Beta5 = (-25.0d0 / 180.0d0 ) * pi    

c     Angle with Vertical Axis 

      Alpha1 = (25.0d0 / 180.0d0 ) * pi 

      Alpha2 = (30.0d0 / 180.0d0 ) * pi 

      Alpha3 = (-35.0d0 / 180.0d0 ) * pi 

      Alpha4 = (60.0d0 / 180.0d0 ) * pi 

      Alpha5 = (115.0d0 / 180.0d0 ) * pi 

      A1 = tan(Beta1) 

      A2 = tan(Beta2) 
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      A3 = tan(Beta3) 

      A4 = tan(Beta4) 

      A5 = tan(Beta5)   

      B  = -1.0d0 

      C1 = -200.0d0 - A1 * (-120.0d0) 

      C2 = -200.0d0 - A2 * (-110.0d0) 

      C3 = -200.0d0 - A3 * ( 150.0d0) 

      C4 = -100.0d0 - A4 * (-200.0d0) 

      C5 =   50.0d0 - A5 * (-200.0d0) 

      Shmin = (1000.0d0-500.0d0) * psiTokPa 

      SHmax = ( 1000.0d0-500.0d0) * psiTokPa 

      epsilon1 = 0.000015d0 

      epsilon2 = 0.00000010d0 

      HF1_Xmin = -80.0d0-epsilon1 

      HF1_Xmax = -80.0d0+epsilon1 

      HF2_Xmin = -60.0d0-epsilon1 

      HF2_Xmax = -60.0d0+epsilon1 

      HF3_Xmin = -40.0d0-epsilon1 

      HF3_Xmax = -40.0d0+epsilon1 

      HF4_Xmin = -20.0d0-epsilon1 

      HF4_Xmax = -20.0d0+epsilon1 

      HF5_Xmin =   0.0d0-epsilon1 

      HF5_Xmax =   0.0d0+epsilon1 

      HF6_Xmin =  20.0d0-epsilon1 

      HF6_Xmax =  20.0d0+epsilon1 
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      HF7_Xmin =  40.0d0-epsilon1 

      HF7_Xmax =  40.0d0+epsilon1 

      HF8_Xmin =  60.0d0-epsilon1 

      HF8_Xmax =  60.0d0+epsilon1 

      HF9_Xmin =  80.0d0-epsilon1 

      HF9_Xmax =  80.0d0+epsilon1  

c   

      if (names(2) .eq. 'COH2D4P') then 

        if (((coords(1) .ge. HF1_Xmin) .and. 

     $       (coords(1) .le. HF1_Xmax)) .or.   

     $      ((coords(1) .ge. HF2_Xmin) .and.  

     $       (coords(1) .le. HF2_Xmax)) .or.  

     $      ((coords(1) .ge. HF3_Xmin) .and.  

     $       (coords(1) .le. HF3_Xmax)) .or.  

     $      ((coords(1) .ge. HF4_Xmin) .and.  

     $       (coords(1) .le. HF4_Xmax)) .or.  

     $      ((coords(1) .ge. HF5_Xmin) .and.  

     $       (coords(1) .le. HF5_Xmax)) .or.  

     $      ((coords(1) .ge. HF6_Xmin) .and.  

     $       (coords(1) .le. HF6_Xmax)) .or.  

     $      ((coords(1) .ge. HF7_Xmin) .and.  

     $       (coords(1) .le. HF7_Xmax)) .or.  

     $      ((coords(1) .ge. HF8_Xmin) .and.  

     $       (coords(1) .le. HF8_Xmax)) .or.  

     $      ((coords(1) .ge. HF9_Xmin) .and.  
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     $       (coords(1) .le. HF9_Xmax))) then 

               Slanted = 0.0d0 

               sigma(1) = -1.0d0 * Shmin   

               sigma(2) = 0.0d0 

        else 

              Slanted = 1.0d0 

              Sxx = -1.0d0 * Shmin 

              Syy = -1.0d0 * SHmax 

              Distance1 = abs(A1*coords(1)+B*coords(2)+C1)/ 

     $                        sqrt(A1*A1+B*B) 

              Distance2 = abs(A2*coords(1)+B*coords(2)+C2)/ 

     $                        sqrt(A2*A2+B*B) 

              Distance3 = abs(A3*coords(1)+B*coords(2)+C3)/ 

     $                        sqrt(A3*A3+B*B) 

              Distance4 = abs(A4*coords(1)+B*coords(2)+C4)/ 

     $                        sqrt(A4*A4+B*B) 

              Distance5 = abs(A5*coords(1)+B*coords(2)+C5)/ 

     $                        sqrt(A5*A5+B*B) 

              Min_Distance = min(Distance1,Distance2,Distance3, 

     $                        Distance4,Distance5) 

              if (abs(Distance1-Min_Distance) .le. epsilon2) then 

                sigma(1) = Syy * ((sin(Alpha1)) ** 2.0d0) + 

     $          Sxx * ((cos(Alpha1)) ** 2.0d0) 

                sigma(2) = -0.50d0 * (sin(2.0d0*Alpha1)) * (Syy-Sxx) 

              else if (abs(Distance2-Min_Distance) .le. epsilon2) then 
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                sigma(1) = Syy * ((sin(Alpha2)) ** 2.0d0) + 

     $          Sxx * ((cos(Alpha2)) ** 2.0d0) 

                sigma(2) = -0.50d0 * (sin(2.0d0*Alpha2)) * (Syy-Sxx) 

              else if (abs(Distance3-Min_Distance) .le. epsilon2) then 

                sigma(1) = Syy * ((sin(Alpha3)) ** 2.0d0) + 

     $          Sxx * ((cos(Alpha3)) ** 2.0d0) 

                sigma(2) = -0.50d0 * (sin(2.0d0*Alpha3)) * (Syy-Sxx)   

              else if (abs(Distance4-Min_Distance) .le. epsilon2) then 

                sigma(1) = Syy * ((sin(Alpha4)) ** 2.0d0) + 

     $          Sxx * ((cos(Alpha4)) ** 2.0d0) 

                sigma(2) = -0.50d0 * (sin(2.0d0*Alpha4)) * (Syy-Sxx) 

              else 

                sigma(1) = Syy * ((sin(Alpha5)) ** 2.0d0) + 

     $          Sxx * ((cos(Alpha5)) ** 2.0d0) 

                sigma(2) = -0.50d0 * (sin(2.0d0*Alpha5)) * (Syy-Sxx)   

              end if 

        end if 

      else if (names(2) .eq. 'CPE4P') then 

        sigma(1) = -1.0d0 * Shmin 

        sigma(2) = -1.0d0 * SHmax 

        sigma(3) = 0.0d0  

      end if 

c 

      return 

      end 
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c 

      subroutine uporep(uw0,coords,node) 

c    Copyright by Mahdi Haddad 2017 

      include 'aba_param.inc' 

      dimension coords(3) 

      psiTokPa = 101.3250d0/14.690d0 

      Pp_Const = 500.0d0 * psiTokPa 

      uw0 = Pp_Const 

      return 

      end    

c 

      subroutine ufluidconnectorvalve( 

c  Write Only 

     $      valveOpening, 

c  Read Only 

     $      coords, flow, rho, visc, 

     $      dia, area, 

     $      ndim, jelno, kStep, kInc, 

     $      time, 

     $      nIarray, 

     $      i_array, 

     $      nRarray, 

     $      r_array, 

     $      ncarray, 

     $      c_array) 
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c    Copyright by Mahdi Haddad 2017 

      include 'aba_param.inc' 

      dimension time(2), 

     $      coords(2*ndim), 

     $      i_array(nIarray), 

     $      r_array(nRarray) 

c 

      character*80 c_array(ncarray) 

c 

      IF ((time(2) .ge. 0.0d0) .and. 

     $    (time(2) .le. 1.0d0)) THEN 

          valveOpening = 1.0d0; 

      ELSE IF ((((coords(1) .ge. 39.90d0) .and. 

     $      (coords(1) .le. 80.10d0)) .and. 

     $     ((time(2) .ge. 1.0d0) .and. 

     $      (time(2) .le. 61.0d0))) .or. 

     $    (((coords(1) .ge. -20.10d0) .and. 

     $      (coords(1) .le.  20.10d0)) .and. 

     $     ((time(2) .ge. 61.0d0) .and. 

     $      (time(2) .le. 121.0d0))) .or. 

     $    (((coords(1) .ge. -80.10d0) .and. 

     $      (coords(1) .le. -39.90d0)) .and. 

     $     ((time(2) .ge. 121.0d0) .and. 

     $      (time(2) .le. 181.0d0)))) THEN 

          valveOpening = 1.0d0; 
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      ELSE 

          valveOpening = 0.0d0; 

      END IF 

c       

      return 

      end 

c 

     SUBROUTINE UFIELD(FIELD,KFIELD,NSECPT,KSTEP,KINC,TIME,NODE, 

     $                  COORDS,TEMP,DTEMP,NFIELD) 

c    Copyright by Mahdi Haddad 2017 

      INCLUDE 'ABA_PARAM.INC' 

      DIMENSION FIELD(NSECPT,NFIELD), TIME(2), COORDS(3), 

     $          TEMP(NSECPT), DTEMP(NSECPT) 

        NFIELD = 1 

        distance = 0.010d0 

        pi = 3.14159265358979323846 

        Alpha = (45.0d0 / 180.0d0 ) * pi 

        Alpha_p = (pi/2.0) - Alpha 

c         

        IF ((abs(tan(Alpha_p)*COORDS(1)-COORDS(2))/ 

     $       (sqrt((tan(Alpha_p))**2.0d0+1.0d0))) .LE. distance) THEN 

          FIELD(NSECPT,1) = 1.0d0 

        ELSE 

          FIELD(NSECPT,1) = 0.0d0 

        END IF 
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C 

        RETURN 

      END 

C 

      SUBROUTINE UVARM(UVAR,DIRECT,T,TIME,DTIME, 

     $    CMNAME,ORNAME,NUVARM,NOEL,NPT,LAYER,KSPT, 

     $    KSTEP,KINC,NDI,NSHR,COORD,JMAC,JMATYP, 

     $    MATLAYO,LACCFLA) 

c    Copyright by Mahdi Haddad 2017 

      INCLUDE 'ABA_PARAM.INC' 

      CHARACTER*80 CMNAME,ORNAME 

      CHARACTER*3 FLGRAY(15) 

      REAL mu,S12,S22,E11,E22 

      DIMENSION UVAR(NUVARM),DIRECT(3,3), 

     $          T(3,3),TIME(2) 

      DIMENSION ARRAY(15),JARRAY(15), 

     $          JMAC(*),JMATYP(*),COORD(*) 

c 

      if ((CMNAME .eq. 'COHESIVE_HF') .or.  

     $    (CMNAME .eq. 'COHESIVE_NF')) then   

        CALL GETVRM('S',ARRAY,JARRAY,FLGRAY,JRCD, 

     $       JMAC,JMATYP,MATLAYO,LACCFLA) 

        mu = 0.60d0 

        S22 = ARRAY(1) 

        S12 = ARRAY(2) 
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        UVAR(1)=abs(S12)-mu*abs(S22) 

      else if (CMNAME .eq. 'SOLID') then 

        CALL GETVRM('LE',ARRAY,JARRAY,FLGRAY,JRCD, 

     $       JMAC,JMATYP,MATLAYO,LACCFLA) 

        E11 = ARRAY(1) 

        E22 = ARRAY(2) 

        UVAR(1) = E11 + E22 

c 

      end if 

      RETURN 

      END 

 

     subroutine ufluidleakoff(perm,pgrad,dn,p_int,p_bot,p_top, 

     $     anm,tang,time,dtime,temp,dtemp,predef,dpred,c_bot,c_top, 

     $     dc_bot,dc_top,svar,mstvax,noel,npt,kstep,kinc) 

c    Copyright by Mahdi Haddad 2017 

      include 'aba_param.inc' 

      if (kstep .gt. 1) then 

        c_bot = 5.879E-10 

        c_top = 5.879E-10 

      else 

        c_bot = 1.0E-2 

        c_top = 1.0E-2 

      end if 

      return 
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      end 
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Appendix Four: User’s Manual for the Coupling of UTCOMP and the 

Geomechanics Module in Chapter Ten 

A4.1 SUMMARY 

The general time-marching procedure can be expressed as the following: in every 

time step, the reservoir porosity and permeability, and the pore pressure are passed from 

the reservoir simulator to the geomechanics module and the updated porosity and 

permeability values are returned from the geomechanics module to the reservoir simulator 

for the next time step(s). The updated porosity and permeability may be used for multiple 

subsequent steps in order to reduce the computational cost of calling the geomechanics 

module. Moreover, a type of coupling updates only porosity values after the geomechanics 

calculation and permeability remains constant through the simulation. 

 

A4.2 CASE STUDIES AND VALIDATION RUNS 

We investigated the performance of our geomechanics module implementation and 

coupling through the comparison of the results from our simulations with those from CMG 

software program (GEM User Guide 2015) and in-house reservoir simulator GPAS (Pan 

2009; Wang et al. 1997). The studied cases are listed as the following: 1) primary 

production; 2) 3D water injection; and 3) 3D CO2 injection. These cases were selected as 

they demonstrate various production mechanisms with variable coupling strengths with the 

geomechanics effects. For instance, geomechanical forces act as the main production 

mechanism in the primary production case whereas the effect of these forces in production 

during CO2 injection may be counteracted due to the existing gas phase and compression. 

The detailed description of these studies can be found at Haddad and Sepehrnoori (2016) 

and Chapter Ten of this dissertation.   
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A4.3 GENERAL KEYWORDS  

 

GEOMG FLAG        no units 

Flag for utilizing the coupled geomechanics module for 

UTCOMP and specifying the coupled solution procedure used: 

=69, iteratively coupled solution procedure 

=70, simply iteratively coupled solution procedure  

PCOUP FLAG       no units 

Flag for coupling parameters: considering the variations of 

porosity only, porosity and permeability, for the matrix system 

=0, variation of matrix porosity 

=1, variation of matrix porosity and matrix permeability  

GMCL FLAG      no units 

Counter for calling geomechanics 

TOLD Tolerance for iteratively coupled solution procedure using 

BiCGSTAB(1) solver for Schur system (Pan 2009)  

LIMD Maximum iteration for iteratively coupled solution procedure 

using BiCGSTAB(1) solver for Schur system (Pan 2009) 

GRAV2 Flag            no units                  FALSE 

Ignoring the gravity effect 

NONL Flag            no units                  FALSE 

Flag for nonlinear constitutive model for the geomechanics  

TOLA Flag not used (used in BiCGSTAB(1) for fully coupled Schur 

complement system not implemented in UTCOMP) 
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LIMA Flag not used (used in BiCGSTAB(1) for fully coupled Schur 

complement system not implemented in UTCOMP)  

TOLB Flag not used (used in BiCGSTAB(1) for fully coupled Schur 

system not implemented in UTCOMP) 

LIMB Flag not used (used in BiCGSTAB(1) for fully coupled Schur 

system not implemented in UTCOMP) 

NKM Power coefficient of the permeability coupling for the matrix 

system 

ITPORM Flag not used 

EQC Type of equivalent compressibility factor equation 

DPORLIM Maximum allowable pore-pressure change through all grid 

blocks in a time step; exceeding this pore-pressure change in a 

time step results in subsequent time step reduction. 

GEOMCALLFREQ Number of time steps per geomechanics call 

MAINGEOM.DAT 

first line 

Dimension of problem, and order of the geomechanics shape 

functions 

MAINGEOM.DAT 

second line 

The number of grid blocks in x-, y-, and z-directions 

MAINGEOM.DAT 

third line 

Third and fourth values are Young’s modulus and Poisson’s 

ratio. Also, fifth value denotes friction angle. The other values 

are not used.  

MAINGEOM.DAT 

fourth line 

Not used. 
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MAINGEOM.DAT 

fifth line 

X-coordinate of corner nodes in x-direction. 

MAINGEOM.DAT 

sixth line 

Y-coordinate of corner nodes in x-direction. 

MAINGEOM.DAT 

seventh line 

Z-coordinate of corner nodes in x-direction. 

MAINGEOM.DAT 

eighth line 

Simulation time in seconds. 

MAINGEOM.DAT 

ninth line 

Number of corner nodes=NOCN. 

MAINGEOM.DAT 

Lines 10- 

( NOCN+10) 

Node number and degrees of freedom: x-, y-, and z-

displacement, and pore-pressure degrees of freedom.  

MAINGEOM.DAT 

Line (NOCN+11) 

Number of corner nodes on the top surface of the 

reservoir=NOCNTS. 

MAINGEOM.DAT 

Lines (NOCN +12)- 

(NOCN 

+12+NOCNTS) 

Node number and the load vector components. The load value is 

defined for pressure values equal to 1 on the top surface. 

MAINGEOM.DAT 

Last three lines 

No used; number of time sets for load ramps  
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A4.4 DETAILED GEOMECHANICS KEYWORDS IN MAINGEOM.DAT INPUT FILE 

 

Line Number Description 

1 Dimension of problem, and order of the geomechanics shape 

functions 

2 The number of grid blocks in x-, y-, and z-directions 

3 Third and fourth values are Young’s modulus and Poisson’s ratio. 

Also, fifth value denotes friction angle. The other values are not used.  

4 Not used. 

5 X-coordinate of corner nodes in x-direction. 

6 Y-coordinate of corner nodes in x-direction. 

7 Z-coordinate of corner nodes in x-direction. 

8 Simulation time in seconds. 

9 Number of corner nodes=NOCN. 

10 until 

(NOCN+10) 

Node number and degrees of freedom: x-, y-, and z-displacement, and 

pore-pressure degrees of freedom.  

(NOCN+11) Number of corner nodes on the top surface of the reservoir=NOCNTS. 

(NOCN+12) 

until (NOCN 

+12+NOCNTS) 

Node number and the load vector components. The load value is 

defined for pressure values equal to 1 on the top surface. 

Last three lines No used; number of time sets for load ramps  
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A4.5 SAMPLE UTCOMP INPUT FILE 

CC******************************************************************************************* 

CC                                                       INPUT.DAT                                                     * 

CC    Three Component CO2 Injection with porosity and permeability modification   * 

CC                      and lower geomechanics module calling frequencies                      * 

CC                               Copyright by Mahdi Haddad 2017                                           * 

CC******************************************************************************************** 

CC                                                                                                                                * 

CC LENGTH(FT):400                INJECTION FLUID  :                                                 * 

CC HEIGHT(FT):45                   INJECTION RATE   :                                                 * 

CC WIDTH (FT):400                   W/O REL. PERM    : none                                        * 

CC POROSITY  :0.3                     G/O REL. PERM    : none                                       * 

CC ABS.PERM  :10 mD           3-PHASE REL. PERM: none                                       * 

CC TEMP(F)   :130                              WETTIBILITY: none                                         * 

CC PRE(PSI)  :500                  W/O CAP. PRESSURE: none                                      * 

CC SOR       :                            G/O CAP. PRESSURE: none                                     * 

CC SWC       :                        DISPLACEMENT TYPE:                                                * 

CC Grid Dim. :                                 Trapping Model   : no                                            * 

CC                                                                                                                                 * 

CC********************************************************************************************* 

CC 

CC..+....1....+....2....+....3....+....4....+....5....+....6...+...7.. 

CC***********SOME CONSTANTS AND MAXIMUM VALUES FOR MODELS****** 

CC 

CC NXM, NYM, NZM, NPM, NCM, NWM, POSTPROCESSOR 
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   10    10    3   3    3    2       2 

CC 

CC NS1M,NBWM,NPRM,NPFM,NCTM,NHSM 

    1    61   100000    10000   10000   10000 

CC 

CC IC2,NCMT,NREG,NTAB 

    2  4    6   25 

CC 

CC EE, NZPM 

   0.5761 3 

CC 

CC TOLP, TOLVOL, QLIM 

   0.1D-4 0.1D-3 1.0D-30 

CC 

CC NUMAX,INQUA,INCON,INVEL,NOSWTM,NUMPRE,NUMOUT,NUMPVT,NST,IFLIP 

    10     3     3     5     10     30     12     30    20   0 

CC*************************************************************************** 

CC CASE NAME WITH FORMAT ( 17A4, A2 ) OF TOTAL 70 COLUMNS. 

*----HEADER 

 CO2 Flooding - 3D 

CC 

CC NUMBER OF COMPONENTS. 

*--------NC 

         3 

CC COMPONENT NAMES WITH FORMAT ( 1X, A8 ), NC CARDS. 
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CC..+..8 

*----NAME 

   CO2 

   C1 

   NC16 

CC 

CC BLACK OIL OPTION; AQUIFER SALINITY (ppm); AQUIFER OPTION 

*-----IBOST     SLNTY    IAQUIF 

          0        0.         0 

CC CRITI  1AL PRESS. (PSI), TEMP. (R) AND  VOL. (CU FT/LB-MOLE), 

CC MOLECULAR WT. (LB/LB-MOLE), ACENTRIC FACTOR, PARACHOR. NC CARDS. 

*--------PC       TC        VC        MW      OM    PARACH  VSP 

        1071.6000 547.5700 1.505   44.0100  0.2250 49.0000  0.0 

         667.1961 343.0800 1.600   16.0430  0.0225 71.0000  0.0 

         252.105 1322.43  13.087  222.0     0.683728 831.9    0.0 

CC EOS parameters (Ac and Bc) 

CC NC CARDS. 

*----PARAA               PARAB 

   0.457235529d0        0.077796074d0 

   0.457235529d0        0.077796074d0 

   0.457235529d0        0.077796074d0 

CC 

CC BINARY INTERACTION COEFFICIENTS, CIJ. NC CARDS. 

*-----DELTA 

     0.0d0 
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     0.12d0 0.0d0 

     0.12d0 0.0d0 0.0d0 

CC 

CC BINARY INTERACTION COEFFICIENTS, DIJ. NC CARDS. 

*-------DIJ 

     0.0d0 

     0.0d0 0.0d0 

     0.0d0 0.0d0 0.0d0 

CC 

CC reduction method: (0: OFF, 1: ON) 

*-------IFLASHTYPE  irfla  irsa 

          1           0      0 

CC 

CC MAXIMUM NUMBER OF PHASES ( 3 OR 4 ) 

*--------NP     IVISC  IVISC_COEF   ISINGL   ISOLU 

         3        1        0          0        0 

CC IEOS: 1,    IPEM: 0 OR 1 

CC ISTAM: -1, 0 OR 1, IEST: 0 OR 1  KI: 0, 1 OR 2 

*---IEOS   IPEM     ISTAM   IEST  IVSP   KI 

     1      0         0      1      0     0 

CC 

CC ITERATION TOLERANCES FOR PERSCHKE'S FLASH ROUTINES. 

*----TOLFLA    TOLFLM     TOLPD    TOLSAM    TOLSAS    TOLSUM 

     1.0E-10  1.0E-10    1.0E-10  1.0E-08   1.0E-08   1.0E-05 

CC 
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CC MAXIMUM NUMBER OF ITERATIONS FOR PERSCHKE'S FLASH ROUTINES. 

*----MAXFLA    MAXFLM     MAXPD    MAXSAM    MAXSAS 

     1000       1000      1000       1000        1000 

CC 

CC VECTOR FLASH OPTION 

*-----IVCFL    TOLVFL    MAXVFL 

          0     1.E-8        20 

CC 

CC SWITCHING PARAMETERS FOR PERSCHKE'S FLASH ROUTINES. 

*----SWIPCC    SWIPSA 

      .001       1.0 

CC 

CC PHASE IDENTIFICATION PARAMETERS FOR PERSCHKE'S FLASH ROUTINES. 

*------IOIL      ITRK   DMSLIM 

          1        1      25. 

CC 

CC IFLAGT ( 0 : OFF,   1 : ON ) 

*------IFLAGT    IASPR 

            0        0 

CC 

CC*********************************************************************** 

CC                                                                                                   * 

CC OUTPUT OPTIONS                                                                  * 

CC                                                                                                   * 

CC*********************************************************************** 
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CC 

CC 

CC HISTORY PRINTING PARAMETER FOR <<HISTORY.CPR>>. 

*--- NHSSKIP   NSTSKIP     IPV 

      5        5         0 

CC 

CC REFERENCE CONCENTRATION, CONC0, USED FOR EFFLUENT CONCENTRATION. 

*-----CONC0 

       1.0 1.0 1.0 

CC 

CC NUMBER OF PRINTS FOR <<.TAB>> (ALSO FOR TRAPPING & ASPHALTENE DATA) 

*-------NPR 

         29 

CC 

CC TIME(DAYS) AND FLAGS ( 0 OR 1 ) FOR <<TABLE.CPR>>. NPR CARDS. 

*-------TPR      MPRP    MPRSAT   MPROMFR   MPRPMFR    MPRPRO  MPRATES 

     0.1         1         1         1         1       1        1 

     0.2         1         1         1         1       1        1 

     0.3         1         1         1         1       1        1 

     0.4         1         1         1         1       1        1 

     0.5         1         1         1         1       1        1 

     0.6         1         1         1         1       1        1 

     0.7         1         1         1         1       1        1 

     0.8         1         1         1         1       1        1 

     0.9         1         1         1         1       1        1 
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     1.0         1         1         1         1       1        1 

     5.0         1         1         1         1       1        1 

     10          1         1         1         1       1        1 

     20          1         1         1         1       1        1 

     30          1         1         1         1       1        1 

     40          1         1         1         1       1        1 

     50          1         1         1         1       1        1 

     100         1         1         1         1       1        1 

     200         1         1         1         1       1        1 

     300         1         1         1         1       1        1 

     500         1         1         1         1       1        1 

     900         1         1         1         1       1        1 

     1100        1         1         1         1       1        1 

     1400        1         1         1         1       1        1 

     1800        1         1         1         1       1        1 

     2000        1         1         1         1       1        1 

     2500        1         1         1         1       1        1 

     3000        1         1         1         1       1        1 

     3500        1         1         1         1       1        1 

     3900        1         1         1         1       1        1 

CC 

CC NUMBER OF PRINTS FOR <<PROFILE.CPR>>. 

*-------NPF 

         29 

CC 
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CC TIME(DAYS) AND FLAGS ( 0 OR 1 ) FOR <<.PRF>>. NPF CARDS. 

*-------TPF    MPFSAT   MPFOMFR   MPFPMFR   MPFPROP 

     0.1        1         1         1         1 

     0.2        1         1         1         1 

     0.3        1         1         1         1 

     0.4        1         1         1         1 

     0.5        1         1         1         1 

     0.6        1         1         1         1 

     0.7        1         1         1         1 

     0.8        1         1         1         1 

     0.9        1         1         1         1 

     1.0        1         1         1         1 

     5.0        1         1         1         1 

     10         1         1         1         1 

     20         1         1         1         1 

     30         1         1         1         1 

     40         1         1         1         1 

     50         1         1         1         1 

     100        1         1         1         1 

     200        1         1         1         1 

     300        1         1         1         1 

     500        1         1         1         1 

     900        1         1         1         1 

     1100       1         1         1         1 

     1400       1         1         1         1 
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     1800       1         1         1         1 

     2000       1         1         1         1 

     2500       1         1         1         1 

     3000       1         1         1         1 

     3500       1         1         1         1 

     3900       1         1         1         1 

CC 

CC NUMBER OF PRINTS FOR <<CONTOUR.CPR>>. 

*-------NCT 

         29 

CC 

CC TIME(DAYS) AND FLAGS ( 0 OR 1 ) FOR <<.CON>>. NCT CARDS. 

*-------TCT      MCTP    MCTSAT   MCTOMFR   MCTPMFR    MCTPRO 

     0.1         1         1         1         1       1 

     0.2         1         1         1         1       1 

     0.3         1         1         1         1       1 

     0.4         1         1         1         1       1 

     0.5         1         1         1         1       1 

     0.6         1         1         1         1       1 

     0.7         1         1         1         1       1 

     0.8         1         1         1         1       1 

     0.9         1         1         1         1       1 

     1.0         1         1         1         1       1 

     5.0         1         1         1         1       1 

     10          1         1         1         1       1 
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     20          1         1         1         1       1 

     30          1         1         1         1       1 

     40          1         1         1         1       1 

     50          1         1         1         1       1 

     100         1         1         1         1       1 

     200         1         1         1         1       1 

     300         1         1         1         1       1 

     500         1         1         1         1       1 

     900         1         1         1         1       1 

     1100        1         1         1         1       1 

     1400        1         1         1         1       1 

     1800        1         1         1         1       1 

     2000        1         1         1         1       1 

     2500        1         1         1         1       1 

     3000        1         1         1         1       1 

     3500        1         1         1         1       1 

     3900        1         1         1         1       1 

CC 

CC*********************************************************************** 

CC                                                                                                  * 

CC RESERVOIR AND WELL DATA                                              * 

CC                                                                                                  * 

CC*********************************************************************** 

CC 

CC A FLAG FOR RESERVOIR GEOMETRY: 
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CC 1-D: 11(Y), 12(X), 13(Z), 2-D: 21(XY), 22(YZ), 23(XZ), 3-D: 31 

*-----IGEOM       INUG 

         31         0 

CC 

CC NUMBER OF GRID BLOCKS IN X, Y, AND Z. 

*--------NX        NY        NZ 

         10        10        3 

CC 

CC NUMBER OF WELLS 

*--------NW       IWM 

          2         2 

CC 

CC WELLBORE RATIUS (FT). NW NUMBERS. 

*--------RW: (NW) 

          0.44    0.44 

CC 

CC WELL LOCATIONS. NW CARDS. 

*-------LXW       LYW    IDIR   LZWF      LZWL 

          1        1       3      1         3 

          10       10      3      1         3 

CC 

CC A FLAG ( 0 OR 1 ) FOR GRID BLOCK SIZE IN X-DIRECTION. 

*-------MDX 

         0 

CC 
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CC CONSTANT GRID BLOCK SIZE IN X-DIRECTION (FT). 

*--------DX 

         40 

CC 

CC A FLAG ( 0 OR 1 ) FOR GRID BLOCK SIZE IN Y-DIRECTION. 

*-------MDY 

        0 

CC 

CC CONSTANT GRID BLOCK SIZE IN Y-DIRECTION (FT). 

*--------DY 

         40 

CC 

CC A FLAG ( 0 OR 1 ) FOR GRID BLOCK SIZE IN Z-DIRECTION. 

*-------MDZ 

        0 

CC 

CC CONSTANT GRID BLOCK SIZE IN Z-DIRECTION (FT). 

*--------DZ 

         15 

CC 

CC A FLAG ( 0 OR 1 ) FOR FORMATION DEPTH. 

*--------MD 

         0 

CC 

CC DEPTH (FT) OF THE MOST UPPER LAYER. 
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*---------D 

       5.0 

CC 

CC A FLAG ( 0 OR 1 ) FOR FORMATION POROSITY. 

*------MPOR 

       0 

CC 

CC HOMOGENEOUS POROSITY (FRACTION) AT PF. 

*----PORSTD 

     0.3 

CC 

CC A FLAG ( 0 OR 1 ) FOR PERMEABILITY IN X-DIRECTION. 

*----MPERMX 

       0 

CC 

CC HOMOGENEOUS PERMEABILITY (MD) IN X-DIRECTION. 

*-----PERMX 

       10. 

CC 

CC A FLAG ( 0 OR 1 ) FOR PERMEABILITY IN Y-DIRECTION. 

*----MPERMY 

       0 

CC 

CC HOMOGENEOUS PERMEABILITY (MD) IN Y-DIRECTION. 

*-----PERMY 
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       10. 

CC 

CC FLAG ( 0 OR 1 ) FOR PERMEABILITY IN Z-DIRECTION. 

*----MPERMZ 

       0 

CC 

CC HOMOGENEOUS PERMEABILITY (MD) IN Z-DIRECTION. 

*-----PERMZ 

      10. 

CC 

CC FORMATION COMPRESSIBILITY (1/PSI) AND REFERENCE PRESSURE (PSI). 

*--------CF           PF 

        0.00030312691    14.7 

CC H2O COMPRESSIBILITY (1/PSI), REFERENCE PRESSURE (PSI) AND 

CC MOLAR DENSITY (LB-MOLE/CU FT). 

*--------CW       PW     DENMWS 

       0.000003   14.696   3.466667 

CC 

CC WATER MOLECULAR WT. (LBM/LBM-MOLE) AND VISCOSITY (CP). 

*-------WTW     VISCW 

        18.      0.80 

CC 

CC FORMATION TEMPERATURE (F). 

*-----TEMPF 

       130.0 
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CC 

CC STANDARD TEMPERATURE (F) AND STANDARD PRESSURE (PSI). 

*-----TFSTD      PSTD 

        60.      14.696 

CC 

CC A FLAG ( 1, 2, 3 OR 4 ) FOR NUMERICAL DISPERSION CONTROL. 

*----IUPSTW 

          1 

CC 

CC ITC ( 0 : NO 2ND ORDER TIME,   1 : 2ND ORDER TIME ON ) 

*----ITC 

       0 

CC RESTART OPTIONS. 

CC ISTART ( 1 OR 2 ), ISTORE ( 0 OR 1 ). 

*----ISTART    ISTORE 

          1         0 

CC 

CC A FLAG ( 0 OR 1 ) FOR AUTOMATIC TIME-STEP SELECTION ( = 1 ). 

*-------MDT 

          1 

CC 

CC A FLAG ( 0 OR 1 ) FOR PHYSICAL DISPERSION CALCULATION. 

*-----MDISP 

        0 

CC FLAGS FOR RELATIVE PERMEABILITY MODEL AND CAPILLARY PRESSURE. 
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CC IPERM ( 1 OR 2 ), ICPRES ( 0 OR 1 ). 

*-----IPERM    ICPRES      ICAP    IRPERM 

       4        0          0          0 

CC CAPILLARY PRESSURE PARAMETERS AND 

CC WATER/OIL INTERFACIAL TENSION (DYNES/CM). 

*-------EPC       CPC    RIFTWO    RIFTWG    RIFTWL 

         0.       0.0    0.        0.       0. 

CC 

CC HIGH IFT RESIDUAL SATURATIONS. 

*------S1RW     S2RW1     S2RW2      S3RW     S4RW1     S4RW2 

       0.2      0.1       0.1         0.0      0.0     0.0 

CC 

CC LOW IFT RESIDUAL SATURATIONS. 

*------S1RC     S2RC1     S2RC2      S3RC     S4RC1     S4RC2 

       0.2      0.1       0.1         0.0        0.0        0.0 

CC 

CC HIGH IFT END POINT RELATIVE PERMEABILITY. 

*------P1RW      P2RW      P3RW      P4RW 

       0.4       0.7      0.9       0.0 

CC 

CC LOW IFT END POINT RELATIVE PERMEABILITY. 

*------P1RC      P2RC        P3RC     P4RC 

       0.4       0.7         0.9      0.0 

CC 

CC HIGH IFT EXPONENT OF RELATIVE PERMEABILITY. 
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*-------E1W      E2W1      E2W2       E3W      E4W1      E4W2 

        3.0       2.0       2.0        2.0      0.0       0.0 

CC 

CC LOW IFT EXPONENT OF RELATIVE PERMEABILITY. 

*-------E1C      E2C1      E2C2       E3C      E4C1      E4C2 

        3.0       2.0       2.0       2.0       0.0       0.0 

CC 

CC WATER AND L1  PHASE CAPILLARY DESATURATION PARAMETERS. 

*-------T11    T12      T211      T221      T212      T222 

         0.    0.        0.        0.        0.        0. 

CC 

CC GAS AND L2 PHASE CAPILLARY DESATURATION PARAMETERS. 

*-------T31       T32      T411      T421      T412      T422 

         0.        0.        0.        0.        0.        0. 

C 

CC A FLAG FOR PRESSURE EQUATION SOLVER ( 1, 2, 3, 4 OR 5 ). 

*----IPRESS    IPREC   METHSL   OMEGA 

         9     3       1        1.0 

CC 

CC ITERATIVE PRESSURE SOLVER PARAMETERS. 

*-----ITMAX  LEVLIT  IDGTS   NS1       NS2      ZETA 

      4000      1      -1      5      1000000   1.E-07 

CC 

CC INITIAL TIME (DAYS). 

*---------T 
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          0 

CC 

CC A FLAG ( 0 OR 1 ) FOR INITIAL PRESSURE. 

*--------MP 

         0 

CC 

CC CONSTANT INITIAL PRESSURE (PSIA). 

*---------P 

        500.0 

CC 

CC A FLAG ( 0 OR 1 ) FOR INITIAL WATER SATURATION. 

*------MSAT 

        0 

CC 

CC CONSTANT INITIAL WATER SATURATION (FRACTION). 

*-------SAT 

        0.17 

CC 

CC A FLAG( 0 OR 1 ) FOR INITIAL OVERALL COMPOSITION. 

*-----MOMFR 

        0 

CC 

CC CONSTANT INITIAL COMPOSITION (MOLE FRACTION). 

*------OMFR 

        0.01 0.29 0.7 



 478 

CC 

CC*********************************************************************** 

CC                                                                                                  * 

CC RECURRENT DATA                                                                * 

CC                                                                                                  * 

CC*********************************************************************** 

CC 

CC 

CC MAXIMUM TIME (DAYS), TIME STEP (DAYS) AND WELL DATA. 

*----TM            DT       NWELLS    GORLIM    WORLIM 

     4000         1e-5        2      -1.        -1. 

CC 

CC PARAMETERS FOR TIME STEP SELECTORS. 

*-----DTMAX     DTMIN     DSLIM     DPLIM      DVLIM    DMFACT 

      5e0      1e-5      0.05      0.01       .05      .05 

CC 

CC WELL NO. AND WELL TYPE. 

*--------LW    IQTYPE 

          1         4 

CC 

CC   (STB/D)  (MSCF/D) 

*----QPSVC(1)   QPSVC(3)   NCOMP   ISWITCH   PBHC 

      0.0d0     10.0d0      3        0       0 

CC 

CC INJECTION COMPONENT NO. AND COMPOSITION (FRACTION). NCOMP CARDS. 
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*--------KC        Z1 

          1       0.95d0 

          2       0.04999999d0 

          3       0.00000001d0 

CC 

CC WELL NO. AND WELL TYPE. 

*--------LW    IQTYPE 

         2       -2 

CC 

CC CONSTANT BHP PRODUCER 

*--------PBHC 

        500.0d0 

CC 

CC END OF INPUT. 

*--------TM DT    NWELLS    GORLIM    WORLIM ---------------- 

         -1.  -1.  -1       -1.E10    -1.E10 

 

A4.6 SAMPLE FILE FOR KEYGEOM.DAT 

CC************************************************************************* 

CC                                    KEYGEOM.DAT                                       * 

CC                        GEOMECHANICS PARAMETERS                      * 

CC                         Copyright by Mahdi Haddad 2017                       * 

CC                                                                                                      * 

CC************************************************************************* 
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CC 

CC GEOMG, GEOM2D, PCOUP, THF, GMCL 

      69      98      1  0.0     0 

CC 

CC P_COUPLING=0 variation of matrix porosity, 

CC           =1 variation of matrix porosity and matrix permeability, 

CC           =3 variation of matrix porosity, matrix permeability, 

CC              and fracture permeability . (Inactive right now!) 

CC 

CC    TOLD, LIMD, GRAV2, SING, NONL 

1.0000D-16  1000      1     1     0 

CC 

CC TOLD & LIMD = tolerance and max iterations used in BiCGSTAB(l) 

CC               for a Ax=b system for iteratively coupled Schur system 

CC 

CC    TOLA, LIMA 

   1.0D-10   200 

CC 

CC TOLA & LIMA = tolerance and max iterations used in BiCGSTAB(l) 

CC               for fully coupled, Schur completement system; 

CC 

CC    TOLB, LIMB 

   1.0D-16  1000 

CC 

CC TOLB & LIMB = tolerance and max iterations used in BiCGSTAB(l) 
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CC               for a Ax=b system for fully coupled Schur system 

CC 

CC    NKM 

       10 

CC 

CC NKM is the power in permeability modification based on porosity 

CC     modification; XPERMM(i,j,k,ii,jj)=xpermmo(i,j,k,ii,jj)*(zz2**nkm) 

CC 

CC ITPORM, EQC 

        5    3 

CC 

CC EQC is the number of compressibility factor (CF) equation 

CC 

CC DPORLIM 

   1.00D-4 

CC 

CC GEOMCALLFREQ 

   10 

CC 

CC GEOMCALLFREQ specifies the number of time steps per geomechanics call 
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A4.7 SAMPLE FILE FOR MAINGEOM.DAT 

This sample file does not contain any keyword titles, and the interpretation of the 

numbers in this sample file can be found in Section A4.3. 

 

3 1                    

10  10  3  1 

1.0e-46  1.0e-46  9.098499e+04  0.3  30.0  0.0  0.0  1 

-100 

0       12.192  24.384  36.576  48.768  60.96   73.152  85.344  97.536  109.728 121.92 

0       12.192  24.384  36.576  48.768  60.96   73.152  85.344  97.536  109.728 121.92 

0       -4.572  -9.144  -13.716 

86400 10  0.5  1  1 

322 

      1     0     0     1     1 

      2     1     0     1     1 

      3     1     0     1     1 

      4     1     0     1     1 

      5     1     0     1     1 

      6     1     0     1     1 

      7     1     0     1     1 

      8     1     0     1     1 

      9     1     0     1     1 

     10     1     0     1     1 

     11     0     0     1     1 

     12     0     0     1     1 
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     13     1     0     1     1 

     14     1     0     1     1 

     15     1     0     1     1 

     16     1     0     1     1 

     17     1     0     1     1 

     18     1     0     1     1 

     19     1     0     1     1 

     20     1     0     1     1 

     21     1     0     1     1 

     22     0     0     1     1 

     23     0     0     1     1 

     24     1     0     1     1 

     25     1     0     1     1 

     26     1     0     1     1 

     27     1     0     1     1 

     28     1     0     1     1 

     29     1     0     1     1 

     30     1     0     1     1 

     31     1     0     1     1 

     32     1     0     1     1 

     33     0     0     1     1 

     34     0     0     0     1 

     35     0     0     0     1 

     36     0     0     0     1 

     37     0     0     0     1 
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     38     0     0     0     1 

     39     0     0     0     1 

     40     0     0     0     1 

     41     0     0     0     1 

     42     0     0     0     1 

     43     0     0     0     1 

     44     0     0     0     1 

     45     0     1     1     1 

     46     1     1     1     1 

     47     1     1     1     1 

     48     1     1     1     1 

     49     1     1     1     1 

     50     1     1     1     1 

     51     1     1     1     1 

     52     1     1     1     1 

     53     1     1     1     1 

     54     1     1     1     1 

     55     0     1     1     1 

     56     0     1     1     1 

     66     0     1     1     1 

     67     0     1     1     1 

     77     0     1     1     1 

     78     0     0     0     1 

     79     0     0     0     1 

     80     0     0     0     1 
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     81     0     0     0     1 

     82     0     0     0     1 

     83     0     0     0     1 

     84     0     0     0     1 

     85     0     0     0     1 

     86     0     0     0     1 

     87     0     0     0     1 

     88     0     0     0     1 

     89     0     1     1     1 

     90     1     1     1     1 

     91     1     1     1     1 

     92     1     1     1     1 

     93     1     1     1     1 

     94     1     1     1     1 

     95     1     1     1     1 

     96     1     1     1     1 

     97     1     1     1     1 

     98     1     1     1     1 

     99     0     1     1     1 

    100     0     1     1     1 

    110     0     1     1     1 

    111     0     1     1     1 

    121     0     1     1     1 

    122     0     0     0     1 

    123     0     0     0     1 
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    124     0     0     0     1 

    125     0     0     0     1 

    126     0     0     0     1 

    127     0     0     0     1 

    128     0     0     0     1 

    129     0     0     0     1 

    130     0     0     0     1 

    131     0     0     0     1 

    132     0     0     0     1 

    133     0     1     1     1 

    134     1     1     1     1 

    135     1     1     1     1 

    136     1     1     1     1 

    137     1     1     1     1 

    138     1     1     1     1 

    139     1     1     1     1 

    140     1     1     1     1 

    141     1     1     1     1 

    142     1     1     1     1 

    143     0     1     1     1 

    144     0     1     1     1 

    154     0     1     1     1 

    155     0     1     1     1 

    165     0     1     1     1 

    166     0     0     0     1 



 487 

    167     0     0     0     1 

    168     0     0     0     1 

    169     0     0     0     1 

    170     0     0     0     1 

    171     0     0     0     1 

    172     0     0     0     1 

    173     0     0     0     1 

    174     0     0     0     1 

    175     0     0     0     1 

    176     0     0     0     1 

    177     0     1     1     1 

    178     1     1     1     1 

    179     1     1     1     1 

    180     1     1     1     1 

    181     1     1     1     1 

    182     1     1     1     1 

    183     1     1     1     1 

    184     1     1     1     1 

    185     1     1     1     1 

    186     1     1     1     1 

    187     0     1     1     1 

    188     0     1     1     1 

    198     0     1     1     1 

    199     0     1     1     1 

    209     0     1     1     1 
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    210     0     0     0     1 

    211     0     0     0     1 

    212     0     0     0     1 

    213     0     0     0     1 

    214     0     0     0     1 

    215     0     0     0     1 

    216     0     0     0     1 

    217     0     0     0     1 

    218     0     0     0     1 

    219     0     0     0     1 

    220     0     0     0     1 

    221     0     1     1     1 

    222     1     1     1     1 

    223     1     1     1     1 

    224     1     1     1     1 

    225     1     1     1     1 

    226     1     1     1     1 

    227     1     1     1     1 

    228     1     1     1     1 

    229     1     1     1     1 

    230     1     1     1     1 

    231     0     1     1     1 

    232     0     1     1     1 

    242     0     1     1     1 

    243     0     1     1     1 
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    253     0     1     1     1 

    254     0     0     0     1 

    255     0     0     0     1 

    256     0     0     0     1 

    257     0     0     0     1 

    258     0     0     0     1 

    259     0     0     0     1 

    260     0     0     0     1 

    261     0     0     0     1 

    262     0     0     0     1 

    263     0     0     0     1 

    264     0     0     0     1 

    265     0     1     1     1 

    266     1     1     1     1 

    267     1     1     1     1 

    268     1     1     1     1 

    269     1     1     1     1 

    270     1     1     1     1 

    271     1     1     1     1 

    272     1     1     1     1 

    273     1     1     1     1 

    274     1     1     1     1 

    275     0     1     1     1 

    276     0     1     1     1 

    286     0     1     1     1 



 490 

    287     0     1     1     1 

    297     0     1     1     1 

    298     0     0     0     1 

    299     0     0     0     1 

    300     0     0     0     1 

    301     0     0     0     1 

    302     0     0     0     1 

    303     0     0     0     1 

    304     0     0     0     1 

    305     0     0     0     1 

    306     0     0     0     1 

    307     0     0     0     1 

    308     0     0     0     1 

    309     0     1     1     1 

    310     1     1     1     1 

    311     1     1     1     1 

    312     1     1     1     1 

    313     1     1     1     1 

    314     1     1     1     1 

    315     1     1     1     1 

    316     1     1     1     1 

    317     1     1     1     1 

    318     1     1     1     1 

    319     0     1     1     1 

    320     0     1     1     1 
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    330     0     1     1     1 

    331     0     1     1     1 

    341     0     1     1     1 

    342     0     0     0     1 

    343     0     0     0     1 

    344     0     0     0     1 

    345     0     0     0     1 

    346     0     0     0     1 

    347     0     0     0     1 

    348     0     0     0     1 

    349     0     0     0     1 

    350     0     0     0     1 

    351     0     0     0     1 

    352     0     0     0     1 

    353     0     1     1     1 

    354     1     1     1     1 

    355     1     1     1     1 

    356     1     1     1     1 

    357     1     1     1     1 

    358     1     1     1     1 

    359     1     1     1     1 

    360     1     1     1     1 

    361     1     1     1     1 

    362     1     1     1     1 

    363     0     1     1     1 
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    364     0     1     1     1 

    374     0     1     1     1 

    375     0     1     1     1 

    385     0     1     1     1 

    386     0     0     0     1 

    387     0     0     0     1 

    388     0     0     0     1 

    389     0     0     0     1 

    390     0     0     0     1 

    391     0     0     0     1 

    392     0     0     0     1 

    393     0     0     0     1 

    394     0     0     0     1 

    395     0     0     0     1 

    396     0     0     0     1 

    397     0     1     1     1 

    398     1     1     1     1 

    399     1     1     1     1 

    400     1     1     1     1 

    401     1     1     1     1 

    402     1     1     1     1 

    403     1     1     1     1 

    404     1     1     1     1 

    405     1     1     1     1 

    406     1     1     1     1 
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    407     0     1     1     1 

    408     0     1     1     1 

    418     0     1     1     1 

    419     0     1     1     1 

    429     0     1     1     1 

    430     0     0     0     1 

    431     0     0     0     1 

    432     0     0     0     1 

    433     0     0     0     1 

    434     0     0     0     1 

    435     0     0     0     1 

    436     0     0     0     1 

    437     0     0     0     1 

    438     0     0     0     1 

    439     0     0     0     1 

    440     0     0     0     1 

    441     0     0     1     1 

    442     1     0     1     1 

    443     1     0     1     1 

    444     1     0     1     1 

    445     1     0     1     1 

    446     1     0     1     1 

    447     1     0     1     1 

    448     1     0     1     1 

    449     1     0     1     1 
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    450     1     0     1     1 

    451     0     0     1     0 

    452     0     0     1     1 

    453     1     0     1     1 

    454     1     0     1     1 

    455     1     0     1     1 

    456     1     0     1     1 

    457     1     0     1     1 

    458     1     0     1     1 

    459     1     0     1     1 

    460     1     0     1     1 

    461     1     0     1     1 

    462     0     0     1     0 

    463     0     0     1     1 

    464     1     0     1     1 

    465     1     0     1     1 

    466     1     0     1     1 

    467     1     0     1     1 

    468     1     0     1     1 

    469     1     0     1     1 

    470     1     0     1     1 

    471     1     0     1     1 

    472     1     0     1     1 

    473     0     0     1     0 

    474     0     0     0     1 
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    475     0     0     0     1 

    476     0     0     0     1 

    477     0     0     0     1 

    478     0     0     0     1 

    479     0     0     0     1 

    480     0     0     0     1 

    481     0     0     0     1 

    482     0     0     0     1 

    483     0     0     0     1 

    484     0     0     0     0 

121 

     1        0.00000        0.00000      -37.16121 

     2        0.00000        0.00000      -74.32243 

     3        0.00000        0.00000      -74.32243 

     4        0.00000        0.00000      -74.32243 

     5        0.00000        0.00000      -74.32243 

     6        0.00000        0.00000      -74.32243 

     7        0.00000        0.00000      -74.32243 

     8        0.00000        0.00000      -74.32243 

     9        0.00000        0.00000      -74.32243 

    10        0.00000        0.00000      -74.32243 

    11        0.00000        0.00000      -37.16121 

    45        0.00000        0.00000      -74.32243 

    46        0.00000        0.00000     -148.64485 

    47        0.00000        0.00000     -148.64485 
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    48        0.00000        0.00000     -148.64485 

    49        0.00000        0.00000     -148.64485 

    50        0.00000        0.00000     -148.64485 

    51        0.00000        0.00000     -148.64485 

    52        0.00000        0.00000     -148.64485 

    53        0.00000        0.00000     -148.64485 

    54        0.00000        0.00000     -148.64485 

    55        0.00000        0.00000      -74.32243 

    89        0.00000        0.00000      -74.32243 

    90        0.00000        0.00000     -148.64485 

    91        0.00000        0.00000     -148.64485 

    92        0.00000        0.00000     -148.64485 

    93        0.00000        0.00000     -148.64485 

    94        0.00000        0.00000     -148.64485 

    95        0.00000        0.00000     -148.64485 

    96        0.00000        0.00000     -148.64485 

    97        0.00000        0.00000     -148.64485 

    98        0.00000        0.00000     -148.64485 

    99        0.00000        0.00000      -74.32243 

   133        0.00000        0.00000      -74.32243 

   134        0.00000        0.00000     -148.64485 

   135        0.00000        0.00000     -148.64485 

   136        0.00000        0.00000     -148.64485 

   137        0.00000        0.00000     -148.64485 

   138        0.00000        0.00000     -148.64485 
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   139        0.00000        0.00000     -148.64485 

   140        0.00000        0.00000     -148.64485 

   141        0.00000        0.00000     -148.64485 

   142        0.00000        0.00000     -148.64485 

   143        0.00000        0.00000      -74.32243 

   177        0.00000        0.00000      -74.32243 

   178        0.00000        0.00000     -148.64485 

   179        0.00000        0.00000     -148.64485 

   180        0.00000        0.00000     -148.64485 

   181        0.00000        0.00000     -148.64485 

   182        0.00000        0.00000     -148.64485 

   183        0.00000        0.00000     -148.64485 

   184        0.00000        0.00000     -148.64485 

   185        0.00000        0.00000     -148.64485 

   186        0.00000        0.00000     -148.64485 

   187        0.00000        0.00000      -74.32243 

   221        0.00000        0.00000      -74.32243 

   222        0.00000        0.00000     -148.64485 

   223        0.00000        0.00000     -148.64485 

   224        0.00000        0.00000     -148.64485 

   225        0.00000        0.00000     -148.64485 

   226        0.00000        0.00000     -148.64485 

   227        0.00000        0.00000     -148.64485 

   228        0.00000        0.00000     -148.64485 

   229        0.00000        0.00000     -148.64485 
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   230        0.00000        0.00000     -148.64485 

   231        0.00000        0.00000      -74.32243 

   265        0.00000        0.00000      -74.32243 

   266        0.00000        0.00000     -148.64485 

   267        0.00000        0.00000     -148.64485 

   268        0.00000        0.00000     -148.64485 

   269        0.00000        0.00000     -148.64485 

   270        0.00000        0.00000     -148.64485 

   271        0.00000        0.00000     -148.64485 

   272        0.00000        0.00000     -148.64485 

   273        0.00000        0.00000     -148.64485 

   274        0.00000        0.00000     -148.64485 

   275        0.00000        0.00000      -74.32243 

   309        0.00000        0.00000      -74.32243 

   310        0.00000        0.00000     -148.64485 

   311        0.00000        0.00000     -148.64485 

   312        0.00000        0.00000     -148.64485 

   313        0.00000        0.00000     -148.64485 

   314        0.00000        0.00000     -148.64485 

   315        0.00000        0.00000     -148.64485 

   316        0.00000        0.00000     -148.64485 

   317        0.00000        0.00000     -148.64485 

   318        0.00000        0.00000     -148.64485 

   319        0.00000        0.00000      -74.32243 

   353        0.00000        0.00000      -74.32243 
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   354        0.00000        0.00000     -148.64485 

   355        0.00000        0.00000     -148.64485 

   356        0.00000        0.00000     -148.64485 

   357        0.00000        0.00000     -148.64485 

   358        0.00000        0.00000     -148.64485 

   359        0.00000        0.00000     -148.64485 

   360        0.00000        0.00000     -148.64485 

   361        0.00000        0.00000     -148.64485 

   362        0.00000        0.00000     -148.64485 

   363        0.00000        0.00000      -74.32243 

   397        0.00000        0.00000      -74.32243 

   398        0.00000        0.00000     -148.64485 

   399        0.00000        0.00000     -148.64485 

   400        0.00000        0.00000     -148.64485 

   401        0.00000        0.00000     -148.64485 

   402        0.00000        0.00000     -148.64485 

   403        0.00000        0.00000     -148.64485 

   404        0.00000        0.00000     -148.64485 

   405        0.00000        0.00000     -148.64485 

   406        0.00000        0.00000     -148.64485 

   407        0.00000        0.00000      -74.32243 

   441        0.00000        0.00000      -37.16121 

   442        0.00000        0.00000      -74.32243 

   443        0.00000        0.00000      -74.32243 

   444        0.00000        0.00000      -74.32243 
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   445        0.00000        0.00000      -74.32243 

   446        0.00000        0.00000      -74.32243 

   447        0.00000        0.00000      -74.32243 

   448        0.00000        0.00000      -74.32243 

   449        0.00000        0.00000      -74.32243 

   450        0.00000        0.00000      -74.32243 

   451        0.00000        0.00000      -37.16121 

0.001  250 

3 

       0.0 0.0 1 1.0        864000000 1.0 
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Appendix Five: Sample Input Files for EDFM in Chapter Eleven 

This appendix provides the EDFM input files for a case in Chapter Eleven. The 

files frac.ut and input.txt in the first two following sections are the input files for the EDFM 

preprocessor software program which outputs a group of files required to be used besides 

the main UTCOMP input file for the EDFM simulations. The output files from the EDFM 

preprocessor are stored in the FRAC directory as follows: DEPTH.DAT; DEPTHF.DAT; 

DXDYDZ.DAT; DXFRAC.DAT; DYFRAC.DAT; DZFRAC.DAT; FHEAD.DAT; 

FRACTURE.DAT; FRELPERM.DAT; PERMX.DAT; PERMXF.DAT; PERMY.DAT; 

PERMYF.DAT; PERMZ.DAT; PERMZF.DAT; POR.DAT; PORF.DAT; 

REFINE_INFO.DAT; ROCKTYPE.DAT; and WELLF.DAT. Also, the main UTCOMP 

input file, INPUT.DAT, is provided in the last section.  

 

A5.1 EDFM PREPROCESSOR FILE 1: FRAC.UT FILE 

 

nfrac 18 

uf1 

 948.1499554 285.839916    0.0    

 918.6381444 327.3392598   0.0 

 798.4629475 499.6164908   0.0 

 787.4052047 514.7615039   0.0 

  721.7861102 278.8976588   0.0 

  738.5456247 585.1847323   0.0 

  616.2903753 758.7874226   0.0 

  721.5046142 984.4094698   0.0 
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  721.7880787 750.1020551   0.0 

  653.5550801 705.4173438   0.0 

  656.1721045 706.2405066   0.0 

  656.1680608 623.7825013   0.0 

  590.5502178 451.7720026   0.0 

  579.4019239 492.1266614   0.0 

  393.699168            289.4094698   0.0 

  328.5144567 517.7559265   0.0 

  459.3107165 654.7017828   0.0 

  459.8855197 983.1463465   0.0 

uf2 

 918.2739711 328.5072388   50.0 

 918.6381444 1010.613538   50.0 

 787.0302047 515.9432625   50.0 

 787.4068451 808.3530394   50.0 

 721.7880787 610.0889318   50.0  

 616.2076982 759.8910971   50.0 

 719.5502178 980.2185249   50.0 

 736.6351916 1016.853696   50.0 

 721.7838136 985.6627507   50.0 

 704.9557297 735.0889318   50.0 

 656.1632248 844.9501522   50.0 

 656.1720568 704.5347979   50.0 

 590.546937   512.0833543   50.0 

 681.4326654 668.8372585   50.0 
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 393.6939186 556.9038924   50.0 

 504.6614383 619.4547454   50.0 

 459.3149816 985.4429344   50.0 

 441.8005459 1008.973118   50.0 

dip con  

90 

perm con 

3.766971809 

aperture 

0.161584651 

0.261448897 

0.095675004 

0.229056588 

0.232658159 

0.380984193 

0.330123562 

0.132464391 

0.209674507 

0.14710466 

0.218740495 

0.216030411 

0.201180161 

0.454862703 

0.252861076 

0.280667137 
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0.282508621 

0.130946186 

 

A5.2 EDFM PREPROCESSOR FILE 2: INPUT.TXT 

 

folder FRAC (string) 

 

simulator 1 

>1 for UTCOMP (more complete version) 

>2 for UTGEL 

 

grid 1 

>1 for regular 

>2 for irregular (must provide array with dz,dy,dz) 

 

gridorigin 0.0 0.0 0.0 (origin of the grid) 

 

nx 51 (int)  

ny 51 (int) 

nz 1 (int) 

 

lx 1312.3 

 

ly 1312.3 
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lz 50.0 

 

>only used for regular grids 

 

top con 6975.0 

 

>>>>> 

>>well 

>>>>> 

 

nwell 3 (int) 

wellradius con 2 (float) >for now only constant 

wcoord (x1 y1 z1 x2 y2 z2) >one line for each well 

 2.09974E-05   820.2099948   25.0  918.6351916 820.2099948   25.0 

 2.09974E-05   656.168           25.0  918.6351916 656.168           25.0 

 2.09974E-05   492.1260052   25.0  918.6351916 492.1260052   25.0 

>>>>>>>>>>>>> 

>>hydraulic fracture 

>>>>>>>>>>>>> 

 

filehf frac.ut (string) 

>extension .fab or .ut 

 

fracporcutoff 0 
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matrixperm con 4.0 (con or array) 

 

 

matrixpermz_mutiplier 0.1 

 

matrixpor con 0.06 (con or array) 

 

>>>>>>>>>>>> 

>>natural fracture 

>>>>>>>>>>>> 

 

dualcontinuum 0 (int) 

>0 for deactivate 

>1 for activate 

 

filenf none (string) 

>extension .fab or .ut 

 

odahtensor 0 (int) 

>0 for deactivate 

>1 for activate 

 

eqshapefactor 0 (int) 

>0 for deactivate 

>1 for activate (only id dualcontinuum = 1) 
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testconn 0 (int) 

>0 for deactivate 

>1 for activate (only id dualcontinuum = 1) 

 

A5.3 UTCOMP MAIN INPUT FILE: INPUT.DAT 

 

CC********************************************************************************************* 

CC          2 DIMENSIONAL WATERFLOOD FOR CHECKING THE FRACTURE       * 

CC          WE HAVE ONE FRACTURE INTHE SYSTEM (ALI MOINFAR’s CASE)     * 

CC          THE ICPRESS IS OFF                                                                                  * 

CC          Copyright by Mahdi Haddad 2017                                                                 *                   

CC********************************************************************************************* 

CC                                       *  

CC LENGTH(FT):                    INJECTION FLUID  :                                            * 

CC HEIGHT(FT):                    INJECTION RATE   :                                                     * 

CC WIDTH (FT):                    W/O REL. PERM    : none                                              * 

CC POROSITY  :                    G/O REL. PERM    : none                                              * 

CC ABS. PERM :                    3-PHASE REL. PERM: none                                         * 

CC TEMP(F)   :                    WETTIBILITY:       none                                                    * 

CC PRE(PSI)  :                    W/O CAP. PRESSURE: none                                           * 

CC SOR       :                    G/O CAP. PRESSURE: none                                              * 

CC SWC       :                    DISPLACEMENT TYPE:                                                     * 

CC Grid Dim. :                    Trapping Model   : no                                                          * 
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CC********************************************************************************************** 

CC                                                                                                                                  * 

CC********************************************************************************************** 

CC 

CC..+....1....+....2....+....3....+....4....+....5....+....6...+...7.. 

CC***********SOME CONSTANTS AND MAXIMUM VALUES FOR MODELS*********** 

CC 

CC NXM, NYM, NZM, NPM, NCM, NCMT,NWM,IMESH, IEDFM 

    55    51    1    3    3     4   3     0    1  0 0 0  

CC 

CC NBWM,NWBCM,NPRM,NPFM,NCTM,NHSM, NTAB NPRPERMM, NS3OUT 

    7   107   100    100   100   1000  1    3       200 

CC 

CC INQUA,INCON,INVEL,NOSWTM,INONVEC 

    3     3     5     10        1 

CC********************************************************************************************** 

CC CASE NAME WITH FORMAT ( 17A4, A2 ) OF TOTAL 70 COLUMNS. 

*----HEADER 

     URTEC_CASE_1 

CC 

CC NUMBER OF COMPONENTS. 

*--------NC 

         1 

CC COMPONENT NAMES WITH FORMAT ( 1X, A8 ), NC CARDS. 

CC..+..8 
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*----NAME 

     C1 

CC 

CC BLACK OIL OPTION; AQUIFER SALINITY (ppm); AQUIFER OPTION 

*-----IBOST     SLNTY    IAQUIF 

          0        0.         0 

CC CRITIAL PRESS. (PSI), TEMP. (R) AND  VOL. (CU FT/LB-MOLE), 

CC MOLECULAR WT. (LB/LB-MOLE), ACENTRIC FACTOR, PARACHOR. NC CARDS. 

*--------PC       TC        VC        MW           OM    PARACH  VSP  

        667.38     343.67    1.586    16     0.008    71.0   0.0 

CC EOS parameters (Ac and Bc) 

CC NC CARDS. 

*----PARAA               PARAB 

   0.4572355          0.0777961 

CC 

CC BINARY INTERACTION COEFFICIENTS, CIJ. NC CARDS.  

*-----DELTA 

0.00000 

CC  

CC BINARY INTERACTION COEFFICIENTS, DIJ. NC CARDS. 

*-------DIJ 

0.000 

CC 

CC MAXIMUM NUMBER OF PHASES ( 3 OR 4 ) 

*--------NP     IVISC  IVISC_COEF   ISINGL   ISOLU 
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         3         1        0    0    0 

CC IEOS: 1,    IPEM: 0 OR 1 

CC ISTAM: -1, 0 OR 1, IEST: 0 OR 1  KI: 0, 1 OR 2 

*---IEOS   IPEM     ISTAM   IEST  IVSP   KI 

     1      0         0      1      0     0 

CC 

CC ITERATION TOLERANCES FOR PERSCHKE'S FLASH ROUTINES. 

*----TOLFLA    TOLFLM     TOLPD    TOLSAM    TOLSAS    TOLSUM 

     1.0E-10  1.0E-10    1.0E-10  1.0E-08   1.0E-08   1.0E-05 

CC 

CC MAXIMUM NUMBER OF ITERATIONS FOR PERSCHKE'S FLASH ROUTINES. 

*----MAXFLA    MAXFLM     MAXPD    MAXSAM    MAXSAS    

     1000       1000      1000       1000        1000   20  

CC 

CC VECTOR FLASH OPTION 

*-----IVCFL    TOLVFL    MAXVFL 

          0     1.E-8      20 

CC 

CC SWITCHING PARAMETERS FOR PERSCHKE'S FLASH ROUTINES. 

*----SWIPCC    SWIPSA 

      .1       1.0  

CC  

CC PHASE IDENTIFICATION PARAMETERS FOR PERSCHKE'S FLASH ROUTINES. 

*------IOIL      ITRK   DMSLIM  

          1       1      25. 
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CC 

CC IFLAGT ( 0 : OFF,   1 : ON ) 

*------IFLAGT    IGEOCHEM   IPHREEQC_FLAG, IASPR 

            0        0       0              0 

CC  

CC************************************************************************************************  

CC                                      * 

CC OUTPUT OPTIONS                             * 

CC                               *   

CC************************************************************************************************  

CC 

CC HISTORY PRINTING PARAMETER FOR <<HISTORY.CPR>>.  

*--- NHSSKIP   NSTSKIP     IPV  

      500       500          0 

CC 

CC REFERENCE CONCENTRATION, CONC0, USED FOR EFFLUENT CONCENTRATION. 

*-----CONC0 

       1.0  1.0 1.0 1.0  1.0 1.0 

CC 

CC NUMBER OF PRINTS FOR <<.TAB>> (ALSO FOR TRAPPING & ASPHALTENE DATA) 

*-------NPR 

          60 

CC 

CC TIME(DAYS) AND FLAGS ( 0 OR 1 ) NPR CARDS. 

*------TPR      MPRP    MPRSAT   MPROMFR   MPRPMFR    MPRPRO   MPRATES 
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        50           1  1     1         1         1         1        1 

        100         1  1     1         1         1         1        1 

        150         1   1    1         1         1         1        1 

        200         1    1   1         1         1         1        1 

        250         1    1   1         1         1         1        1 

        300         1    1   1         1         1         1        1 

        350         1    1   1         1         1         1        1 

        400        1     1  1         1         1         1        1 

        450         1    1   1         1         1         1        1 

        500         1    1   1         1         1         1        1 

        550         1    1   1         1         1         1        1 

        600         1    1   1         1         1         1        1 

        650         1    1   1         1         1         1        1 

        700         1    1   1         1         1         1        1 

        750        1     1  1         1         1         1        1 

        800         1    1   1         1         1         1        1 

        850         1    1   1         1         1         1        1 

        900         1    1   1         1         1         1        1 

        950         1     1  1         1         1         1        1 

        1000         1    1   1         1         1         1        1 

        1050        1     1  1         1         1         1        1 

        1100         1    1   1         1         1         1        1 

        1150         1    1   1         1         1         1        1 

        1200         1    1   1         1         1         1        1 

        1250         1    1   1         1         1         1        1 
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        1300         1     1  1         1         1         1        1 

        1350         1     1  1         1         1         1        1 

        1400        1      1 1         1         1         1        1 

        1450         1     1  1         1         1         1        1 

        1500         1     1  1         1         1         1        1 

        1550         1     1  1         1         1         1        1 

        1600         1     1  1         1         1         1        1 

        1650         1     1  1         1         1         1        1 

        1700         1  1     1         1         1         1        1 

        1750        1   1    1         1         1         1        1 

        1800         1  1     1         1         1         1        1 

        1850         1  1     1         1         1         1        1 

        1900         1  1     1         1         1         1        1 

        1950         1  1     1         1         1         1        1 

        2000         1  1     1         1         1         1        1 

        2050        1   1    1         1         1         1        1 

        2100         1  1     1         1         1         1        1 

        2150         1   1    1         1         1         1        1 

        2200         1    1   1         1         1         1        1 

        2250         1    1   1         1         1         1        1 

        2300         1    1   1         1         1         1        1 

        2350         1    1   1         1         1         1        1 

        2400        1     1  1         1         1         1        1 

        2450         1    1   1         1         1         1        1 

        2500         1    1   1         1         1         1        1 
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        2550         1    1   1         1         1         1        1 

        2600         1    1   1         1         1         1        1 

        2650         1    1   1         1         1         1        1 

        2700         1    1   1         1         1         1        1 

        2750        1     1  1         1         1         1        1 

        2800         1    1   1         1         1         1        1 

        2850         1    1   1         1         1         1        1 

        2900         1    1   1         1         1         1        1 

        2950         1    1   1         1         1         1        1 

        3000         1    1   1         1         1         1        1 

CC 

CC NUMBER OF PRINTS FOR <<PROFILE.CPR>>. 

*-------NPF 

          50 

CC 

CC TIME(DAYS) AND FLAGS ( 0 OR 1 ) FOR <<.PRF>>. NPF CARDS. 

*-------TPF    MPFSAT   MPFOMFR   MPFPMFR   MPFPROP 

        8         1       1         1         1         1        1 

        16        1       1         1         1         1        1 

        24        1       1         1         1         1        1 

        32        1       1         1         1         1        1 

        40        1       1         1         1         1        1 

        48        1       1         1         1         1        1 

        56        1       1         1         1         1        1 

        64        1       1         1         1         1        1 
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        72        1       1         1         1         1        1 

        80        1       1         1         1         1        1 

        88        1       1         1         1         1        1 

        96        1       1         1         1         1        1 

        104       1       1         1         1         1        1 

        112       1       1         1         1         1        1 

        120       1       1         1         1         1        1 

        128       1       1         1         1         1        1 

        136       1       1         1         1         1        1 

        144       1       1         1         1         1        1 

        152       1       1         1         1         1        1 

        160       1       1         1         1         1        1 

        168       1       1         1         1         1        1 

        176       1       1         1         1         1        1 

        184       1       1         1         1         1        1 

        192       1       1         1         1         1        1 

        200       1       1         1         1         1        1 

        208       1       1         1         1         1        1 

        216       1       1         1         1         1        1 

        224       1       1         1         1         1        1 

        232       1       1         1         1         1        1 

        240       1       1         1         1         1        1 

        248       1       1         1         1         1        1 

        256       1       1         1         1         1        1 

        264       1       1         1         1         1        1 
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        272       1       1         1         1         1        1 

        280       1       1         1         1         1        1 

        288       1       1         1         1         1        1 

        296       1       1         1         1         1        1 

        304       1       1         1         1         1        1 

        312       1       1         1         1         1        1 

        320       1       1         1         1         1        1 

        328       1       1         1         1         1        1 

        336       1       1         1         1         1        1 

        344       1       1         1         1         1        1 

        352       1       1         1         1         1        1 

        360       1       1         1         1         1        1 

        368       1       1         1         1         1        1 

        376       1       1         1         1         1        1 

        384       1       1         1         1         1        1 

        392       1       1         1         1         1        1 

        400       1       1         1         1         1        1 

CC 

CC NUMBER OF PRINTS FOR <<CONTOUR.CPR>>. 

*-------NCT 

          50 

CC 

CC TIME(DAYS) AND FLAGS ( 0 OR 1 ) FOR <<.CON>>. NCT CARDS. 

*-------TCT      MCTP    MCTSAT   MCTOMFR   MCTPMFR    MCTPRO 

        8         1       1         1         1         1        1 
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        16        1       1         1         1         1        1 

        24        1       1         1         1         1        1 

        32        1       1         1         1         1        1 

        40        1       1         1         1         1        1 

        48        1       1         1         1         1        1 

        56        1       1         1         1         1        1 

        64        1       1         1         1         1        1 

        72        1       1         1         1         1        1 

        80        1       1         1         1         1        1 

        88        1       1         1         1         1        1 

        96        1       1         1         1         1        1 

        104       1       1         1         1         1        1 

        112       1       1         1         1         1        1 

        120       1       1         1         1         1        1 

        128       1       1         1         1         1        1 

        136       1       1         1         1         1        1 

        144       1       1         1         1         1        1 

        152       1       1         1         1         1        1 

        160       1       1         1         1         1        1 

        168       1       1         1         1         1        1 

        176       1       1         1         1         1        1 

        184       1       1         1         1         1        1 

        192       1       1         1         1         1        1 

        200       1       1         1         1         1        1 

        208       1       1         1         1         1        1 
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        216       1       1         1         1         1        1 

        224       1       1         1         1         1        1 

        232       1       1         1         1         1        1 

        240       1       1         1         1         1        1 

        248       1       1         1         1         1        1 

        256       1       1         1         1         1        1 

        264       1       1         1         1         1        1 

        272       1       1         1         1         1        1 

        280       1       1         1         1         1        1 

        288       1       1         1         1         1        1 

        296       1       1         1         1         1        1 

        304       1       1         1         1         1        1 

        312       1       1         1         1         1        1 

        320       1       1         1         1         1        1 

        328       1       1         1         1         1        1 

        336       1       1         1         1         1        1 

        344       1       1         1         1         1        1 

        352       1       1         1         1         1        1 

        360       1       1         1         1         1        1 

        368       1       1         1         1         1        1 

        376       1       1         1         1         1        1 

        384       1       1         1         1         1        1 

        392       1       1         1         1         1        1 

        400       1       1         1         1         1        1i 

CC 
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CC  NPRPERM 

*------ 

 0 

CC  

CC********************************************************************************************* 

CC                                                                                     *  

CC RESERVOIR AND WELL DATA                                                                    *  

CC                                                                                     *  

CC*********************************************************************************************  

CC   

CC A FLAG FOR RESERVOIR GEOMETRY: 

CC 1-D: 11(Y), 12(X), 13(Z), 2-D: 21(XY), 22(YZ), 23(XZ), 3-D: 31  

*-----IGEOM       INUG  

        21         0 

CC 

CC NUMBER OF GRID BLOCKS IN X, Y, AND Z. 

*--------NX        NY        NZ 

         51          51        1 

CC 

CC NUMBER OF WELLS 

*--------NW       IWM  

          3        2  

CC 

CC WELLBORE RATIUS (FT). NW NUMBERS. 

*--------RW: (NW) 
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        0.5   0.5  0.5                                        

CC 

CC WELL LOCATIONS. NW CARDS. 

*-------LXW       LYW    IDIR   LZWF      LZWL 

        32         1       4      14         36 

CC 

CC 

*---- 

 9 

CC 

*---- 

 16 20 1 1 

 18      20      1       1 

 21      20      1       1 

 23      20      1       1 

 26      20      1       1 

 29      20      1       1 

 31      20      1       1 

 34      20      1       1 

 36 20      1       1 

CC 

*---------- 

        26         1       4      14         36 

CC 

*---- 
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        9 

CC 

*---- 

        16      26      1       1 

        18      26      1       1 

        21      26      1       1 

        23      26      1       1 

        26      26      1       1 

        29      26      1       1 

        31      26      1       1 

        34      26      1       1 

        36      26      1       1 

CC 

*------ 

        20         1       4      14         36 

CC 

*---- 

        9 

CC 

*---- 

        16      32      1       1 

        18      32      1       1 

        21      32      1       1 

        23      32      1       1 

        26      32      1       1 
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        29      32      1       1 

        31      32      1       1 

        34      32      1       1 

        36      32      1       1 

CC 

CC A FLAG ( 0 OR 1 ) FOR GRID BLOCK SIZE IN X-DIRECTION. 

*-------MDX 

         0 

CC  

CC CONSTANT GRID BLOCK SIZE IN X-DIRECTION (FT). 

*--------DX  

         25.73 

CC  

CC A FLAG ( 0 OR 1 ) FOR GRID BLOCK SIZE IN Y-DIRECTION. 

*-------MDY 

        0  

CC  

CC CONSTANT GRID BLOCK SIZE IN Y-DIRECTION (FT).  

*--------DY 

         25.73 

CC  

CC A FLAG ( 0 OR 1 ) FOR GRID BLOCK SIZE IN Z-DIRECTION. 

*-------MDZ  

         0 

CC  
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CC CONSTANT GRID BLOCK SIZE IN Z-DIRECTION (FT). 

*--------DZ  

         50     

CC  

CC A FLAG ( 0 OR 1 ) FOR FORMATION DEPTH. 

*--------MD  

         0  

CC  

CC DEPTH (FT) OF THE  MOST UPPER LAYER. 

*---------D  

         7000.0 

CC  

CC A FLAG ( 0 OR 1 ) FOR FORMATION POROSITY. 

*------MPOR MNTG ITRANZ MMOD IACTNUM 

       0    0 0 0 0 

CC  

CC HOMOGENEOUS POROSITY (FRACTION) AT PF. 

*----PORSTD  

      0.06 

CC  

CC A FLAG ( 0 OR 1 ) FOR PERMEABILITY IN X-DIRECTION. 

*----MPERMX  

       0 

CC  

CC HOMOGENEOUS PERMEABILITY (MD) IN X-DIRECTION. 



 524 

*-----PERMX  

      .0001 

CC 

CC A FLAG ( 0 OR 1 ) FOR PERMEABILITY IN Y-DIRECTION. 

*----MPERMY 

       0 

CC  

CC HOMOGENEOUS PERMEABILITY (MD) IN Y-DIRECTION.  

*-----PERMY 

      .0001 

CC 

CC FLAG ( 0 OR 1 ) FOR PERMEABILITY IN Z-DIRECTION.  

*----MPERMZ 

       0 

CC  

CC HOMOGENEOUS PERMEABILITY (MD) IN Z-DIRECTION. 

*-----PERMZ 

      4.0 

CC 

CC FLAG (0 OR 1) FOR FORMATION COMPRESSIBILITY (1/PSI) 

*----MCF 

      0 

CC 

CC FORMATION COMPRESSIBILITY (1/PSI) 

*--------CF 



 525 

         3.0e-6 

CC 

CC FORMATION COMPRESSIBILITY REFERENCE PRESSURE (PSI). 

*--------PF 

        4000 

CC H2O COMPRESSIBILITY (1/PSI), REFERENCE PRESSURE (PSI) AND  

CC MOLAR DENSITY (LB-MOLE/CU FT).  

*--------CW       PW     DENMWS  

       0.00   14.7   3.46666 

CC  

CC WATER MOLECULAR WT. (LBM/LBM-MOLE) AND VISCOSITY (CP). 

*-------WTW     VISCW 

        18.      0.80 

CC  

CC FORMATION TEMPERATURE (F). 

*-----TEMPF 

        180 

CC 

CC STANDARD TEMPERATURE (F) AND STANDARD PRESSURE (PSI).  

*-----TFSTD      PSTD 

        60.      14.696  

CC  

CC A FLAG ( 1, 2, 3 OR 4 ) FOR NUMERICAL DISPERSION CONTROL. 

*----IUPSTW  

          1  
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CC 

CC ITC ( 0 : NO 2ND ORDER TIME,   1 : 2ND ORDER TIME ON ) 

*----ITC 

       0 

CC RESTART OPTIONS. 

5C ISTART ( 1 OR 2 ), ISTORE ( 0 OR 1 ).  

*----ISTART    ISTORE  

          1         0  

CC  

CC A FLAG ( 0 OR 1 ) FOR AUTOMATIC TIME-STEP SELECTION ( = 1 ).  

*-------MDT  

          1  

CC  

CC A FLAG ( 0 OR 1 ) FOR PHYSICAL DISPERSION CALCULATION. 

*-----MDISP 

        0  

CC FLAGS FOR RELATIVE PERMEABILITY MODEL AND CAPILLARY PRESSURE. 

CC IPERM ( 1 OR 2 ), ICPRES ( 0 OR 1 ).  

*-----IPERM    ICPRES      ICAP    IRPERM   IFRPERM 

       4        0          0          0     0  0 

CC 

CC HIGH IFT RESIDUAL SATURATIONS. 

*------S1RW     S2RW1     S2RW2      S3RW       

        0.3     0.0         0.0       0.0        

CC 



 527 

CC HIGH IFT END POINT RELATIVE PERMEABILITY. 

*------P1RW      P2RW      P3RW      P4RW   

       1.0       1.0       1.0       0.0 

CC 

CC HIGH IFT EXPONENT OF RELATIVE PERMEABILITY. 

*-------E1W      E2W1      E2W2       E3W      E4W1      E4W2 

        1.0       1.0       1.0        1.0     0.0       0.0 

CC 

CC A FLAG FOR PRESSURE EQUATION SOLVER ( 1, 2, 3, 4 OR 5 ). 

*----IPRESS    IPREC   METHSL   OMEGA  IHYPRE 

        3        2       1       1.0    0 

CC 

CC ITERATIVE PRESSURE SOLVER PARAMETERS. 

*-----ITMAX  LEVLIT  IDGTS   NS1       NS2      ZETA 

      10000      1      -1      5      1000000   1.E-07 

CC  

CC INITIAL TIME (DAYS).  

*---------T  

          0 

CC  

CC A FLAG ( 0 OR 1 ) FOR INITIAL PRESSURE. 

*--------MP  

         0 

CC  

CC CONSTANT INITIAL PRESSURE (PSIA).  
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*---------P  

         3800  

CC 

CC A FLAG ( 0 OR 1 ) FOR INITIAL WATER SATURATION.  

*------MSAT 

        0  

CC  

CC CONSTANT INITIAL WATER SATURATION (FRACTION).  

*-------SAT  

 0.3 

CC  

CC A FLAG ( 0 OR 1 ) FOR INITIAL OVERALL COMPOSITION. 

*-----MOMFR 

        0  

CC  

CC CONSTANT INITIAL COMPOSITION (MOLE FRACTION).  

*------OMFR 

      1.000 

CC  

CC*******************************************************************************************  

CC                                                                                   *  

CC RECURRENT DATA                                                                                            *  

CC                                                                                   *  

CC*******************************************************************************************  

CC 
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CC MAXIMUM TIME (DAYS), TIME STEP (DAYS) AND WELL DATA. 

*----TM            DT       NWELLS    GORLIM    WORLIM  

     501.99      0.0001        3       -1.        -1. 

CC 

CC PARAMETERS FOR TIME STEP SELECTORS. 

*-----DTMAX     DTMIN     DSLIM     DPLIM      DVLIM    DMFACT      DMFACTG 

      10      0.01       0.001       0.001         .005      0.005  0.05 

CC 

CC WELL NO. AND WELL TYPE. 

*--------LW    IQTYPE 

         1       -2 

CC 

CC CONSTANT BHP PRODUCER 

*--------PBHC 

        1000.0 

CC 

CC WELL NO. AND WELL TYPE. 

*--------LW    IQTYPE 

         2       -2 

CC 

CC CONSTANT BHP PRODUCER 

*--------PBHC 

        1000.0 

CC 

CC WELL NO. AND WELL TYPE. 
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*--------LW    IQTYPE 

         3       -2 

CC 

CC CONSTANT BHP PRODUCER 

*--------PBHC 

        1000.0 

CC 

CC END OF INPUT. 

*--------TM DT    NWELLS    GORLIM    WORLIM ----------------!********************FINISH 

         -1.  -1.  -1       -1.E10    -1.E10 
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Glossary 

SYMBOLS 

A = microseismic slip area, L2, m2 

𝑎𝐼 = nodal enrichment degree of freedom for jump discontinuity on 

  fracture walls, dimensionless 

𝑏𝐼
𝛼 = nodal degree of freedom for the crack tip enrichments, L, m 

�̃�𝑝 = equivalent compressibility, M-1LT2, kPa-1 

𝑐𝐵 = leakoff coefficient on the bottom element surface, M-1L2T,  

  m/s/kPa 

𝑐𝑇 = leakoff coefficient on the top element surface, M-1L2T,  

  m/s/kPa 

d = microseismic slip displacement, L, m 

𝑑30 = diameter greater than 30% of the porous media constitutive grains,  

  L, m 

D = inviscid cohesive damage variable, dimensionless 

D = depth from a reference datum plane, L, m 

𝐷ℎ = hydraulic diameter, L, m 

𝐷𝑣 = viscous cohesive damage variable, dimensionless 

𝐷�̇� = time derivative of viscous cohesive damage variable, T-1, 1/s 

𝐷injection = fracturing-fluid (e.g., water) injection period, T, day 

E = Young’s modulus, ML-1T-2, kPa 

�́� = plane-strain Young’s modulus, ML-1T-2, kPa 

𝐸adj = Young’s modulus of adjacent material, ML-1T-2, kPa 

f = friction factor, dimensionless 

F = Faraday constant, AT, s.A/gr-mole 
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𝐹𝛼(𝑥) = crack tip enrichment (asymptotic) function, dimensionless 

g = gravitational acceleration, LT-2, kN/kg 

𝑔 = fracture gap, L, m 

G = shear modulus, ML-1T-2, Pa  

𝐺𝑐 = critical energy release rate, MT-2, kN/m 

𝐺𝑚
𝑐  = Mode-m critical energy release rate for hydraulic fracture, MT-2, 

kPa.m 

𝐺𝑚
′𝑐 = Mode-m critical energy release rate for natural fracture,  

MT-2, kPa.m 

H = crack height, L, m   

𝐻(𝑥) = Heaviside enrichment function, dimensionless 

k = reservoir permeability, L2, mD  

�̅� = hydraulic conductivity, LT-1, m/s   

𝐾,𝐾∞, and 𝐾𝑑 = resistance coefficients, dimensionless   

𝑘𝑟𝑗 = relative permeability for phase j, L2, mD 

K = dry elastic bulk modulus 

�̿� = permeability tensor, L2, mD  

�̿� = cohesive layer stiffness matrix, ML-1T-2, kPa  

𝐾𝑐𝑜ℎ = cohesive layer stiffness, ML-1T-2, kPa 

𝐾𝑑 = dry (drained) rock bulk modulus, ML-1T-2, kPa 

𝐾𝑓 = pore fluid bulk modulus, ML-1T-2, kPa 

𝐾𝑔 = grain bulk modulus, ML-1T-2, kPa 

𝐾𝑖c = Mode-i critical stress intensity factor, ML-1/2T-2, kPa.m  

𝐾𝑚 = Mode-m cohesive layer stiffness for hydraulic fracture, 

ML-1T-2, kPa 
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𝐾𝑚
′  = Mode-m cohesive layer stiffness for natural fracture, 

ML-1T-2, kPa 

𝐾𝑛𝑛 = opening-mode cohesive layer stiffness, ML-1T-2, kPa 

𝐾𝑛𝑠 = off-diagonal ns-component of cohesive layer stiffness matrix,   

  ML-1T-2, kPa 

𝐾𝑛𝑡 = off-diagonal nt-component of cohesive layer stiffness matrix, 

  ML-1T-2, kPa 

𝐾𝑠𝑠 = shearing-mode cohesive layer stiffness, ML-1T-2, kPa 

𝐾𝑡𝑡 = tearing-mode cohesive layer stiffness, ML-1T-2, kPa 

𝐾𝑋 = equilibrium constant, dimensionless 

L = pipe length, L, m 

Linit,NF = length of initially open segment of natural fracture at intersection, 

L, m 

𝐿𝐸𝑖 = i-component of the logarithmic strain in finite-strain deformation, 

dimensionless  

𝑀 = microseismic moment magnitude, dimensionless 

M = Biot’s modulus, ML-1T-2, kPa 

𝑀0 = microseismic moment, ML2T-2, J 

𝑀𝑐 = Gutenberg-Richter completeness magnitude, dimensionless 

𝑀soaking = fracturing-fluid soaking time, T, month 

𝑛 = exponent defining the crack propagation regime, dimensionless 

n = permeability power-law exponent, dimensionless 

𝑁 = normal stress on fracture, ML-1T-2, kPa 

N = number of microseismic events, dimensionless 

𝑁max = Mode-I damage initiation stress, ML-1T-2, kPa  
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𝑛𝑐 = number of hydrocarbon components, dimensionless 

𝑛𝑝 = number of phases, dimensionless 

𝑁𝑖 = number of moles for component i, dimensionless  

𝑁𝐼(𝑥) = conventional FEM shape function, dimensionless 

𝑝 = pore fluid pressure, ML-1T-2, kPa 

P = pore fluid pressure, ML-1T-2, kPa 

�̇� = time derivative of pore pressure, ML-1T-3, kPa/s 

𝑝0 = initial pore fluid pressure, ML-1T-2, kPa 

𝑝𝑓 = fluid pressure inside the fracture, ML-1T-2, kPa 

�̅� = constant fluid pressure along a crack, ML-1T-2, kPa 

𝑃𝑖 = pore pressure at Node i, ML-1T-2, kPa 

𝑃𝑗 = pressure of phase j, ML-1T-2, kPa 

𝑃𝑝 = pore pressure, ML-1T-2, kPa 

𝑃𝑃 = reservoir pore pressure, ML-1T-2, kPa 

𝑃𝑝,𝑐 = pore-pressure constant, ML-1T-2, kPa 

Q = total volumetric injection rate, L3T-1, m3/s 

𝑞𝑖 = molar injection (positive) or production (negative) rate for 

  component i, T-1, gr-mole/day 

𝑄cum,gas,𝑃1 = cumulative gas production from Well P1, L3, SCF 

𝑄cum,water,inj,𝐼1 = cumulative water injected in Well I1 during hydraulic re-

fracturing, L3, bbl 

r = radial distance from a crack tip, L, m  

R = gas constant, dimensionless, J/gr-model.K 

Re = Reynolds’ number, dimensionless 

s = axis along the fracture, L, m 
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SH,max,eff = effective maximum in-situ horizontal stress, ML-1T-2, kPa  

SH,max,tot = far-field total maximum  horizontal stress, ML-1T-2, kPa 

Sh,min,eff = effective minimum in-situ horizontal stress, ML-1T-2, kPa  

Sh,min,tot = far-field total minimum  horizontal stress, ML-1T-2, kPa 

Sij,eff = effective in-situ stress on the plane normal to i-axis and in j-

direction, ML-1T-2, kPa 

Sij,tot = total in-situ stress on the plane normal to i-axis and in j-direction, 

ML-1T-2, kPa 

SIJ = stress component on the boundary normal to I-axis and in J-

direction, ML-1T-2, kPa 

Smax = Mode-II damage initiation stress, ML-1T-2, kPa 

Snn = normal stress component on cohesive layer, ML-1T-2, kPa 

Sns = horizontal shear stress component on cohesive layer, ML-1T-2, kPa 

Snt = vertical shear stress component on cohesive layer, ML-1T-2, kPa 

Svert,tot = total vertical stress on reservoir top, ML-1T-2, kPa  

SXX,far-field = far-field stress component on the X-axis plane and in X-direction, 

ML-1T-2, kPa   

SYY,far-field = far-field stress component on the Y-axis plane and in Y-direction, 

ML-1T-2, kPa   

SYY,threshold = threshold far-field stress component on the Y-axis plane and in Y-

direction, ML-1T-2, kPa   

t = time, T, seconds 

t = traction size, ML-1T-2, kPa 

𝑡  = traction vector, ML-1T-2, kPa 

𝑡𝑚 = Mode-m traction size, ML-1T-2, kPa 
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𝑡0 = traction size in damage initiation, ML-1T-2, kPa 

𝑡𝑚
0  = Mode-m traction at damage initiation for hydraulic fracture,  

ML-1T-2, kPa 

𝑡𝑚
′0 = Mode-m traction at damage initiation for natural fracture,  

ML-1T-2, kPa 

𝑡̅ = post-damage elastic traction component, ML-1T-2, kPa 

𝑡𝑚̅̅ ̅ = Mode-m post-damage elastic traction component, ML-1T-2, kPa 

T = absolute temperature, ML2T-2, K 

𝑇0 = rock tensile strength, ML-1T-2, kPa 

𝑇adj = thickness of adjacent sub-laminate, L, m 

𝑇0
coh = cohesive zone initial thickness, L, m 

u = x-component of displacement vector, L, m 

𝑢𝑖 = x-component of displacement in Node i of an element in the 

  geomechanics model, L, m 

𝑢𝐼 = nodal degree of freedom, L, m 

𝑢𝑖
𝑃 = nodal variable at Node P and degree of freedom i (e.g.,  

ML-1T-2, kPa) 

𝑢ℎ(𝑥) = displacement at location x, L, m 

U = displacement vector, L, m 

v = y-component of displacement vector, L, m 

𝑣 = superficial velocity magnitude, LT-1, m/s 

V = fluid velocity, LT-1, m/s 

𝑉inj,tot = total fracturing fluid injected in all clusters, L3, m3 

𝑣𝑖 = y-component of displacement in Node i of an element in the 

  geomechanics model, L, m 



 537 

𝑣𝑖 = superficial velocity component in i-direction, LT-1, m/s 

𝑣𝑘 = superficial pore fluid flow velocity in k-direction, LT-1, m/s 

w = z-component of displacement vector, L, m 

𝑤𝑖 = z-component of displacement in Node i of an element in the 

  geomechanics model 

𝑤(𝑥) = crack aperture, L, m 

x = coordinate along a fracture with the origin at the fracture mouth, L, 

m  

𝑥0 = wetted fracture length, 𝑥𝑓 − 𝑐, L, m 

X = exchangeable site, dimensionless 

𝑥𝑓 = fracture half-length, L, m 

𝑥𝑖𝑗 = mole fraction of component i in phase j, dimensionless 

Yprimary = ending year of primary production, T, year 

z = depth coordinate, L, m 

𝑧𝑖 = electric charge of Ion i, AT, Coulomb 

[] = ion concentration, dimensionless 

{} = ion activity, dimensionless 

↔ = two-way reversible chemical reaction 

≡ 𝑆𝑂𝐻 = surface hydroxyl group 

 

GREEK LETTERS 

𝛼 = cohesive layer stiffness multiplier, dimensionless 

𝛼 = Biot’s coefficient, dimensionless 

𝛽 = energy release rate multiplier, dimensionless 
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𝛽 = Forchheimer’s law velocity coefficient, L-1T, s/m 

𝛿  = interface separation vector, L, m 

𝛿𝑖𝑗 = Kronecker delta, dimensionless 

𝛿𝑚
0  = Mode-m separation at damage initiation, L, m 

𝛿𝑚
𝑓

 = Mode-m separation at ultimate failure, L, m 

𝛿𝑚
max = maximum mixed-mode separation at partial damage D, L, m 

Δℎ = finite element mesh size, L, m 

∆𝑃 = hydraulic pressure loss, ML-1T-2, kPa 

∆𝑆𝐻 = horizontal stress contrast, 𝑆𝑋𝑋 − 𝑆𝑌𝑌, ML-1T-2, kPa 

∆𝑆𝐻,threshold = threshold in-situ horizontal stress contrast (=SH,max,tot-Sh,min,tot), 

ML-1T-2, kPa  

Δ𝑡 = time step, T, seconds 

휂 = mode-mixity exponent in BK model, dimensionless 

휀 (𝑥,𝑦,𝑧) = strain vector composed of six independent components of strain  

  tensor at (x,y,z), dimensionless 

휀𝑖 = ith component of strain on the plane normal to i direction, 

  dimensionless 

휀𝑖𝑗 = total strain on the plane perpendicular to i-axis and in j-direction,  

  dimensionless 

휀𝑖𝑗
′  = effective strain on the plane perpendicular to i-axis and in j- 

  direction, dimensionless 

휀�̇�𝑘 = time derivative of volumetric strain, T-1, 1/s 

휀𝑣 = volumetric strain, dimensionless 

𝜉𝑗 = molar density of Phase j, L-3, gr-mole/m3 

(𝜉, 휂, 휁) = finite element local coordinate system, L, m 
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𝛾 = pore fluid specific weight (equal to 𝜌𝑔), ML-2T-2, kPa/m 

𝛾𝑖𝑗 = jth component of strain on the plane normal to i direction,     

  dimensionless 

𝛾𝑗 = gravity term for Phase j, defined as 𝜌𝑗𝑔, ML-2T-2, kg/m2-s2 

𝑐 = unwetted fracture length, L, m 

ℓ𝑖 = half-length of the i-th fracture, L, m 

ℓ𝑁𝐹 = tip-to-tip distance along the natural fracture, L, m 

𝜇𝑓 = fluid viscosity, ML-1T-1, cp 

𝜇 = viscosity relaxation parameter, T, s 

𝜇fric = friction coefficient, dimensionless 

 = Poisson’s ratio, dimensionless 

𝜔 = fracture opening, L, m 

 = reservoir porosity, dimensionless 

𝜙0 = initial reservoir porosity at reference pressure, dimensionless 

𝜙∗ = true porosity, dimensionless 

φ = Extended Drucker-Prager friction angle, degrees 

𝜑1 𝑡𝑜 𝜑8 = shape functions in 8-node brick element, dimensionless 

𝜌 = fluid density, ML-3, kg/m3 

𝜌𝑗 = mass density of phase j, ML-3, kg/m3 

𝜌mat,dry = dry matrix density, ML-3, kg/m3 

𝜌pore,fluid = pore (injection) fluid density, ML-3, kg/m3 

Ψ = Extended Drucker-Prager dilation angle, degrees 

Ψ = surface potential  

𝜎𝑖𝑗 = total stress on the plane perpendicular to i-axis and in j-direction,  

  ML-1T-2, kPa 
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𝜎𝑖𝑗
′  = effective stress on the plane perpendicular to i-axis and in j- 

  direction, ML-1T-2, kPa 

𝜎𝑖𝑗
0  = total stress at initial time, ML-1T-2, kPa 

𝜏 = shear stress on fracture, ML-1T-2, kPa 

휃 = angle between the vector connecting an arbitrary point to the crack 

tip and the fracture axis, degrees   

휃 = HF-NF intersection angle, degrees  

∀𝑏 = reservoir bulk volume of a cell, L3, ft3 

∀𝑏
0 = initial reservoir bulk volume of a cell, L3, ft3 

∀𝑏
∗ , ∀𝑏

′  = true bulk volume of a cell, L3, ft3 

∀𝑝 = reservoir pore volume of a cell, L3, ft3 

∀𝑝
∗  = true pore volume of a cell, L3, ft3 

 

SUBSCRIPTS / SUPERSCRIPTS 

0 = first time step 

max = maximum value 

n = nth time step or power-law exponent 

n = fracture opening mode  

s = fracture shearing mode  

t = fracture tearing mode 

T = transpose 

,j = differential operator with respect to the j-axis in the Einstein’s  

  index notation 

kk = summation index in the Einstein’s index notation 
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OPERATORS 

〈 〉 = Macaulay bracket returning either zero or the same value for  

  the negative or positive number in its argument, respectively 

,j = differential operator with respect to the j-axis in the Einstein’s  

  index notation 

kk = summation index in the Einstein’s index notation 

 

ABBREVIATIONS 

1D = one dimensional 

2D = two dimensional 

3D = three dimensional 

BK = Benzeggagh-Kenane 

C3D8RP = continuum solid three dimensional linear element with pore-

pressure degree of freedom and reduced integration 

C3D8P = continuum solid three dimensional linear element with pore-

pressure degree of freedom and full integration 

CDF = cumulative distribution function  

CEC = cation exchange capacity 

CFF = Coulomb failure function 

COH2D4P = cohesive two dimensional pore-pressure element 

COH3D8P = cohesive three dimensional pore-pressure element 

CPU = central processing unit 

CZM = cohesive zone model 

DFIT = diagnostic fracture injection test 

DFN = discrete fracture network 
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DOF = degree of freedom 

EDFM = embedded discrete fracture model 

EDL = electrostatic double layer 

EDLWI = electrostatic double layer water index 

EOR = enhanced oil recovery 

EOS = equation of state 

EPFM = elastic plastic fracture mechanics 

FEM = finite element method 

FMOD = fracture mouth opening displacement 

FMP = fracture mouth pressure  

GPAS = general parallel adaptive simulator 

GR = Gutenberg-Richter 

HF-NF = hydraulic-fracture-natural-fracture 

IMPEC = implicit pressure explicit concentration 

KGD = Khristianovic-Geertsma-de Klerk 

LEFM = linear elastic fracture mechanics 

LSM = level set method 

MAXPS = maximum-principal-stress criterion for fracture initiation 

NHF = number of hydraulic fractures, dimensionless   

P-CZM = pore-pressure cohesive zone model  

pH = potential of hydrogen 

PKN = Perkin-Kern-Nordgren 

PL3D = planar three dimensional 

poroMEM = poromechanical earth model  

QUADS = quadratic nominal stress criterion for fracture initiation  



 543 

SEM = electron microscopy 

SIF = stress intensity factor 

SPE = Society of Petroleum Engineers 

TOC = total organic carbon (total organic content) 

T-O-T = tetrahedral-octahedral-tetrahedral clay structure 

UTCOMP = University of Texas compositional oil reservoir simulator 

VM = Vaca Muerta, Argentina 

VWP = virtual work principle 

WF = natural-fracture weakening factor 

WNF = natural-fracture weakening factor 

XFEM = extended finite element method 
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Unit Conversion 

 

SI Metric Conversion Factors 

kg × 2.204 624 E+00 = lbm 

kPa × 1.449 790 E-01 = psi 

kPa × 1.449 790 E-04 = ksi 

kPa.√𝑚 × 9.096 793 E-01 = psi-√𝑖𝑛 

kPa.m × 5.707 836 E+00 = psi-in 

kPa.s × 1.000 000* E+06  = cp 

m ×   3.280 840 E+00 = ft 

m2 × 1.013 250 E+15 = mD 

m3 × 3.531 467 E+01 = ft3 

m3 × 6.289 344 E+00 = STB 

m3/s × 3.773 606 E+02 = bbl/min 

m3/s × 5.433 993 E+05 = bbl/day 

m3/kPa.s × 2.602 864 E+03 = bbl/psi-min 

s × 1.157 407 E-05 = day 

s × 1.666 667 E-02 = min 

Pa−1 × 6.897 549 E+03 = psi−1 

*Conversion factor is exact. 
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