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ABSTRACT 

 A conceptual model of the Newberry EGS (Enhanced Geothermal System) project 

stimulation program for well NWG 55-29 has been developed. A discrete fracture network (DFN) 

model is embedded in the simulation to investigate effect of in situ stress state and natural fractures 

or faults properties. The local in situ stress information has been revisited and a new interpretation 

is proposed. Simulation results using the conceptual model are compared to a case of previously 

published stress information. 

 To revisit the stress determination, compressive failure around a wellbore has been 

analyzed and different modes of breakouts were distinguished. Incorporating temperature change, 

a simple compressive failure model based on Mohr-Coulomb failure criterion for inclined 

wellbores has been developed. The model has been first used to perceive compressive failure 

profile when breakouts and tensile wall fractures simultaneously occurred at a wellbore from a 

well at Visund Field in the North Sea. The model illustrates distinct profiles at the direction of 

breakouts and tensile wall fractures. Further, it is also applied to well GPK2 at the Soultz 

geothermal field in France, where thermally induced or mode-X breakout has been observed. 

Different modes of compressive wellbore failure are observed, B-mode for conventional breakout 

and X-mode for breakout at the opposite side as compressive failure happening due to small tensile 

cracks. This distinct profile was then used to analyze the compressive failure profile for the NWG 

55-29 well in Newberry EGS. Eventually, mode-X breakout is observed, indicating the direction 

of maximum horizontal stress, instead of minimum horizontal stress as previously studied. This 

finding is consistent with image log observation of nearby well and regional shear wave evaluation. 

The simulation is conducted using CFRAC simulator. Based on microseismic distribution 

and bottomhole pressure data, the simulation case with current stress determination is more 

consistent. It is also suggested that hydroshearing is not enough to enhance permeability in not-

well-oriented natural fracture distribution. Though this is not a desired case for thermal extraction, 

better permeability enhancement could be achieved by injection pressure higher than the minimum 

horizontal stress. This study demonstrated that the simple failure model could be utilized in 

accordance with breakout observations and how prior stress determination and fracture 

characterization could significantly affect stimulation design and reservoir development strategy. 
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CHAPTER 1 

INTRODUCTION 

This research study is mainly focused on applying geomechanics coupled with fluid flow 

to analyze Enhanced Geothermal System (EGS) development in the Newberry field. Horizontal 

principal stress orientation and magnitude in Newberry EGS field had been analyzed and modeled. 

Then, hydraulic fracture propagation, interaction between the determined stress state and natural 

fracture distribution are discussed. The fracture model is built inside KinetixTM, a special feature 

within PetrelTM (version 2017.4) by Schlumberger capable for inclusion of 2D DFN model of 

natural fracture distribution. The results are compared with simulation results using CFRAC 

(Complex Fracturing ReseArch Code) version 1.3 by Stanford University and the University of 

Texas at Austin. Then, further investigation of fracture propagation is conducted using CFRAC to 

represent stimulation program in the field with several conceptual-model cases. 

1.1 Background and Previous Work 

The United States had 3,567 MW of power operating capacity utilizing geothermal 

resources in 2016 (Geothermal Energy Association or GEA 2016). The majority of the US 

geothermal resources are located in the western US. The high geothermal temperature gradient is 

related to the oceanic-continental convergence which is called circum-pacific “Ring of Fire” as 

shown in Figure 1.1. The Ring of Fire area sustains many active volcanoes explaining the heat 

sources resulting Philippines and Indonesia to have the second and third largest power production 

in geothermal energy, respectively.  

Naturally, the deeper the depth, the closer we get to the earth’s core and therefore, the 

temperature gets higher. For the temperature range of 150oC to 250oC between the depths of 3.5 

to 7.5 km, the heat energy is calculated to be 13 million × 1018 Joules (Tester et al. 2006). 

Moreover, only 2% of this energy resource is equivalent for about 2,600 times of the 2006 US 

energy consumption. This geothermal energy is categorized as Enhanced Geothermal Systems 

(EGS) or also called Hot Dry Rock (HDR) systems and captures 97.8% of the total geothermal 

energy potential. Despite of commerciality challenge and high risk, EGS is still considered as one 

of the future US clean energy resources. 
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Figure 1.1 Circum-Pacific “Ring of Fire” (Kious and Tilling 2016). 

 

Conventional hydrothermal systems have three key elements: heat, fluid, and permeability 

in the reservoir. An EGS reservoir does not have sufficient fluid saturation or natural permeability, 

it only contains a hot rock. To extract the thermal energy, an artificial reservoir has to be created 

by injecting fluid into the targeted formation, which then re-opens the natural fractures and/or 

create new induced fractures. The injected fluid will be produced from producer well(s), which is 

hydraulically connected to the injection well (US DOE 2012). 

Like the characteristics of unconventional shale oil and gas reservoirs, EGS reservoir has 

very low matrix permeability. Core measurements by Wang et. al. (2016) revealed matrix 

permeability in welded tuff rocks in the range of micro to nano-Darcy. Hydraulic conductivity 
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creation in EGS reservoirs can be accomplished utilizing the recent advancements accomplished 

in science and engineering technologies that have been successfully developed and implemented 

in shale gas and tight oil reservoirs. Prior research conducted by Hu and Tutuncu (2016) presented 

an understanding on the characteristics of the use of unconventional reservoir technologies in EGS 

applications and implemented a coupled geomechanics and fluid flow model using commercial 

hydraulic fracturing component commonly used in shale reservoir for implementation in EGS 

reservoirs. They have studied the role of in-situ stress state, discrete fracture network, fracturing 

fluid and proppant properties for an EGS feasibility study. The results of this modeling study 

indicated that when designing for EGS wells, the connectivity between the hydraulic fractures and 

natural fractures for sustaining the desired heat production in the EGS operations strongly depends 

on the unique reservoir characteristics of the geothermal formations. The key characteristics 

include the formation lithology, in-situ stress state, pore pressure and natural fracture density and 

distribution that incorporates fracture orientation as well as proper fracturing fluid viscosity, 

proppant concentration, pump rate, and well spacing.  

 

1.2 Motivation and Objectives 

In unconventional shale gas and tight oil developments, coupling horizontal drilling with 

hydraulic fracturing are the key advancement implemented for economically viable and 

environmentally safe operations. The amount of hydrocarbons produced from shale reservoirs can 

be increased with applications of multistage tensile fracturing with zonal isolation, enhancing 

permeability with slickwater, fracture propping (better proppant transport), and increasing 

wellbore and reservoir contact (horizontal drilling) (King 2010). In this research study, an 

investigation is carried out for hydraulic fracture creation in the presence of natural fractures, the 

natural fracture-induced fracture interactions with associated alterations in the in situ stress state 

for a better design and development of EGS reservoirs. 

An EGS system is based on a combination of conductive heat transport from the rock 

matrix to the fractures and convective heat transport through the fracture network to the flowing 

fluids in the system. Although it is practical to apply the same well completion and reservoir 

simulation techniques into EGS after optimum stimulation design through numerical simulation 

studies, engineers have to implement different formation characteristics from unconventional oil 
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and gas reservoir applications in order to effectively apply the same technologies in EGS 

applications.  

U.S. Department of Energy’s (DOE) Geothermal Technologies Office (GTO) has been 

funding several EGS demonstration projects. The demonstration projects were identified into three 

categories:  

1. In-field, the EGS wells are categorized as sub-commercial well inside existing 

hydrothermal fields: Desert Peak and Bradys EGS fields are examples for this category;  

2. Near field, the wells are located on the margins of the existing hydrothermal fields: Geysers 

and Raft River EGS fields are categorized as near field type; and  

3. Greenfield, there is no existing geothermal exploitation in these wells: Newberry EGS field 

is considered in this category. 

The five-demonstration projects were carried using different stimulation strategy. The 

purpose of selecting different stimulation techniques came from testing better workflow, lowering 

risk and cost, and promoting EGS strategy as reservoir enhancement methodology in the existing 

and development fields (Hollet 2013). 

The stimulations were performed in a long open-hole interval of vertical or deviated wells, 

which intersects abundance of natural fractures. Water was injected with pressure right below 

minimum horizontal stress for a long period of time to induce slip on pre-existing fractures. This 

concept is called shear stimulation or hydroshearing. It was observed in several EGS stimulation 

studies that often the injection pressure is higher than the minimum horizontal stress, allowing new 

fracture creation and propagation away from the wellbore (McClure and Horne 2014). Therefore, 

hydraulic fracturing stimulation is another mechanism. Comparing to the hydraulic fracturing in 

oil and gas well applications, the main difference of shear stimulation is that the EGS wells are not 

perforated prior to the fluid injection and it is currently performed in vertical or deviated wells.  

A summary of the EGS demonstration projects in the US is presented in Table 1.1. As has 

been discussed, the stimulation interval on every project is quite long with the longest ones being 

on Desert Peak and Newberry EGS wells. The minimum horizontal stress is also high, indicating 

a hard rock as a typical low-permeability EGS reservoir. Three of the five demonstration-project 
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wells have become commercial wells: Desert Peak, Geysers, and Raft River. There are two key 

parameters for making the wells commercial: achieving commercial injectivity and hydraulic 

connection to adjacent producer well(s). With an exception of Desert Peak EGS, cold water was 

used in Geysers and Raft River, allowing thermal contraction besides the hydraulic or shear 

stimulation (Chabora and Zemach 2013; Bradford et al. 2015; and Garcia et al. 2016). In Desert 

Peak, acid stimulation was also used among various stimulation strategies implemented in the 

demonstration projects (Chabora and Zemach 2013). 

 

Table 1.1 Review and comparison of EGS Demonstration Projects in the US 

EGS Project 

Site 

Desert Peak, 

NV 
Brady’s, NV Geysers, CA 

Raft River, 

ID 

Newberry, 

OR 

Maximum 

Reservoir 

Temperature 

400 oF (Drakos 

2010a) 

400 oF (Drakos 

2010b) 

750 oF 

(Walters 2013) 

282 oF (Moore 

2010) 

600 oF (Petty 

2015) 

Stimulation 

Interval 

3000-3500 ft 

(shallow), then 

extended to 

3000-5800 ft 

(extended) 

(Benato et al. 

2016) 

4245-5096 ft 

(Drakos 

2010b) 

7800-11143 ft 

(Walters 2013) 

5551-5932 ft 

(Moore and 

McLennan 

2013) 

6272-9990 ft 

(Cladouhos et 

al. 2016) 

Injection 

Fluid 

180 oF of 

brine, chmical, 

and pulse 

(Chabora and 

Zemach 2013) 

Water (Drakos 

2010b) 

Cold water 

(Garcia et al. 

2016) 

55 oF of water 

(Bradford et 

al. 2015) 

Water 

(Cladouhos et 

al. 2016) 

Minimum 

Horizontal 

Stress (SHmin) 

1995 ± 50 psi 

at 3054 ft 

(Hickman and 

Davatzes 

2010) 

2420 psi at 

4245 ft 

(Drakos and 

Akerley 2015) 

3480 psi at 

well depth 

(Walters 2013) 

3050-3200 psi  

at 5168ft TVD 

(Moore and 

McLennan 

2013) 

0.86 psi/ft or 

5379 psi at 

6272 ft 

(Cladouhos et 

al. 2016) 

Baseline 

Injectitivity 

0.012 gpm/psi 

(Chabora and 

Zemach 2013) 

0.047 gpm/psi 

(Drakos and 

Akerley 2015) 

3.07 gpm/psi 

(Garcia et al. 

2016) 

0.16 gpm/psi 

(Bradford, et 

al. 2017) 

0.02 gpm/psi 

(Cladouhos et 

al. 2016) 

Commercial 

Injectivity 

1 gpm/psi 

(Chabora and 

Zemach 2013) 

10 gpm/psi 

(Drakos and 

Akerley 2015) 

N/A 

500 gpm 

(target rate) 

(Moore and 

McLennan 

2015) 

N/A 

Post-

Stimulation 

Injectivity 

2.1 gpm/psi 

(Chabora and 

Zemach 2013) 

1.4 gpm/psi 

(Drakos and 

Akerley 2015) 

5.71 gpm/psi 

(Garcia et al. 

2016) 

1.73 gpm/psi 

(Bradford, et 

al. 2017) 

0.05 gpm/psi 

(Petty 2015) 
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The previous stimulation and modeling study carried out by Hu and Tutuncu (2016) has no 

field verification. The current study is a continuation of the prior research with specific well site 

and field data to implement the most realistic model and optimization and model verification. From 

the five-EGS demonstration project data which are available in Geothermal Data Repository 

(GDR), the data set from Newberry EGS field is the most complete. Geophysical logs, lithology 

analysis, image log, well completion, seismic event, well head pressure (WHP) and flowrate, as 

well as temperature are among the data available in the GDR. In this study, the stimulation design 

is performed using geological data from the site and surrounding area. Geological and geophysical 

models will also be incorporated to minimize uncertainty in suggesting production well location. 

Primary objectives of this research study are as follows: 

a. to obtain the available geologic model of Newberry field and utilize it in the hydraulic 

fracturing or hydroshearing optimization  

b. to replicate stimulation program that had been performed in Newberry EGS well by 

creating conceptual complex-fracture (complex DFN) models 

c. to give recommendation for optimizing stimulation program and production strategy from 

the fracture propagation model. 
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CHAPTER 2 

LITERATURE REVIEW 

 In this chapter, baseline theories related or utilized in this study are presented. 

Determination of in situ stress information, fluid flow in naturally fractured reservoir and 

fracturing mechanisms, as well as specific information about the field studied are explained.  

2.1 Determination of Horizontal Principal Stress Orientation 

 In situ stress state knowledge in reservoir is a fundamental parameter in the development 

of conventional and unconventional resources. By definition, stress is a force acting over a given 

area. Stress is a tensor, which illustrates forces acting to surfaces from all directions. In classical 

continuum mechanics, stresses acting on a homogeneous and isotropic body are described by a 

third order matrix. 

 𝑺 = [𝑆11 𝑆12 𝑆13𝑆21 𝑆22 𝑆23𝑆31 𝑆32 𝑆33] (2.1) 

Less number of unknown parameters is beneficial for implementation. While 𝑆11, 𝑆22, and 𝑆33 are the principal stress, shear traction of 𝑆12, 𝑆13, 𝑆21, 𝑆23, 𝑆31, and 𝑆32 can be transformed in 

order to have stationary values (Figure 2.1). When the body is at equilibrium, 𝑆12 =  𝑆21, 𝑆23 =𝑆13, and 𝑆31 = 𝑆31. If one of the principal stresses is known, the other two stresses can be defined, 

and the transformation can be performed as presented in Figure 2.1 (b). By specifying the direction 

cosines (matrix A), then, the principal stresses correspond to the eigenvalues of the diagonalized 

stress tensor. In the same way, the principal stress directions correspond to its eigenvectors.  

 𝑺′ = 𝑨T𝑺𝑨 = [𝑆1 0 00 𝑆2 00 0 𝑆3] (2.2) 

This stress transformation concept is very important. Once in situ stresses are known, it can be 

transformed, from field coordinate system to the geographic coordinate system and/or wellbore 

coordinate system.  
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Figure 2.1 Stress tensor in arbitrary Cartesian coordinate system (a), rotation of coordinate 

systems through tensor transformation (b), and principal stresses (c) (modified from  

Zoback 2007). 

 

 It is generally a valid assumption to state that one of the principal stresses is vertical. This 

assumption has been investigated in detail by McGarr and Gay (1978) and further discussed by 

Brudy et al. (1997) to validate the assumption. McGarr and Gay (1978) collected around 70 stress 

measurement data and showed that the vertical stress is typically oriented in vertical to 30o 

inclination. The data was collected mostly at mining sites with complex geology, and they argued 

that it is not surprising to have vertical stress deviated from vertical in such complex scenarios. In 

addition, Brudy et al. (1997) suggested that vertical stress (𝑆𝑣) is one of the principal stresses using 

observation of nearly vertical drilling-induced tensile fractures in a number of wells. As this 

assumption is typically correct, other principal stresses are in the horizontal plane. 

 There are several ways to confirm the orientation of the horizontal principal stresses. 

Zoback (2007) refers at least five methods: stress-induced wellbore breakout observations, stress-

induced tensile wall fracture observations, hydraulic fracturing tests, earthquake focal plane 

mechanisms analysis, and shear velocity anisotropy observations. Stress-induced wellbore failure 

analysis is commonly used by drilling engineers for drilling fluid optimization and wellbore 
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integrity analysis. This analysis is performed by transforming stresses from field coordinate system 

into wellbore coordinate system. 

2.1.1 Stress Around A Vertical Wellbore 

In vertical wells, stress concentration around a wellbore is described by the Kirsch 

equations, illustrated in Figure 2.2. 𝜎𝑟 is radial stress created by mud or fluid pressure inside the 

wellbore, 𝜎𝜃 is hoop or tangential stress, 𝜏𝑟𝜃 is shear stress due to radial and hoop stresses, while 𝜎𝑥𝑥 and 𝜎𝑦𝑦 are the two horizontal stresses (correspond to 𝑆𝐻𝑚𝑎𝑥 and 𝑆ℎ𝑚𝑖𝑛, respectively). Then, 𝑎 is the radius of the wellbore, 𝑟 is a distance from the center of the wellbore to any point outside 

of the wellbore, and 𝜃 is radial angle measured from 𝑆𝐻𝑚𝑎𝑥 direction. These parameters are solved 

by assuming that the rock body is linearly elastic, homogenous, and isotropic. In 3D, including 

vertical stress from overburden pressure, the solutions in the form of third order matrix similar to 

Equation 2.1. There are six parameters, which need to be specified. They are defined by Equations 

2.3-2.8. 

 

 

Figure 2.2 Diagram of the Kirsch equations to calculate stresses and displacements around a 

circular excavation (modified from Tutuncu 2018). 
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𝜎𝑟 = 𝜎𝑥𝑥 + 𝜎𝑦𝑦2 [1 − (𝑎𝑟)2] + 𝜎𝑥𝑥 − 𝜎𝑦𝑦2 [1 + 3 (𝑎𝑟)4 − 4 (𝑎𝑟)2] cos 2𝜃
+ 𝜏𝑥𝑦 [1 + 3 (𝑎𝑟)4 − 4 (𝑎𝑟)2] sin 2𝜃 − ∆𝑃𝑤 (𝑎𝑟)2

 

(2.3) 

𝜎𝜃 = 𝜎𝑥𝑥 + 𝜎𝑦𝑦2 [1 + (𝑎𝑟)2] − 𝜎𝑥𝑥 − 𝜎𝑦𝑦2 [1 + 3 (𝑎𝑟)4] cos 2𝜃
+ 𝜏𝑥𝑦 [1 + 3 (𝑎𝑟)4] sin 2𝜃 − ∆𝑃𝑤 (𝑎𝑟)2 − 𝜎𝜃∆𝑇 

(2.4) 

𝜎𝑧 = 𝜎𝑧𝑧 − 2𝜈 (𝜎𝑥𝑥 − 𝜎𝑦𝑦) (𝑎𝑟)2 cos 2𝜃 − 4𝜈 𝜏𝑥𝑦 (𝑎𝑟)2 sin 2𝜃 (2.5) 

𝜏𝜃𝑧 = (𝜏𝑦𝑧 cos 𝜃 − 𝜏𝑥𝑧 sin 𝜃) [1 + (𝑎𝑟)2 ] (2.6) 

𝜏𝑟𝑧 = (−𝜏𝑥𝑧 cos 𝜃 + 𝜏𝑦𝑧 sin 𝜃) [1 − (𝑎𝑟)2 ] (2.7) 

𝜏𝑟𝜃 = (𝜎𝑥𝑥 + 𝜎𝑦𝑦2 sin 2𝜃 + 𝜏𝑥𝑦 cos 2𝜃) [1 − 3 (𝑎𝑟)4 + 2 (𝑎𝑟)2 ] (2.8) 

The ∆𝑃𝑤 in Equation 2.1 is the difference between pore pressure (𝑃𝑝) and wellbore fluid pressure 

(mud hydrostatic pressure, 𝑃𝑚). The 𝜎𝜃∆𝑇 in Equation 2.4 represents thermal stresses due to 

difference of the mud temperature and the formation temperature (∆𝑇 with cooling effect has 

positive value). 𝜈 in Equation 2.5 is Poisson’s ratio. 𝜎𝑧𝑧 represents vertical stress (𝑆𝑣) in stress field 

coordinate system. The 𝜏 are shear stresses and the 𝜎 notation represents effective stress, which is 

defined as, 

 𝜎𝑖 = 𝑆𝑖 − 𝛼𝑃𝑝 (2.9) 𝛼 is Biot’s coefficient and 𝑃𝑝 is pore pressure.  

Evaluating stresses state at the wellbore wall, 𝑟 is equal to 𝑎 and 𝑎 𝑟⁄ = 1. Then, Equations 

2.3-2.8 are rewritten in Equations 2.10 through 2.15. 

 𝜎𝑟 = −∆𝑃𝑤 = −(𝑃𝑝 − 𝑃𝑚) = 𝑃𝑚 − 𝑃𝑝 (2.10) 

 𝜎𝜃 = 𝜎𝑥𝑥 + 𝜎𝑦𝑦 − 2(𝜎𝑥𝑥 − 𝜎𝑦𝑦) cos 2𝜃 + 4𝜏𝑥𝑦 sin 2𝜃 − ∆𝑃𝑤 − 𝜎𝜃∆𝑇 (2.11) 

 𝜎𝑧 = 𝜎𝑧𝑧 − 2𝑣 (𝜎𝑥𝑥 − 𝜎𝑦𝑦) cos 2𝜃 − 4𝑣 𝜏𝑥𝑦 sin 2𝜃 (2.12) 
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 𝜏𝜃𝑧 = 2(𝜏𝑦𝑧 cos 𝜃 − 𝜏𝑥𝑧 sin 𝜃) (2.13) 

 𝜏𝑟𝑧 = 0 (2.14) 

 𝜏𝑟𝜃 = 0 (2.15) 

Except the radial stress, the other stresses are a function of azimuth radial angle (𝜃) which is 

measured from maximum horizontal stress direction (𝑆𝐻𝑚𝑎𝑥). A general representation of stress 

around a vertical wellbore wall is illustrated in Figure 2.3. It evident that the tangential stress in 

the direction of 𝑆𝐻𝑚𝑎𝑥 is low, while 90o away in the direction of 𝑆ℎ𝑚𝑖𝑛, the tangential stress has 

the highest magnitude.  

 

 

Figure 2.3 Stress profile at a wellbore wall. 

 

2.1.2 Stress around a Deviated Wellbore 

 A detailed theoretical study on stress field around an arbitrarily oriented borehole had been 

conducted independently by Hiramatsu and Oka (1968) and Fairhurst (1968). Their theory was 

applied for inclined borehole stability evaluation by Bradley (1979) through adjusting the mud 

weight used. Baumgärtner et al. (1989) and Bui and Tutuncu (2013), transformed the coordinate 
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system from stress field to the wellbore axis aligning wellbore with the coordinate axis as presented 

in Figure 2.4. 

 

 

Figure 2.4 Wellbore orientation and coordinate system transformation from stress field 

coordinate system to wellbore wall coordinate system (modified from Baumgärtner et al. 1989). 

 

Rearranging the stress transformation in Figure 2.4, the transformed equations are rewritten 

in Equations 2.16 through 2.21. 

 𝜎𝑥𝑥 = (𝜎𝐻 cos2 𝜑 + 𝜎ℎ sin2 𝜑) cos2 𝛾 + 𝜎𝑣 sin2 𝛾 (2.16) 

 𝜎𝑦𝑦 = 𝜎𝐻 sin2 𝜑 + 𝜎ℎ cos2 𝜑 (2.17) 

 𝜎𝑧𝑧 = (𝜎𝐻 cos2 𝜑 + 𝜎ℎ sin2 𝜑) sin2 𝛾 + 𝜎𝑣 cos2 𝛾 (2.18) 

 𝜏𝑥𝑦 = (𝜎ℎ − 𝜎𝐻) sin 𝜑 cos 𝜑 cos 𝛾 (2.19) 

 𝜏𝑦𝑧 = (𝜎ℎ − 𝜎𝐻) sin 𝜑 cos 𝜑 sin 𝛾 (2.20) 

 𝜏𝑧𝑥 = (𝜎ℎ sin2 𝜑 + 𝜎𝐻 cos2 𝜑 − 𝜎𝑣) cos 𝛾 sin 𝛾 (2.21) 
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In these equations, 𝜑 is wellbore deviation angle from 𝑆𝐻𝑚𝑎𝑥 direction and 𝛾 is wellbore 

inclination angle. If stresses in wellbore axis coordinate of Equations 2.16-2.21 are substituted to 

Equation 2.10-2.13, they will be stresses around a deviated wellbore wall. In a deviated wellbore, 

the radial angle (𝜃) is no longer measured from 𝑆𝐻𝑚𝑎𝑥 direction but always from the direction of 

lowest side of the wellbore cross-section (“looking down” from top view) (Zoback 2007). 

2.1.3 Failure of Deviated-Wellbore Wall 

To evaluate failure at a deviated-wellbore wall, stress transformation from stress field 

coordinate system to wellbore axis coordinate system should be conducted first. Then, Kirsch’s 

equations (Equation 2.10-2.15) can be utilized. In this case, there are two tangential stresses, 

maximum and minimum tangential stress (𝜎𝜃𝑚𝑎𝑥 and 𝜎𝜃𝑚𝑖𝑛) (Baumgärtner et al. 1989; Peška and 

Zoback 1995). Then tensile failure and compressive failure are evaluated in the new coordinate 

system.  

 𝜎𝜃𝑚𝑎𝑥 = 12 (𝜎𝑧 + 𝜎𝜃 + √(𝜎𝑧 − 𝜎𝜃)2 + 4𝜏𝜃𝑧2 ) (2.22) 

 𝜎𝜃𝑚𝑖𝑛  = 12 (𝜎𝑧 + 𝜎𝜃 − √(𝜎𝑧 − 𝜎𝜃)2 + 4𝜏𝜃𝑧2 ) (2.23) 

 𝜎1 = max(𝜎𝑟 , 𝜎𝜃𝑚𝑎𝑥 , 𝜎𝜃𝑚𝑖𝑛) (2.24) 

 𝜎3 = min(𝜎𝑟 , 𝜎𝜃𝑚𝑎𝑥 , 𝜎𝜃𝑚𝑖𝑛) (2.25) 

Assuming the medium is linear elastic, homogenous with isotropy, and considering Mohr-

Coulomb failure criterion, tensile failure occurs when the minimum effective stress (𝜎3) is less 

then the tensile strength of the rock (𝑇𝑠). The latter is called Tensile Failure Criterion (TFC). 

 𝑇𝐹 = 𝜎3 + 𝑇𝑠 (2.26) 

 𝑇𝐹𝐶 ≤ 0 (2.27) 

Compressive failure is anticipated when the Mohr circle surpasses the failure line with the 

use of Mohr-Coulomb diagram. Shear Capacity Utilization (SCU) is derived from the failure 

diagram presented in Figure 2.5 (Tutuncu 2018). The compressive failure is expected to occur 
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when the value is greater than one, denoted as the Compressive Failure Criterion (CFC). 𝑆𝑜 is 

cohesion and 𝜙 is internal friction angle of the rock. 

𝑆𝐶𝑈 = 𝜏𝜏𝑚𝑎𝑥 = 12 (𝜎1 − 𝜎3)𝑆𝑜 cos 𝜙 + 12 (𝜎1 + 𝜎3) sin 𝜙 (2.28) 

 𝐶𝐹𝐶 ≥ 1 (2.29) 

 

 

Figure 2.5 Mohr-Coulomb failure criterion evaluated for Shear Capacity Utilization (SCU) 

(modified from Tutuncu 2018). 

 

2.1.4  Failure Analysis and Determination of Horizontal Principal Stress Orientation 

Compressive failure in wellbore wall is identified by the stress-induced breakout 

observations (Figure 2.6a), while tensile failure is recognized by the stress-induced tensile wall 

fractures (Figure 2.6b). Modeling and experimental study of these failures by Guenot (1989) and 

Haimson (2007) found out that instead of creating an oval shape, breakout tends to grow deeper 

and not wider. Guenot (1989) also pointed out that different principal stresses ratios can result in 

different types of failures. In vertical wells, the breakout always occurs at the direction of 𝑆ℎ𝑚𝑖𝑛. 

On the other hand, tensile wall-fracture always occur in 𝑆𝐻𝑚𝑎𝑥 orientation. Based on the failure 
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model discussed previously, breakout is expected to occur when SCU surpassed the criterion 

(Figure 2.6a bottom) and tensile wall fracture is predicted to occur when the tensile failure is less 

than the criterion (Figure 2.6b bottom). 

 

Figure 2.6 Two-different failure criteria and their occurrence in a wellbore, stress-induced 

wellbore breakout (a) and stress-induced tensile wall fracture (b). 

 

In deviated wellbores, stress induced breakout and tensile wall-fracture locations change 

relative to the in situ stress regime and the borehole deviation angle. Using failure model and image 

log data, Peška and Zoback (1995) presented the possibility of breakout and tensile wall-fracture 

orientation for several cases. Generally, the orientation for a specific case can be predicted simply 

from the failure analysis as the charts illustrated in the bottom of Figure 2.6.  
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Regarding compressive failure, Zoback (2007) discussed several modes of compressive 

failure and argued that, compressive failure will always produce a breakout in the direction of 𝑆ℎ𝑚𝑖𝑛 (conventional breakout, mode B compressive failure). Several modes of compressive 

wellbore failures are presented in Table 2.1.  

 

Table 2.1 Several modes of compressive wellbore failure (Zoback 2007) 

Mode 𝝈𝟏 𝝈𝟐 𝝈𝟑 Comment 

B 𝜎𝜃 𝜎𝑧 𝜎𝑟 Conventional breakout 

X 𝜎𝑧 𝜎𝑟 𝜎𝜃 
Forms on opposite side of well as a conventional breakout but the 

failed rock will not fall into the wellbore as 𝜎𝑟 ≡ 𝜎2 

Z 𝜎𝑧 𝜎𝜃 𝜎𝑟 Results in failure all the way around the wellbore 

X2 𝜎𝜃 𝜎𝑟 𝜎𝑧 
Requires high mud weights. Failed rock will not fall into the 

wellbore as 𝜎𝑟 ≡ 𝜎2 

R1 𝜎𝑟 𝜎𝑧 𝜎𝜃 Requires unreasonably high mud weights 

R2 𝜎𝑟 𝜎𝜃 𝜎𝑧 Requires unreasonably high mud weights 

 

2.1.5 Temperature Effect 

The temperature difference between the formation and the mud can contribute toward 

compressive or tensile failure. If the mud temperature is lower than formation temperature, thermal 

stress adds to the stress concentration around the wellbore to become more tensile. Conversely, if 

the mud has higher temperature than the formation, stress concentration around the wellbore 

becomes more compressive. 

Even though the temperature-effect depends on time, Stephens and Voigt (1984) 

approximated the exact solution from Ritchie and Sakakura (1956) for a linear solution. The 

approach is assuming linear elastic, isotropic, and impermeable material. Then, the change in hoop 

stress is given by, 

𝜎𝜃∆𝑇 = 𝛽𝑡𝐸∆𝑇1 − 𝜈  (2.30) 

Where 𝛽𝑡 is linear expansion coefficient (oF-1 or oC-1), 𝐸 is Young’s modulus (MPa or psi), and ∆𝑇 is borehole temperature change (e.g. before and after drilling).  
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2.2 Stress Magnitude Limitation on Various Stress Regimes using Frictional Faulting 

Theory 

 The maximum (𝑆1), intermediate (𝑆2), and minimum (𝑆3) stresses represent 𝑆𝑣, 𝑆𝐻𝑚𝑎𝑥, and 𝑆ℎ𝑚𝑖𝑛. Anderson’s (1951) classification of tectonic stress regimes characterizes a subsurface body 

as normal, strike-slip, or reverse faulting as illustrated in Figure 2.7.  

 

Figure 2.7 Anderson’s classification for tectonic stress regime in normal, strike-slip, and reverse 

faulting regions (modified from Tutuncu 2018). 

 

When drilling a deviated or horizontal well, the well should be oriented in 𝑆ℎ𝑚𝑖𝑛 direction 

as also shown in Figure 2.7. This is accommodating the least risk of instability and desired 

hydraulic fracture propagation in a normal faulting regime. In a normal faulting regime, the fault’s 

strike is oriented in the direction of 𝑆𝐻𝑚𝑎𝑥 and steeply dipping, accommodates movement of the 

hanging wall. A fault, which has strike orientation oblique to direction of the horizontal principal 

stress, is created in strike-slip faulting regimes, while in reverse faulting scenario, the rock body 

is in high compression and relatively shallow-dipping fault is produced. 
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 Frictional resistance to sliding in the presence of cracks, joints, beddings, and minor 

faulting is the key concept to estimate the limit of the stress magnitudes (Jaeger et al. 2007). 

Amontons’ law of coefficient of frictional sliding (𝜇) is defined as the ratio of shear stress and 

normal stress displayed in Equation 2.31. When it is implemented in Mohr-Coulomb linearized 

failure criterion, it can also be described using coefficient of internal friction (𝜇𝑖) and cohesion 

(𝑆𝑜) as shown in Equation 2.32. 𝜏𝜎𝑛 = 𝜇 (2.31) 

 𝜏 = 𝑆𝑜 + 𝜎𝑛𝜇𝑖 (2.32) 

 𝜇𝑖 = tan(𝜙) (2.33) 

Cohesion is a function of uniaxial/unconfined compressive strength (UCS or 𝐶𝑜). 

𝑆𝑜 = 𝐶𝑜2 1 − sin 𝜙cos 𝜙  (2.34) 

Going back to the cohesionless case, the ratio of maximum to minimum effective principal 

stresses is given by Jaeger et al. (2007) in a fault system.  𝜎1𝜎3 = (√𝜇2 + 1 + 𝜇)2
 (2.35) 

This ratio can be expressed in different tectonic stress regimes, which is presented in Equations 

2.36 to 2.38. 

Normal faulting 
𝜎1𝜎3 = 𝑆𝑣 − 𝑃𝑝𝑆ℎ𝑚𝑖𝑛 − 𝑃𝑝 = (√𝜇2 + 1 + 𝜇)2

 (2.36) 

Strike-slip faulting 
𝜎1𝜎3 = 𝑆𝐻𝑚𝑎𝑥 − 𝑃𝑝𝑆ℎ𝑚𝑖𝑛 − 𝑃𝑝 = (√𝜇2 + 1 + 𝜇)2

 (2.37) 

Reverse faulting 
𝜎1𝜎3 = 𝑆𝐻𝑚𝑎𝑥 − 𝑃𝑝𝑆𝑣 − 𝑃𝑝 = (√𝜇2 + 1 + 𝜇)2

 (2.38) 

Using Equation 2.36 - 2.38 and knowing one of the principal stresses, the other principal stresses 

can be calculated. Besides that, pore pressure (𝑃𝑝) and coefficient of sliding friction (𝜇) need to be 

defined. 

Byerlee (1978) conducted experiments on varying types of faults in various rock types. He 

showed that at normal effective stress higher than ~ 1500 psi (10 MPa), friction on faults is 
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independent of surface roughness. He argued that even though the fault gouge is mineralized, like 

in montmorillonite or vermiculite, the friction can be very low, yet it may be strongly dependent 

on the composition of the gouge with a range of provided in Equation 2.39. 

 0.6 ≤ 𝜇 ≤ 1 (2.39) 

Zoback (2007) discussed the accuracy of the Equation 2.35 and Equation 2.39 using stress 

measurements around the world. However, in shaly formations friction coefficient can be very low 

between 0.15 to 0.3 (Tutuncu 2017). 

 

2.3 Stress Magnitude Determination  

Assuming 𝑆𝑣 as one of the principal stresses, it can be calculated by integrating bulk density 

(𝜌) log to obtain overburden magnitude. 

𝑆𝑣 = ∫ 𝜌 𝑔 𝑑𝑧𝑧2
𝑧1  (2.40) 

Where 𝑔 is gravity acceleration and 𝑧 is depth. 𝑆ℎ𝑚𝑖𝑛 can be determined from well test; hydraulic 

fracturing, leak-off tests, mini frac tests, or DFIT (Diagnostic Fracture Injection Testing). On the 

other hand, 𝑆𝐻𝑚𝑎𝑥 determination using well tests is quite difficult (Zoback 2007). First, when 

fractures initiate and propagate, it is in the direction of 𝑆𝐻𝑚𝑎𝑥 and stress in that direction is 

perturbed. Second, the assumption of Kirsch equations of perfect circular-hole (no washout) and 

homogeneous rock (no fracture) needs to be confirmed by image log observation. The last, the 

breakdown pressure is typically not be the fracture initiation pressure. 

In many cases, 𝑆𝐻𝑚𝑎𝑥 is estimated from stress-induced breakouts and tensile wall-fractures. 

However, knowing that there are possibility of several types of breakouts and tensile wall-fractures 

(also discussed in Bratton et al. (1999)), it is critical for engineers to be aware of the various 

breakout and fracture types in order to determine a proper methodology and relevant equations.  

2.3.1 Maximum Horizontal Stress Estimation from Stress-Induced Wellbore Breakouts 

The main assumption of this approach is that the hoop stress is equal to the UCS (𝐶𝑜) at 

the angle of breakout initiation tip (𝜃𝑏) in Figure 2.8 (Barton et al. 1988). Using Equation 2.12 for 

a vertical wellbore, 
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 𝜎𝜃 = 𝜎𝐻𝑚𝑎𝑥 + 𝜎ℎ𝑚𝑖𝑛 − 2(𝜎𝐻𝑚𝑎𝑥 − 𝜎ℎ𝑚𝑖𝑛) cos 2𝜃𝑏 − ∆𝑃𝑤 − 𝜎𝜃∆𝑇 = 𝐶𝑜 (2.41) 

 2𝜃𝑏 = 𝜋 − 𝑤𝑏𝑜 (2.42) 

Assuming Biot coefficient (𝛼) equal to 1 for brittle failure of intact rock, 

𝑆𝐻𝑚𝑎𝑥 = (𝐶𝑜 + 2𝑃𝑝 + ∆𝑃𝑤 + 𝜎𝜃∆𝑇) − 𝑆ℎ𝑚𝑖𝑛(1 + 2 cos 2𝜃𝑏)1 − 2 cos 2𝜃𝑏  (2.43) 

 

 

Figure 2.8. Schematic of stress-induced breakout showing breakout initiation tip angle (𝜃𝑏) 

which measured from 𝑆𝐻𝑚𝑎𝑥 direction. 

 

2.3.2 Maximum Horizontal Stress Estimation from Stress-Induced Tensile Wall Fractures 

Stress-induced tensile failure occurs at the minimum tangential stress direction which in 

the direction of 𝑆𝐻𝑚𝑎𝑥, 𝜃 equal to 0o and 180o. Solving Equation 2.12 and Coulomb’s tensile failure 

criteria in Equation 2.26, with 𝛼 equal to 1, 

 𝑆𝐻𝑚𝑎𝑥 = 3𝑆ℎ𝑚𝑖𝑛 − 2𝑃𝑝 − ∆𝑃 − 𝑇𝑠 − 𝜎𝜃∆𝑇 (2.44) 

Tensile wall fractures in deviated well is not always vertical. Peška and Zoback (1995) and 

Brudy et al. (1997) discussed that en echelon fractures (tensile fractures which deviated from 

wellbore axis, 𝜔) could form and can be modeled. 

𝜔 = 12 × atan [ 2𝜏𝜃𝑧𝜎𝑧 − 𝜎𝜃] (2.45) 
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Equation 2.45 can be used to estimate the magnitude of 𝑆𝐻𝑚𝑎𝑥 with iterative modeling (Zoback 

2007). Parameters which should be confirmed are the fractures position in the wellbore wall (𝜃), 

angle of tensile wall fracture, 𝜔, and a large presence of the en echelon fractures.  

 

2.4 Petrophysical Correlations to Estimate Mechanical Properties in Geothermal 

Formations 

 In the practice of the geothermal industry, it is necessary to keep the operational cost low, 

since price of the produced hot water is considerably cheaper than the produced oil or gas. Unless 

the well is a research and exploration well, formation logging is not always collected. The high 

temperature ranges also prevent tool applicability such as sonic and directional/horizontal drilling 

tools. Therefore, to obtain necessary information for building mechanical earth model for fracture 

simulation, several correlations need to be used utilizing available data.  

2.4.1 Elastic Properties 

Rybach and Buntebarth (1981) conducted experiments on about 100 crystalline rocks to 

find relationship density and seismic velocity. As illustrated in Figure 2.9, exponential relation is 

shown both between heat generation, 𝐴 and density, 𝜌 (Figure 2.9a) as well as between heat 

generation, 𝐴 and compressional wave velocity, 𝑉𝑝 (Figure 2.9b). Hence, compressional wave 

velocity and compressional slowness (DTC or ∆𝑡𝑝) can be estimated from density of the rock (𝜌). 

The relation is given in Equation 2.46. 

𝑉𝑝(𝑘𝑚 𝑠⁄ ) = 8.15𝜌(𝑔/𝑐𝑐) − 62.74  (2.46) 

In addition, to obtain shear wave velocity (𝑉𝑠), Poisson’s ratio can be assumed from 

lithology. It is a common practice to determine lithology from cuttings. Gercek (2007) compiled 

range of Poisson’s ratio on ~20 types of rocks (Figure 2.10). Then, dynamic Young’s modulus, 𝐸𝑑 

can be calculated from Equation 2.48. 

𝑉𝑠 = 𝑉𝑝𝜈  (2.47) 

𝐸𝑑(GPa) = 𝜌𝑉𝑠(3𝑉𝑝2 − 4𝑉𝑠2)𝑉𝑝2 − 𝑉𝑠2  (2.48) 
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To convert the dynamic to static Young’s Modulus, a conversion for igneous and 

metamorphic rock was given by King (1983). The parameters are taken from core sample 

experiments using Canadian shield rock. 

 𝐸𝑠(GPa) = 1.263 𝐸𝑑(GPa) − 29.5 (2.49) 
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Figure 2.9 Relationship between heat generation, 𝐴 and density, 𝜌 (a) and between heat 

generation, 𝐴 and compressional velocity, 𝑉𝑝 (b) (after Rybach and Buntebarth 1982). 
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Figure 2.10 Typical range of Poisson’s ratio value on several types of rock (Gercek 2007). 

 

2.4.2 Rock Strength  

Petrophysical correlation of rock strength to other properties are necessary to avoid 

geomechanical problems relevant to drilling operations. Chang et al. (2006) summarized empirical 

equations for UCS and internal friction angle (𝜇𝑖) obtained from compressional velocity, Young’s 

modulus, and porosity for sedimentary rocks. However, for igneous and metamorphic rocks, King 

(1983) provided the correlation between UCS and dynamic Young’s modulus (𝐸𝑑) as shown in 

Equation 2.50. 

𝑈𝐶𝑆 (MPa) = 4.31 (𝐸𝑑(GPa)10 )1.705
 (2.50) 
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Related to specific case study of Newberry EGS, Davatzes and Hickman (2011) had 

determined rock strength correlation from a rock sample in adjacent well to hundreds of rock 

strength data with similar lithology. 

 𝑈𝐶𝑆 (psi) = 13800 exp (−0.04744 ∙ 𝑃𝑂𝑅) (2.51) 

where POR is the total porosity. 

2.4.3 Rock Thermal Properties 

As had been discussed in section 2.1.5, linear thermal expansion is needed to account for 

thermal effect. Brudy et al. (1997) had shown that linear thermal expansion coefficient (𝛽𝑡) is 

highly dependent on quartz proportion of the rock. Quartz has thermal expansion coefficient of 

4.44 x 10-6 oF-1 (8.00 x 10-6 oC-1) while other minerals have 2.78 x 10-6 oF-1 (5.00 x 10-6 oC-1). Then 

the average thermal expansion coefficient from the mineral constituents is 

 𝛽𝑡 = 𝑐𝑜𝑛𝑡𝑞𝛽𝑞 + (1 − 𝑐𝑜𝑛𝑡𝑞)𝛽𝑜𝑡ℎ𝑒𝑟𝑠 (2.52) 

 

2.5  Fluid Flow and Permeability Enhancement in Naturally Fractured or Faulted 

Reservoirs 

A conceptual model for simulating fluid flow in naturally fractured porous media in 

petroleum applications was first introduced by Warren and Root (1963). The term double-porosity 

model (Figure 2.11a)  is used to describe that even primary porosity has big contribution to pore 

volume, secondary porosity from vugs and/or fractures have relatively more contribution to 

permeability and fluid flow. Suitable for application of geothermal reservoir, Pruess and 

Narasimhan (1985) promoted a generalization of this concept for numerical simulation of 

multiphase flow with heat transfer. In applying multiple interacting continua (MINC) approach by 

Pruess and Narasimhan (1985), fracture spacing and aperture have to be defined. The MINC 

method treats inter-porosity flow in a transient way. A numerical approximation is computed to 

the gradients (of pressure, temperature, etc.) which drive inter-porosity flow at the matrix-fracture 

contact. The concept involves partitioning the rock matrix into sub-continua (a nested volume 

element) based on the distance from the fractures (Figure 2.11b). In this dual-permeability model, 

there are three types of flow; flow between fractures, flow between matrix and fracture, and flow 

between matrices (e.g. handling conduction heat transport), while double-porosity model, handles 
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only flow between the fractures and matrix-fracture. This approach can be applied to not only the 

regular matrix blocks but also irregular grid blocks, which has fracture distributions (Pruess 1992). 

 

 

Figure 2.11 Flow types and connections in the double-porosity model (a) and dual-permeability 

model (b) (Pruess 1992). 

 

In terms of stimulation in unconventional-well, fluid flow for production after stimulation 

or hydraulic fracturing operation is simulated with new properties after hydraulic fracturing 

simulation is performed. Instead of using a numerical approach, hydraulic fracturing simulation is 

mostly approached semi-analytically or analytically. In the numerical approach, more data and 

parameters are needed to run the simulation, while in the semi-analytical or analytical approach, 

process of analysis is conducted to asses and then lay assumptions to solve the scientific 

phenomenon mathematically, in order to simplify the problem and efficiently run the simulation. 

Fundamentally, numerical approach also has some analytical conceptualization as part of the 

whole simulation process. In this case, more scientific phenomenon is included in form of 

separated solution, and then coupled to the simulation to solve the main equations. At the end, 

numerical approach is validated by comparing the result with the analytical solution, since 

analytical solution is proven correct (developed by observing the phenomenon and matching the 

key output parameters).  However, with cautious observation of the problem, numerical or at least 
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semi-analytical approach is preferable as those considered to be more scientific. Therefore, 

understanding the reservoir condition by analyzing the geologic condition is very critical before 

choosing the right model or software and running the simulation.  

Major hydraulic fracture simulations conducted for unconventional shale development in 

North America utilize planar 3D or pseudo 3D model instead of stimulated rock volume (SRV) 

concept. Field observations reported by Ratterman et al. (2017) in Eagle Ford formation, through 

coring three sidetracked-horizontal wells in stimulated rock volume (SRV) area showed that 

extensional tensile fractures were produced. Previous analysis of the baseline core and image log 

in adjacent-well showed only few natural fractures presence over 200 ft vertical interval. On the 

other hand, using data from Barnett Shale formation, Zoback et al. (2012) and Zoback and Snee 

(2018) argued that if abundance natural fractures are presence, the production will be higher and 

only critically stressed natural fractures will contribute to the production. Shear fracturing or slip 

on pre-existing natural fractures is believed to contribute toward high-production due to slick-

water injection. In the application of gas shale and EGS development, McClure and Horne (2014) 

introduced several possibility of stimulation mechanism; namely POM (pure opening mode), PSS 

(pure shear stimulation), PFSSL (primary fracturing with shear stimulation leakoff), and MMS 

(mixed-mode stimulation) (Figure 2.12). Choosing between one of these conceptual models 

depends on the geologic data availability and their interpretation. McClure (2012) suggested using 

image log and spinner survey data to investigate it. 

In the upcoming sections, several stimulation mechanisms, conceptual model related to the 

stimulation mechanisms, and software capability used in this study. Since the conceptual model is 

usually related to operational context and geologic information, unconventional shale and EGS 

operation will be discussed in detail.  

2.5.1 Tensile Fracturing 

 Tensile fracturing is a Mode-I (pure opening mode) crack deformation. Most of the 

hydraulic fractures in unconventional shale propagate based on this mode. If there is little or no 

presence of natural fractures, this mode is relevant. As it was observed by Ratterman et al. (2017), 

there are hydraulic fractures created due to perforating operation. Further, number of hydraulic 

fracture observed in the well closer to the stimulated well is greater than further from the well. It 

could be due to the effect of stress shadow or preferential tensile fractures to propagate longer, 
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leaving some of them to stay short (McClure 2012). McClure (2012) also argued that in very low 

matrix permeability, fluid leakoff should be negligible. However, it is a common practice that it is 

not neglected. The leakoff phenomenon could be associated to the fact that there is more than one 

hydraulic fracture formed per perforation cluster (based on observation by Ratterman et al. 2017). 

 

 

Figure 2.12 Schema for conceptual model for different type of stimulation mechanisms. Blue 

lines represent pre-existing natural fractures and red lines represent propagated tensile fractures 

(McClure 2012). 

 

In normal and strike-slip faulting regime, the hydraulic fracture will propagate vertically 

(or nearly vertical) in the direction of 𝑆𝐻𝑚𝑎𝑥 (might be oblique in strike-slip faulting regime), while 

in reverse faulting regime, it will propagate horizontally (or nearly horizontal). Several models for 

tensile fracturing in normal faulting regimes are as follows:  

• 2D model: PKN (Perkins-Kern-Nordgren), KGD (Khristianovich-Geertsma-DeKlerk), and 

Penny-Fracturing. 

• 3D model: Planar 3D, Pseudo-3D (P3D) 

• Lumped parameter model 

In the 2D model, Valko and Economides (1995) suggested that if the hydraulic fracture is clearly 

bounded by lithology or distinct stress features (e.g. over-pressured zone), fracture height 



29 

containment could be approximated using the PKN model, while relatively uncontrolled fracture 

height can be modeled using KGD model. Meanwhile, for 3D model, P3D model is more widely 

used as it has significantly lower computational time (Weng 2015).  

2.5.2 Shear Fracturing  

 Shear fracturing is defined as sliding or slip in pre-existing fractures, in the form of Mode-

II or Mode-III crack propagation. Thick fault zones or large faults intersecting the wellbore is a 

precondition of shear fracturing in low permeability matrix (McClure and Horne 2014). Moreover, 

if there is mineralization in the fault, which is observed as large aperture of fracture in image logs, 

pure shear stimulation is likely to be failed and could be mixed with tensile fracturing, as there is 

buildup pressure. From many image log measurements in EGS operations around the world, thick 

faults are observed (McClure and Horne 2014) and it is also common in conventional geothermal 

wells. In the EGS operation studied in this research, shear fracturing or hydroshear is assumed to 

be the case. Fluid is injected at a pressure below 𝑆ℎ𝑚𝑖𝑛 in long period of time to reopen or slide 

the pre-existing natural fractures. However, from several EGS demonstration project presented 

before, bottom-hole pressure (BHP) is likely to be higher than the 𝑆ℎ𝑚𝑖𝑛 magnitude. 

 Tensile fracture propagation across a pre-existing fracture (could be micro or small crack, 

joint, or fault), whether it will cross, arrest, or offset due to shear on pre-existing fracture was 

studied by many researchers (Blanton 1982; Warpinski and Teufel 1987; Thiercelin and Makkhyu 

2007; and Gu and Weng 2010). Several scenarios of hydraulic fracture and natural fracture 

interaction are presented in Figure 2.13. Gu and Weng (2010) derived a criterion for the 

interactions based on the stress ratio, coefficient of friction, and intersection angle to determine if 

the hydraulic fracture will cross over the existing natural fracture or cease. Weng et al. (2011) 

showed that applying the criterion could be used to simulate complex fracturing with incorporating 

discrete fracture network (DFN) model.. This criterion is included in both Kinetix-PetrelTM 2017.4 

and CFRAC v1.3 that were used in the fracture propagation modeling in this study. 

2.5.3 Thermal Fracturing 

 Thermal fracturing improves stimulation performance in EGS operations. Cold-water 

injected encounters high temperature formation resulting temperature difference which will induce 

thermal tensile stress. Even in the absence of high-pressure injection, this thermal stress produce 
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cracks that will grow wider over time (Figure 2.14). In the context of unconventional shale 

stimulation, temperature effect is typically not considered as primary fracturing driving 

mechanism yet has been included in fracturing fluid and proppant property determination. 

In EGS formations, which usually are characterized as igneous, metamorphic, or crystalline 

rock, the mineral structure and thermal properties give the benefit of higher permeability and 

porosity evolution (Eggertsson et al. 2018). Thermal shock, cold-water injection over short period, 

is also believed to contribute the increase. If the fluid injected continuously, equilibrium system is 

gradually formed, but if the rock wall, which in contact with the fluid is let to heat up, effect of 

temperature difference will be larger. However, more time is needed to recover the temperature 

and intermittent injection is needed. Despite the drawback, this type of stimulation technique is 

proven to be successfully used stimulating many wells in conventional geothermal fields with low 

permeability (Axelson et al. 2006; Grant et al. 2013). 

 

 

Figure 2.13 Top view of horizontal well with hydraulic fracture propagation intersecting pre-

existing fracture in different scenarios (Weng 2015). 
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From the presented EGS demonstration projects, Geysers (Garcia et al. 2016) and Raft 

River (Bradford et al. 2015; Bradford et al. 2017) are two projects which were designed to test this 

concept. Yet, as discussed before, the thermal fracturing is mixed with the effect of injection 

pressure greater than 𝑆ℎ𝑚𝑖𝑛 (Rutqvist et al. 2016; Bradford et al. 2017). Cold water is injected 

continuously over several months into the shear zone or into a thick fault zone and significant 

injectivity improvement has been obtained. 

 

 

Figure 2.14 Backscattered electron (BSE) image of felsite rock when pre-existing fracture is 

present and thermal fracturing has been introduced. Fracture growth as thermal fracturing effect 

has minor or inter-granular cracks growing outside of the main fracture (Eggertsson et al. 2018). 

    

2.5.4 Critically-Stressed Fault or Natural Fracture 

 Critically-stressed-fault hypothesis has been introduced by Barton et al. (1995). Pre-

existing fractures, which are visible from in image log observations is are not necessarily to 

contribute for toward enhancement of the fluid flow. Only the fractures, which are optimally 

oriented to in the current stress field, have been proven to have bigger larger contribution to the 

fluid flow. Analysis methods to determine it the flow has have been developed from using shear 

fracturing principle using with Mohr-Coulomb failure diagram criterion (Figure 2.15) and 

Equation 2.53. 

 𝜏 = 𝜇(𝑆𝑛 − 𝑃𝑝) (2.53) 
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𝑆𝑛 − 𝑃𝑝 represents effective normal stress, 𝜎𝑛. To calculate the shear and normal stress on 

arbitrary oriented plane, there are two methodologies: (a) by calculating shear and normal stress 

relative in terms of effective stress and fault plane orientation to the stress field as illustrated in 

Figure 2.15a (Jaeger and Cook 1971) and (b) by calculating shear and normal stress using stress 

transformation as shown Figure 2.15b (Zoback 2007). This hypothesis can be used for fracture 

analysis before assigning a DFN model. Hence, the number of fractures in the simulation can be 

reduced to speed up the simulation time. 

 

 

Figure 2.15 Diagram of shear and effective normal stress on arbitrarily oriented fault using 3D 

Mohr circle (a). Stress transformation to calculate shear and normal stress from stress field (b). 𝛽1 and 𝛽3 can be related physically to angles measured between 𝑆1 and 𝑆3 to the fault normal, 

respectively (Zoback 2007). 

 

2.5.5 Numerical Modeling 

 In choosing a commercially available numerical model for the research study presented 

here, several simulators have not been built with the same physical characteristics and modeling 

methodology. None of them were found to be perfectly suitable for capturing all the scenarios, but 

might be applicable for solving specific problems of interest. 

Kinetix ShaleTM (will be often called Kinetix in this report) is an integrated simulator as a 

plug-in for Petrel software platform by Schlumberger. Previously, it was called “MangroveTM”. It 

is designed for multi-stage completion and production evaluation for conventional and 

unconventional reservoirs. In application for complex fracturing with DFN fracture model 
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(referred to UFM, unconventional fracture model), a study has been conducted and several 

capabilities of the simulator have been tested in the model by Suppachoknirun (2016). In addition 

to the capability of simulation of the UFM model and prediction of hydraulic fracture-natural 

fracture interactions, other hydraulic fracture models (KGD, PKN, Planar 3D or PL3D, Pseudo 3D 

or P3D, and UFM or P3D with DFN model), stress shadow effect, fluid leak-off model, and 

unstructured grid for production have been incorporated in Kinetix. A mathematical model 

development and verification of the software has been presented by Weng et al. (2011), Gu et al. 

(2011), and Weng (2015). The DFN model can be assigned in two different ways: 

1. by statistical approach (assigning average fracture length, average spacing, average 

orientation, and their standard deviation), and 

2. using geological fracture model processed deterministically (if there is surface observation) 

or statistically using fracture intensity data obtained from image log observations. 

In the DFN model, cohesion, internal friction coefficient, and fracture toughness can be defined. 

A workflow for UFM model simulation is discussed by Suppachoknirun and Tutuncu (2017) and 

presented in Figure 2.16. 

CFRAC s (Complex Fracturing ReseArch Code) is a simulator capable of simulating fluid 

flow, deformation, seismicity, and transmissivity evolution in large case including pre-existing 

fractures with low computational cost (McClure 2012). CFRAC v1.3, which was used in this study, 

had a thermal effect coupled with boundary element method (BEM) or alternatively with 

embedded fracture modeling (EFM) strategy (Norbeck 2016 and Norbeck et al. 2016). It is a 2D 

version and able to identify different types of stimulation mechanisms as presented in Figure 2.12.  

Understanding stimulation mechanism of the specific field or well can be very useful for 

practical purposes. The POM (Pure Opening Mode) mechanism is defined as the Mode-I fracturing 

where natural fractures have little impact on the permeability evolution. If this is the case, a long 

fracture half-length is expected and this will maximize the stimulated reservoir volume. Hence, a 

greater number of stages and shorter cluster spacing in the lateral section might be preferred. In 

the PSS (Pure Shear Stimulation) mechanism, fluid is injected to cause induced-slip on pre-

existing fractures or faults. If the injection BHP is greater than the 𝑆ℎ𝑚𝑖𝑛, Mode-I fracturing could 

also happen. To optimize the operation, which is typically assumed to be the case in EGS 
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operations, pre-existing fractures should be evaluated whether they are optimally oriented relative 

to the current stress field.  

 

 

Figure 2.16 Workflow in the UFM model (fracture propagation) and reservoir simulation 

(production) (Suppachoknirun and Tutuncu 2017). 

 

On the other hand, if the injection pressure is greater than 𝑆ℎ𝑚𝑖𝑛 in which case the reservoir 

will have abundant pre-existing fractures, MMS (Mixed-Mode Stimulation) mechanism could be 

applicable. Hydraulic fracture propagation could be crossing over the natural fracture, arresting, 

or is terminated. The MMS mechanism does not necessarily always mean a complex fracture 

network presence, but microseismic observations in shale gas reservoirs present that complex 

fracture network might exist. At last, PFSSL (Primary Fracturing with Shear Stimulation Leakoff) 

is defined as POM mechanism with fluid leaking of to the surrounding region of the shear 
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stimulation. Differing from the MMS, hydraulic fracture propagates in Mode-I still dominant in 

the overall hydraulic fracturing in the PFSSL (Figure 2.12). If the PFSSL is the case applicable, 

maximizing primary fracture half-length might be the best to optimize the stimulated area. 

However, if MMS is assumed to be applicable in the study case, fracture branching might be better 

to effectively stimulate the reservoir. Ultimately, being able to analyze and determine the 

stimulation mechanism, further modeling study and decision can be properly conducted.  

McClure (2012) suggested several geological conditions related to the tendency of 

particular mechanism as listed in Table 2.2. Nevertheless, analyzing these factors prior to 

stimulation cannot give a unique determination of stimulation mechanism in place. Especially 

between PFSSL and MMS mechanisms, they have very similar microseismic patterns observed. 

A test for formation tendency for shear stimulation (TSS) has been proposed by McClure (2012). 

It is performed by injecting below the 𝑆ℎ𝑚𝑖𝑛 along sufficient length of openhole section to test the 

response of pre-existing fractures. Modeling results indicates that limited spreading of 

microseismicity and/or limited increase in injectivity would indicate that the formation has low 

TSS. The fracture network for low and high TSS formations would have similar observations in 

the image log as shown in Figure 2.17. Ultimately, natural fracture distribution and properties can 

be investigated by matching microesismic events if available. 

The Newberry EGS project has microesimic events recorded. Initial natural-fracture model 

can be built from image log observation. However, natural fracture distribution and properties are 

difficult to determine. Investigation of the stimulation behavior with several cases of fracture 

distribution and properties would be beneficial to understand the reservoir characteristic.  

 

Table 2.2 Summary of geological conditions affecting the stimulation mechanism (McClure 

2012) 

 POM PSS PFSSL MMS 

High natural fracture 

storativity 
 

Required, unless 

natural fractures 

are very closely 

spaced 

  

Percolation of natural 

fractures 
 Required Encourages  
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Table 2.2 Continued 

Frequent termination of 

propagating fractures 

against natural fractures 

Discourages  Discourages Encourages 

Initial fracture 

transmissivity 
 Must be adequate 

Must be 

adequate 
 

Closed, stimulated 

fracture transmissivity 
 

Must be adequate 

to prevent 

pressure buildup 

  

Natural fractures well-

oriented for slip that can 

increase transmissivity 

with slip 

Discourages Required Required  

 

 

Figure 2.17 2D view of TSS test result with fracture network on the top and microseismic events 

at the bottom (McClure 2012).  
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2.6 Geologic Settings of the Newberry EGS 

 The Newberry EGS field is located at Newberry Volcano in central Oregon. Newberry 

Volcano is categorized as shield volcano (Davatzes and Hickman 2011). It is located near 

intersection of the Cascades volcanic arc, the Brother’s Fault Zone, and the Northern Basin and 

Range (Figure 2.18). Even though it is located east of the High Cascade volcanic arc, Newberry 

volcano is still considered as a Cascade volcano build upon magma chemistry which has 

similarities with nearby Cascade volcanoes (Mark-Moser et al. 2016). Basin and Range 

extensional tectonics possibly influence eruption history of the volcano. In addition, the Brothers, 

Sisters, and Walker Rim fault zones intersecting the Newberry Volcano might rule the current 

stress field.  

 

 

Figure 2.18 Oregon Map showing location of Newberry Volcano relatives to the Cascades, 

Brothers Fault Zone, and Basin and Range (Schmidt and Grunder 2009). 

 

Illustrated in Figure 2.19, well NWG 55-29 was drilled to a total measured depth of 10,060 

ft (3,045 m) with an open-hole interval from 6,272-9,990 ft (1,912-3,045 m) (Cladouhos et al. 

2016). The thick black-line represents a cased hole or a liner hanger. The blank liner was installed 
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after the first stimulation on August 2014. Based on fracture intensity, lithology, mud losses while 

drilling, and water losses during the injection tests, the open hole was divided into five zones. 

These zones are summarized in Table 2.3 (Cladouhos et al. 2011). The lithology was determined 

from cuttings analysis. After drilling, equilibrium temperature was also measured and the 

bottomhole temperature was determined to be 628oF (331oC). 

These zones represent primary lithology and indicate rock properties of the targeted 

stimulation interval. Assuming shear stimulation or hydroshearing operation, mud lost records 

indicate that zone B, C, and E could be better zones for stimulation, with zone E having the highest 

mud losses. However, there is no information what the density of fractures in the interval, as the 

BHTV (borehole televiewer) motor stopped working due to the high temperatures at this depth. 

The lithology of the well NWG 55-29 is also presented in Figure 2.20. Thick lines on the depth 

scale illustrate casing interval and blank liner hanger (between zone B and C). Based on the 

lithological information, tuff is known to be more ductile than granodiorite and basalt. 

 

 

Figure 2.19 Lithology column on well NWG 55-29 (modified from Cladouhos et al. 2016). 
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Table 2.3 Summary of geologic zones identified in NWG 55-29 (Cladouhos et al. 2011) 

Zone 

Depth to Zone 

Center (ft) / Zone 

Thickness (ft) 

Fracture Count in 

Zone / Intensity 

in well (#/ft) 

Lithology 

Mud Losses 

During 

Drilling 

A 6490 / 282 5 / 0.02 
Primary: Welded Lithic Tuff 

Secondary: Other Tuff 
None 

B 7221 / 1181 173 / 0.15 

Primary: Tuffs 

Secondary: Basalt, Dacite, and 

Andesite 

< 50 bbl 

C 8140 / 656 157 / 0.24 

Primary: Basalt and Basaltic 

Andesite 

Secondary: Two Felsic Dikes 

< 20 bbl 

D 8898 / 860 16 / 0.02 

Primary: Microcrystalline 

Granodiorite (5 dikes, 570 ft 

total) 

Secondary: Basalt, one large 

(50) felsic dike 

None 

E 9587 / 656 N/A 
Primary: Basalt 

Secondary: Three felsic Dikes 
> 100 bbl 

   

From the BHTV data, Davatzes and Hickman (2011) interpreted that there is abundance of 

pre-existing fractures in the openhole section (Cladouhos et al. 2011).  It was determined that the 

fractures are striking approximately N-S and dipping 50o for normal slip. This dominant normal 

fault regime was also confirmed from breakouts stress model. From the breakout in image log, 

there was strong indication of consistent minimum horizontal stress, 𝑆ℎ𝑚𝑖𝑛, direction of 

92.3±17.3o. To determine the magnitude of 𝑆ℎ𝑚𝑖𝑛 at a given, injection test is the best way. 

However, an accurate mini-frac requires a short (~50 ft, 15 m) section of relatively unfractured 

well-bore to be isolated and it was not able to be conducted (Cladouhos et al. 2011). As the well 

has quite long openhole interval, 𝑆ℎ𝑚𝑖𝑛 magnitude was determined from stress model and 

geomechanical assumptions. This model parameter is presented in Table 2.4. Borehole breakout 

width in the well indicate that the horizontal stress difference (𝑆𝐻𝑚𝑎𝑥 − 𝑆ℎ𝑚𝑖𝑛) is relatively large 

(Davatzes and Hickman 2011). 
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Table 2.4 Stress model (Cladouhos et al. 2011) 

Component Gradient (psi/ft) Gradient (MPa/km) Direction 𝑆𝑣 1.07 24.1 Vertical 𝑆𝐻𝑚𝑎𝑥 1.04 23.5 2o (N–S) 𝑆ℎ𝑚𝑖𝑛 0.66 -0.70 14-9–15.8 92.3o ± 17.3o (E–W) 𝑃𝑝 0.39 8.8 Fluid pressure 

 

Based on geophysical studies, interior of Newberry volcano is composed of three distinct 

formation as reported by Wang et al. (2016) (Figure 2.20). The first formation from the surface is 

“Newberry/Deschutes” Formation. It consists of predominantly younger unaltered silicic to mafic 

lava flows and tuffs along with their feeder pipes and dikes. The second formation is “John Day”, 

location of zones A, B, and C. It contains older, hydrothermally altered silicic to mafic lava flows 

and tuffs, abundant dikes, and some small intrusive pondlike bodies. The lowermost formation, 

location of zone D and E, is called “Intruded John Day”. It may contain numerous sills, dikes, and 

small pods that are mostly solidified. 

 

 

Figure 2.20 West-east cross-section, A-A’ showing formation correlations and speculative 

isotherms (Callahan 2011). 
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According to Cladouhos et al. (2011), acquired topographic data in the study area reveals 

N-S trending normal fault scarps in modern alluvial sediments with only minor variation in strike 

west of the NWG 55–29 and N-S trending alignments of fissures/vents to the east; both sets of 

structures indicate E-W extension in the immediate area. These structures reflect the geologically 

recent direction of the least compressive principal stress near the Newberry EGS site. Related to 

the formation types, Sonnenthal et al. (2012) published hydrological properties, which were 

calibrated in the native state model. Along with the hydrogeological properties, calibrated rock 

thermal conductivities also provided. The values are presented in Table 2.5.   

 

Table 2.5 Calibrated hydrological and thermal properties (Sonnenthal et al. 2012) 

Hydrogeologic Unit Porosity 
Permeability Saturated Thermal 

Conductivity (W/m-°K) (m2) (mD) 

Newberry-Deschutes (upper 

300 m) 
0.20 1.5 x 10-12  

1500 
1.70 

Newberry-Deschutes 0.10 1.0 x 10-17 0.01 1.80 

John Day 0.05 2.6 x 10-16 0.26 2.15 

Intruded John Day 0.03 5.0 x 10-18 0.0005 2.20 

I. John Day (base) 0.01 1.0 x 10-18
 0.0001 2.20 

Wellbore Cased Interval 

Wellbore Uncased (Lined) 

Interval 

0.95 

0.98 

0 

1.0 x 10-6 

 
- 

- 

 

2.7 Geomechanical Characterization of the Newberry EGS  

 Geomechanical analysis of Newberry NWG 55-29 well has been conducted using samples 

from nearby wells. Wang et al. (2016) performed multistage triaxial compression measurement to 

determine deformation and failure properties and multistage triaxial shear stress to determine the 

mechanical properties and shear strengths of the fractures developed in aseries of triaxial 

compression tests. Based on the experimental results and the mud losses and lithology details 

discussed above, there is indication of various geomechanical characteristics present in the 

formation of interest. Result of the geomechanical analysis showed zones of ductile and brittle 

behavior. Figure 2.21 illustrates on the left figure, more ductile rock has lower peak effective 

stress, lower failure envelope and the brittle rock on the right figure behaving the opposite way.  
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Figure 2.21 Left: Tuff sample and right: basaltic sample. (a) Stress-strain response at 5 stages. 

(b) Mohr Circles for the stress state at the onset of dilatancy and at failure envelope (Wang et al. 

2016). 

 

The brittle rocks show improvement in permeability upon failure, however, these rocks 

tend to have higher strength. The high ductility rocks showed no permeability enhancement with 

deformation and failure. This zone must be avoided in the stimulation design. In relation to 

stimulation by slip on natural fractures, pre-existing closed fractures were prevalent in the basaltic 

samples (Figure 2.21 on the right) and often they were intersected by new induced fractures at or 

near failure point of the samples. Failure of pre-existing fractures occurred, yet this was observed 
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at very large stress levels indicating high shear strength and/or uncritical orientation in the 

specimens. The implication of this observation is that high injection pressures might be needed to 

reactivate these fractures. 

 Based on the geomechanical study of the nearby wells, mechanical properties of several 

formations are presented in Table 2.6. As has been discussed in the previous section, tuff typically 

has very low Young’s modulus compared to basalt or granite representing potentially more ductile 

behavior. In hydraulic fracturing, ductile material is less desirable. Especially, when clay is the 

contributing material. Instead of experiencing fracture opening, energy from the fluid injection 

will be transferred for ductile deformation where the material is strained. 

 

Table 2.6 Typical mechanical properties for several rock types 

Rock Type 
Typical Value 

Source 𝑬 (x 106 psi) 𝑬 (GPa) 𝒗 (-) 

Basalt 10.6 73 0.25 Schlutz 1994 

Granite 10.2 70 0.25 - 

Siliceous Rhyolite 3.6 - 3.9 25 - 27 0.18 - 0.19 Lutz et al. 2010 

Granodiorite 10.2 - 11.6 70 - 80 0.225 - 0.275 Lanaro and Fredriksson 2005 

Tuff 0.7 - 0.9 5 - 6 0.16 - 0.29 Schlutz 1994 

 

2.8 Stimulation Program in Well NWG 55-29 

The stimulation program in the well NWG 55-29 was performed twice, as Phase 2.1 

conducted in 2012 and as Phase 2.2 in 2014. Since the well surveys in 2013 showed shallow leaks 

in the casing, the second stimulation was performed. Unfortunately, the leakage increased the 

uncertainty in determining some of the observation parameters, especially microseismic to be 

improper for analyzing the stimulation performance. 

In the first stimulation, the WHP reached 2450 psi (167 bar), 11 million gallons of water 

had been injected, and more than 175 microseismic events were detected. Despite widespread of 

the events horizontally, almost all of them were detected above the casing shoe due to the leakage. 

Illustrated in Figure 2.22a, view from north represents W-E extent of microseismic events around 

the wellbore. The blue line is the cased section of the well and the green line is the openhole 

section. This information can be useful, knowing that even though there are many pre-existing 
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fractures at the openhole section, fluid tends to flow to shallower depth. As studied by Sonnenthal 

et al. (2012), permeability on Deschutes formation is determined to be lower than the John Day 

formation (based on temperature profile validation). It is possible that pre-existing fractures at the 

Deschutes formation is more susceptible for slip or critically stressed, indicating higher TSS than 

the John Day formation.    

Injection rate profile and microseismic events map of during Phase 2.2 stimulation are 

presented in Figure 2.23 and Figure 2.24, respectively. Increasing seismic events is related to high-

pressure injection. In the early times of the stimulation (blue dots), many seismic activities were 

recorded near Zone C and then in Zone E indicating that there is a strong correlation where the 

fluid was going with the mud lost interval. The green-dots activity was happened after the 

perforations are placed and near the perforated interval (Zone B). It also indicates zone C and E 

were blocked by the TZIM (thermally zonal isolation material) material which later will degrade 

as the formation rock heats up.  

 

  

Figure 2.22 Microseismic events of 2012 stimulation, (a) view from south or W-E extent and (b) 

view from east or S-N extent (data from AltaRock Energy Inc. 2013). Seismic events are color-

coded to time of the event, warmer color indicates the later event. 
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Figure 2.23 Injection rate and histogram of seismic event during second phase (2014) of 

stimulation in well NWG 55-29 (Cladouhos et al. 2016). 

 

  
Figure 2.24 Microseismic events of 2014 stimulation, (a) view from south or W-E extent and (b) 

view from east or S-N extent (data from AltaRock Energy Inc. 2013). Seismic events are color-

coded to time of the event, warmer color indicates the later event. 

 

2.9 EGS Reservoir Production Optimization 

 Reservoir simulation can be used to study production optimization. Cho et al. (2015) used 

a commercial software package, CMG STARSTM and validated their model with analytical 



46 

solution of Gringarten (1975) for thermal drawdown and Muskat (1946) for pressure difference 

between the wells. The Gringarten model is about convective and conductive heat transport on 

uniformly spaced parallel fracture network as shown in Figure 2.25 (d). The assumptions are: 

• Horizontal aquifer with uniform thickness. 

• Sealed aquifer by cap/bed rocks. 

• Constant injection rate equal to production rate (i.e., steady-state condition). 

• Initially, rock and fluid are in thermal equilibrium at same temperature. 

• Horizontal heat conduction is neglected. 

• Vertical heat conduction from cap/bed rock is considered. 

• Volumetric heat capacity of water and rock are constant 

The study was analyzing on four different wells configurations and fractures setting as presented 

in Figure 2.25. The cases were: a) vertical well doublet with hydraulic fractures; b) horizontal 

wells with open-hole completions; c) horizontal wells with longitudinal hydraulic fractures; and 

d) horizontal wells with multi-stage hydraulic fractures 

 

 

Figure 2.25 Four different wells configurations and fractures setting considered in Cho et al. 

(2015). 
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Result of the Cho et al. study is presented in Table 2.7. The base case consists of a well 

doublet system with a vertical injection well and vertical production well with open hole 

completions through the entire thickness of the target sedimentary reservoir and separated by a 

well spacing of 1,500 m (~4,900 ft). Because of the steady state flow assumption, average reservoir 

pressure is the same. However, bottomhole pressure in injection well and production well is not 

the same. From base case to case a, b, c, and d (Figure 2.25), pressure difference in injection-

production well is decreasing, meaning that it is easier to get a desired production rate. This trend 

also applies to wells productivity index. Thermal breakthrough time also increases with the same 

trend. Therefore, in this study, horizontal wells with multistage fractures has the best performance. 

Another reservoir simulation study on EGS reservoir was conducted by Hoffman et al. 

(2014) adding amount of energy extracted on several reservoir settings. Single porosity model for 

fractures and constant injection/production rate were assumed. Wells were set in horizontal 

configurations; one injector in the middle surrounded by two producers. Minimum performance 

criteria were defined. For thermal performance, 60oC at the wellhead was determined. Minimum 

productivity index (PI) was 10 l/s/MPa or 0.1 MPa/l/s of impedance. Number of fractures and 

fracture spacing impact on wellhead temperature, energy extracted, and productivity index (PI) 

after 30 years of production were analyzed (Figure 2.26 and Figure 2.27). 

 

Table 2.7 Estimated reservoir hydraulic behavior parameters for base case and several 

production settings 

Well 

Configuration 

and Fractures 

Setting 

Average 

reservoir 

pressure 

(kPa) 

BHP 

injection 

well 

(kPa) 

BHP 

production 

well (kPa) 

Pressure 

drawdown, 

DP (kPa) 

Productivity Index 

Injector 

(l/s-bar) 

Producer 

(l/s-bar) 

Base case - well 

doublet 
28,374 38,349 22,865 15,484 0.94 1.70 

Vertical + 

hydraulic fracture 
28,364 30,523 26,659 3,864 4.33 5.48 

Horizontal 

openhole 
28,367 30,231 27,095 3,136 5.01 7.34 

Horizontal with 

longitudinal 

fracture 

28,368 29,956 27,241 2,715 5.88 8.29 

Horizontal with 

multistage 

fractures 

28,369 29,795 27,325 2,470 6.55 8.94 
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Base case scenario for analyzing number of fracture impact was 500 m fracture half-length, 

400 m well spacing, 1000 mDm fracture conductivity, 100 m fracture spacing. Figure 2.26 

illustrates that as number of fractures increases; wellhead temperature in producer wells, energy 

extracted, and productivity index (PI) also increase. Comparing well spacing effect; when well 

spacing is increased, productivity index decreases. This is expected since the fluid need more 

pressure to be able to achieve a desired production rate. 

Fracture spacing should be chosen in order to prevent the fractures not interfere with each 

other thermally resulting most of the heat to be extracted at a minimum spacing. The spacing 

should be as small as possible to avoid very long (and hence expensive) horizontal or inclined well 

sections. To analyze the fracture spacing impact, Hoffman et al. (2014) used a base case scenario 

with 500 m fracture half-length, 400 m well spacing, 1000 mDm fracture conductivity, 10 

fractures. Generally, increasing the fracture spacing leads to larger heat amounts that can be 

extracted from the subsurface resulting in a larger productivity index. However, for a given well 

spacing, both values will stay approximately the same if the spacing is further increased, and if it 

is decreased the extracted heat and the PI will decrease significantly (Figure 2.27). This optimum 

(minimum) fracture spacing depends on well spacing, production/injection rate, the fracture 

conductivity, the fracture area, and the number of fractures. 

 

 

Figure 2.26. Influence of the number of fractures (treatments) on WH temperature, extracted 

energy, and productivity index after 30 years of production (Hoffman et al. 2014). 
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Figure 2.27 Influence of fracture spacing on WH temperature, extracted energy, and productivity 

index after 30 years of production (Hoffman et al. 2014). 

 

As discussed above, beside the well configuration and hydraulic fractures design, natural 

fracture distribution is also a critical factor for EGS development. Natural fractures alignment 

relative to different stress regime has impact on the effort to create the subsurface heat exchanger.  

Finnila et al. (2017) analyzed this phenomenon. The analysis was made by looking into three 

parameters, wells configuration (vertical or horizontal), critically stressed fracture-set alignment 

(2 sets, 1 set, or no), and stress regime (normal, strike-slip, or thrust). Generally, in all stress 

regimes and fracture sets alignment, horizontal wells configuration overcomes vertical wells 

impedance (Table 2.8). It means that to create EGS reservoir with horizontal wells (except in thrust 

stress regimes) needs less-pumping pressure. Considering vertical wells only, the best geologic 

settings is the presence of two sets of aligned fractures in normal stress regimes. However, if strike-

slip stress regime is the case, a smaller number of aligned fractures has less impact on impedance.  

 

Table 2.8.  Impedance comparison between the vertical with the horizontal well trajectories on 

different type of fault/fracture stress regimes (Finnila et al. 2017) 

Impedance [MPa/(l/s)] 

 2 Sets Aligned 1 Set Aligned No sets Aligned 

 Vertical Horizontal Δ Vertical Horizontal Δ Vertical Horizontal Δ 

Normal 0.025 0.019 0.006 0.108 0.082 0.026 N/A N/A N/A 

Strike-Slip 0.110 0.027 0.083 0.133 0.059 0.074 0.727 0.356 0.371 

Thrust 0.013 0.024 0.010 0.048 0.142 0.094 0.358 N/A N/A 
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CHAPTER 3 

DETERMINATION OF MAXIMUM HORIZONTAL STRESS MAGNITUDE AND 

ORIENTATION IN NEWBERRY EGS 

 In situ stress information has been a main interest in characterization of the unconventional 

reservoirs. By properly evaluating the stress information, drilling risk can be significantly reduced 

and reservoir drainage can be correctly optimized. As discussed before, despite many available 

techniques to determine horizontal stresses orientation and magnitude of 𝑆ℎ𝑚𝑖𝑛, several 

obstructions make 𝑆𝐻𝑚𝑎𝑥 determination through hydraulic fracturing test is costly. Even when an 

image log tool is run, borehole breakouts or tensile wall fractures might not be present. When they 

are present, careful analysis must be conducted for determining the type of breakouts. In section 

2.3, methods to determine 𝑆𝐻𝑚𝑎𝑥 magnitude from image log observation were discussed. 

Especially in very high formation temperature, like in conventional geothermal or EGS 

applications, wellbore breakout observations can be misleading (Zoback 2007). In this chapter, 

analysis of wellbore failure has been discussed in detail. It is demonstrated that stress profile 

around a wellbore (based on chapter 2.1) can be used in assistance of image log observation. 

Ultimately, 𝑆𝐻𝑚𝑎𝑥 profile in the Newberry EGS field has been determined using this methodology. 

Prior to present our own analysis for Newberry EGS well, two known published case studies with 

similar complexities to our Newberry well in terms of stress analysis will be discussed in Case 

Study 1 and 2 to provide familiarity to such occurrences. 

3.1 Case Study 1: Visund Field, Norway 

 Stress induced breakouts and tensile wall fractures had been observed at a well in Visund 

Field, Norway (Wiprut and Zoback 2000). Stress profile in the well had been determined carefully, 

considering the ECD due to bit trips and the thermal effect. Since the breakouts and tensile wall 

fractures are both experienced along the wellbore, the determination of 𝑆𝐻𝑚𝑎𝑥 magnitude was 

conducted using two methods. Strike-slip stress state was determined to be the case in Visund 

Field. A stress polygon at a specific depth had been presented with sufficient data for conducting 

stress profile analysis. The data utilized for the analysis are presented in Table 3.1. The stress 



51 

profile analysis will be presented graphically for easier explanation. The well is inclined 36o and 

oriented in the direction of 𝑆𝐻𝑚𝑎𝑥. 

 

Table 3.1 In situ stresses, rock properties, well parameters in Visund Field for benchmark case 

(Wiprut and Zoback 2000) 

Symbol 

Parameter 
Value Field Unit Value SI Unit 

Sv 7992 psi  55.1 MPa 

SHmax 10878 psi 75 MPa 

Shmin 7716 psi 53.2 MPa 

Pp 6222 psi 42.9 MPa 

Pm 7107 psi 49 MPa 

UCS 3626 psi 25 MPa 

Ts 0 psi 0 MPa 

µi 1 - 1 - 

v 0.2 - 0.2 - 

α 1 - 1 - 

ΔT 79 oF 26 oC 

βt 1.3 x10-6 oF-1 2.4 x 10-6 oC-1 

E 2.76 x 106 psi 1.9 x 104 MPa 

φ 180 o 180 o 𝛾 36 o 36 o 

wBO 45 o 45 o 

 

 Since the analysis is conducted in a deviated well, equations in section 2.1.3 were used. 

Tangential stress profile, tensile failure profile, and compressive failure profile around the 

wellbore are presented in Figures 3.1, 3.2, and 3.3 respectively. The wellbore azimuth (𝜑) is 180o 

from 𝑆𝐻𝑚𝑎𝑥 orientation and therefore, the wellbore circumference angle (𝜃) has been counted from 𝑆𝐻𝑚𝑎𝑥 orientation. In Figure 3.2, as the tensile failure criteria is prevailed, tensile wall fractures 

are expected to occur. The compressive failure profile is also in good agreement to this 

phenomenon (Figure 3.3).  Moreover, breakout angle recreated in the failure model is similar to 

the 45o of breakout width observed in the well. In this figure, cone shape represents the tensile 

failure in failure case while conventional breakouts failure appears in an arch shape. It is also 

illustrated that the model can predict the behavior of tensile failure, which at some point can 

become compressive (Zoback 2007).  
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Figure 3.1 Tangential and radial stress profile around a wellbore of a well in Visund Field which 

breakouts and tensile wall fractures had been observed. 

 

 

Figure 3.2 Tensile failure profile around a wellbore of a well in Visund Field. 

 

 

Figure 3.3 Compressive failure profile around a wellbore of a well in Visund Field. 
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3.2 Case Study 2: EGS Well in Soultz, France 

 According to Bérard and Cornet (2000), there is thermally induced breakouts observed in 

well GPK2. Well GPK2 is located 1640 ft (~500 m) SSE away from well GPK1. UBI (ultrasonic 

borehole imager) log was run in both wells. In Well GPK1 (logged from ~2850-3500 m), below 3 

km of depth compression breakouts were observed with a 95o ± 7o azimuth and increasing with 

depth. However, in well GPK2 (logged from ~1400-3800 m) continuous breakouts observed in the 

azimuth of drilling-induced fractures, 164o ± 18o and they disappeared with reduced amount of 

cooling. Comparing the two breakouts, the authors developed a method for image log processing 

enabling to show different signatures. The suspected thermally-induced breakout also appears 

relatively smooth shaped.  

 Assuming representative geomechanical properties obtained, benchmark case from Bérard 

and Cornet (2000) was used. Required data to build the model is presented in Table 3.2. 

 

Table 3.2 In situ stresses, rock properties, and well parameters at Well GPK2, Soultz for 

benchmark case (Bérard and Cornet 2000) 

Symbol 

Parameter 
Value Field Unit Value SI Unit 

Depth 5906 ft 1.8 km 

Sv 6570 psi 45.3 MPa 

SHmax 5085 psi 35.06 MPa 

Shmin 3429 psi 23.64 MPa 

ΔP 0 psi 0 MPa 

UCS 52214 psi 360 MPa 

Ts 2814 psi 19.4 MPa 

µi 1.51 - 1.51 - 

v 0.25 - 0.25 - 

α 1 - 1 - 

ΔT 158 oF 70 oC 

βt 6.17 x 10-6 oF-1 11.1 x 10-6 oC-1 

E 5.51 x 106 psi 3.8 x 104 MPa 

φ 35 o 35 o 𝛾 2 o 2 o 

 

 In Figure 3.4, it is observed that 𝜎𝑧 is the largest stress and 𝜎𝑟 is the least stress at the 

direction of approximately >45o from the 𝑆𝐻𝑚𝑎𝑥 (𝜃). This observation is an indication for the 



54 

creation of conventional breakout (based on Table 2.1). While next to it, 𝜎𝑧 is the largest and 𝜎𝜃 

is the least and mode-X breakout is formed. Similar profile is presented if the well is considered 

as deviated, with 𝛾 = 2𝑜 (Figure 3.5). Compressive failure analysis in Figure 3.6 indicates that 

compressive failure criteria is prevailed in the mode-X breakout direction. However, careful 

consideration has to be taken, particularly in determining rock geomechanical properties. As it was 

not given, internal friction angle, 𝜇𝑖 is taken about 1.51. This value is an average of granitic rock 

presented by Zoback (2007). While temperature sensitivity on the model is given in Figure 3.7.  

 

 

Figure 3.4 Radial, tangential, and vertical stress profile around a wellbore of Well GPK2, Soultz 

assuming vertical well. In this well thermally induced breakouts or mode-X had been observed. 

 

 

Figure 3.5 Tangential and radial stress profile around a wellbore of Well GPK2, Soultz. 
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Figure 3.6 Compressive failure profile around a wellbore as a function of internal friction angle 

(𝜇𝑖) of Well GPK2, Soultz. 

 

 

Figure 3.7 Compressive failure profile around a wellbore as a function of temperature difference 

(∆𝑇) of Well GPK2, Soultz. 

 

3.3 𝑺𝑯𝒎𝒂𝒙 Determination from Mode-X Breakout 

 Once the breakouts confirmed that they are thermally induced or mode X, 𝑆𝐻𝑚𝑎𝑥 estimation 

has to be revisited. As discussed in section 2.3.2, tangential stress in Equation 2.26 can be derived 

to get the 𝑆𝐻𝑚𝑎𝑥 magnitude in vertical wells by adding the tensile strength of the rock. Since the 

failure occurs at wide angle of the rock, tip of the breakouts has TF equal to zero (Figure 3.8). 

Assuming vertical well, for tensile failure mode-X breakout, then, solving Equation 2.12 and 

Coulomb’s tensile failure criteria in Equation 2.26, with 𝛼 equal to 1 and 𝜃𝑒 is the angle of the 

mode-X-breakout tip. 
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𝑆𝐻𝑚𝑎𝑥 = 𝑆ℎ𝑚𝑖𝑛(1 + 2 cos 2𝜃𝑒) − 2𝑃𝑜 − ∆𝑃 − 𝜎𝜃∆𝑇 − 𝑇𝑠2 cos 2𝜃𝑒 − 1  (3.1) 

𝜃𝑒 = 𝑤𝑏𝑜,𝑋2  (3.2) 

  

 

Figure 3.8 Wellbore diagram when significant cooling takes place, thermally induced tensile 

failure, mode-X breakouts occur.  𝑆𝐻𝑚𝑎𝑥 magnitude can be estimated at the angle of breakout 

edge (𝜃𝑒) in which the total stress equal to zero. 

 

3.4 Case Study 3: A Well in Newberry EGS Field, Oregon, USA 

 As discussed in previous chapter, Davatzes and Hickman (2011) had conducted a stress 

study in the Newberry EGS field. Breakouts had been observed from borehole televiewer (BHTV) 

log and they were analyzed statistically. 𝑆𝐻𝑚𝑎𝑥 magnitude was determined from the breakout, 

considering they were stress induced breakout. However, temperature effect was not considered 

in the determination of breakout type. Based on previously determined stress gradient and 

calculated rock properties in section 2.4 (Table 3.3), compressive failure analysis is presented in 

Figure 3.9. Once the cooling effect is introduced, failure in the tensile direction is building up and 
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prevailed. It means that the observed breakouts in the image log was mode X. Instead of indicating 𝑆ℎ𝑚𝑖𝑛 direction, it represents 𝑆𝐻𝑚𝑎𝑥 direction.  

 From an image log presentation in Figure 3.10, it can be seen that extensive breakouts 

shows at the direction of E-W (from magnetic north). At the same time, several intervals show an 

indication of breakouts at direction of N-S (note that the compressive model was built with 𝜃 starts 

from the direction of 𝑆𝐻𝑚𝑎𝑥 while the image log works by adjusting to magnetic north). The model 

predicted this possibility where mode-B breakouts could occur but in quite low tendency. It is also 

observed in Figure 3.9, that as compressive failure due to cooling more pronounce, the tendency 

of mode-B breakout is decreased. It also explains the observation in the image log that cumulative 

interval of mode-B breakout is significantly less. 

 

Table 3.3 In situ stresses, rock properties, and well parameters at Well NWG 55-29 

Parameters 

Symbol 
Value 

Field 

Unit 
Value SI Unit Source or Method 

Depth 6650 ft 2.03 km  

Sv 7845 psi 54.09 MPa Overburden stress 

SHmax, 1 7110 psi 49.02 MPa Calculated 

SHmax, 2 8000 psi 55 MPa Test case 

SHmax, 3 6000 psi 41 MPa Test case 

Shmin 4374 psi 30.16 MPa Gradient  

Pp 2507 psi 17.29 MPa Gradient  

Pm 3074 psi 21.19 MPa Drilling data 

UCS 7173 psi 49.46 MPa Equation 2.51 

Ts 0 psi 0 MPa Assumption  

µi 0.83 -   GR correlation 

v 0.18 -   Price, 1983 for Tuff rock 

α 0.7 -   Assumption for Tuff rock 

ΔT 143.75 oF 62.08 oC Temperature log 

βt 3.16 x 10-6 oF-1 5.70 x 10-6 oC-1 Mineralogy data and 

Equation 2.52 

E 6.98 x 106 psi 4.81 x 104 MPa 
Correlation from section 

2.4.1 

φ -5.23 o   Well survey data and new 

interpreted 𝑆ℎ𝑚𝑖𝑛 direction 𝛾 11.8 o   Well survey data  

 



58 

 

Figure 3.9 Compressive failure profile around a wellbore as a function of temperature different 

(∆𝑇) of Well NWG 55-29, Newberry EGS. Compressive Failure Criteria (CFC) surpassed at 

direction of tensile. dT is temperature difference in oF. 

 

 One way to confirm this finding is by considering other methods to determine horizontal 

principal stress direction. As discussed in section 2.1, there are several methods to determine 

horizontal stress orientation suggested by Zoback (2007) that is breakout and tensile wall fracture 

from image log observation, hydraulic fracture orientation from well testing operation, and focal 

plane mechanism and shear velocity anisotropy from acoustic wave measurement.  

 Obtained from Oregon Department of Geology and Mineral Industries (DOGAMI), 

formation microimager (FMS) log from well CE 86-21 (Figure 3.11) supported the argument. The 

well is located about 7500 ft (2.3 km) away from NWG 55-29. Tensile wall fractures are observed 

at azimuth of E-W, indicating 𝑆𝐻𝑚𝑎𝑥 orientation. In addition, shear wave splitting study by Xue 

and Allen (2006) also underpins the argument. The fast shear wave direction is related to the higher 

compressive stress direction of the earth crust. Regional fast shear direction in Figure 3.12 suggest 

that the orientation of 𝑆𝐻𝑚𝑎𝑥 is most likely in ENE-WSW direction. However, it has to be noted 

that sometimes, in tectonically active region with complex geology, in situ stress orientation can 

be vary with depth and rotated in a close distance. 
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Figure 3.10 BHTV log at several depths. Thick-black line is the depth of analysis. Red and black 

tetragonal shape are interpreted breakouts width by Davatzes and Hickman (2011). Data 

available from Altarock Energy Inc. (2013). 
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Figure 3.11 FMS log from well CE 86-21 at Newberry Field, nearby the well NWG 55-29 

(DOGAMI 2018).  

 

 

Figure 3.12 Regional context of shear wave splits in Oregon with several wells located at the 

Newberry field. The black lines represent the fast splitting direction and the red arrow represents 𝑆𝐻𝑚𝑎𝑥 orientation from mode-X breakout (modified from Xue and Allen 2006). 
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 Confidently that the extensive breakouts are thermally induced, using Equation 3.1, 𝑆𝐻𝑚𝑎𝑥 magnitude is recalculated (denoted as 𝑆𝐻𝑚𝑎𝑥,1). To show how the 𝑆𝐻𝑚𝑎𝑥  magnitude affect 

the breakout width, two other values also used in the model as illustrated in Figure 3.13, comparing 

the effect of 𝑆𝐻𝑚𝑎𝑥magnitude on mode-B and mode-X breakout depicts that the magnitude does 

not affect the breakout width significantly. Hence, the 𝑆𝐻𝑚𝑎𝑥 magnitude from tip of the mode-X 

breakout, Equation 3.1 is acceptable. However, proper rock mechanical properties determination 

is needed, namely compressive strength, internal friction angle, Young’s modulus, and Poisson’s 

ratio as well as linear thermal expansion coefficient. 

 

 

Figure 3.13 Compressive failure profile around a wellbore as a function of 𝑆𝐻𝑚𝑎𝑥 magnitude of 

Well NWG 55-29, Newberry EGS. 

 

 Extending the 𝑆𝐻𝑚𝑎𝑥 calculation, geophysical log data had been used to calculate the 

properties needed, similar to the methods presented in Table 3.3. To show history of thermal 

perturbation on the well, Figure 3.14 is presented. Well NWG 55-29 had experienced cooling 

events twice, while drilling and while cooling the well before running the BHTV log. After drilling, 

as the well has low permeability it was abandoned and was revisited in 2010 for EGS project 

because of the favorable temperature. The cooling up to 180oF at the bottomhole was measured. 
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Figure 3.14 External temperature measurement on several dates after drilling and before 

injection-to-cool for BHTV log acquisition (AltaRock Energy Inc. 2013). 

 

 The data quality check was conducted in TechLogTM software by Schlumberger. If bulk 

density correction is correction is higher than 0.2 g/cc, the data was removed and average value 

was used to replace it. The same as previous model development, Poisson’s ratio is assumed to be 

0.18 throughout the whole interval and used to calculate shear velocity. Even though proper well 
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test to determine 𝑆ℎ𝑚𝑖𝑛 was not conducted, the previously determined gradient is still used. The 

value was argued to be representative from pressure response after step rate test (discussed in 

chapter 2.8 and also Davatzes and Hickman, 2011). This gradient is also in agreement with 

frictional faulting theory when coefficient of sliding friction, 𝜇 is equal to 0.55 (Equation 2.36 for 

normal faulting regime). To develop the strike-slip faulting regime window, Equation 2.37 was 

used. When 𝜇 = 0.55, Equation 2.37 gives the lower boundary of strike-slip faulting (overlay with 

overburden stress or 𝑆𝑣) and 𝜇 = 1 give the upper boundary. Result of the stress profile 

determination is presented in Figure 3.15.  

 

 

Figure 3.15 Stress profile of Newberry EGS field from Well NWG 55-29 image log observation 

determined in this study. 
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 Comparing with previous analysis, strike-slip to normal faulting regime is obtained. It 

seems that there is stress change in the depth of 6700 ft. Especially in the depth of 7000 – 8000 ft, 

tuff type of rock is presence. This type of rock is known for ductile behavior, as also reported by 

Price (1983) from Yucca Mountain, Nevada test site. Similar to this phenomenon, Zoback (2007) 

discussed a case study where in KTB borehole, Germany; a possible of brittle-ductile transition is 

presence. Although previous NF faulting regime and fracture orientation from image log is 

consistent with surface geology (Davatzes and Hickman 2010), similar finding was observed from 

Cajon Pass scientific wellbore (Barton and Zoback 1992). Majority of observed natural fractures 

is striking to the NW following San Andreas fault while the maximum horizontal compression is 

NE direction. The fracture correlates with anomalies in compressional and shear velocity as well 

as NW striking shear fractures from outcrops.  

 In the following chapter, 1D-mechanical earth model would be built for fracture 

propagation simulation. Interaction between stress information and fracture distribution would 

then be discussed.  
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CHAPTER 4 

CONCEPTUAL MODEL DEVELOPMENT FOR NEWBERRY EGS STIMULATION 

 The common practice for stimulation modeling is by performing validation by matching 

pressure, flow rate, and/or microseismic distribution (Green et al. 2009; Gu et al. 2011; 

Suppachoknirun and Tutuncu 2017).  However, as suggested by Starfield and Cundall (1988), rock 

mechanics modeling is a “data-limited problems”. Although rock cannot be described in the 

correct way without measurement or experiment, the measurement is very costly. While in 

unconventional oil and gas some measurement can be accommodated, such data is significantly 

less accommodated in EGS or even conventional geothermal operation. This study is attempted to 

follow the philosophy that in modeling of data-limited problem, the optimum purpose is to gain 

understanding and to explore some operational alternatives than to make prediction.  

 In this study, fracture propagation model was initially built for full-scale modeling with 

Petrel-KinetixTM simulator. Workflow and methodology using the simulator have been discussed. 

Realizing limitation of the model in specific application for shear fracturing, CFRAC is then used 

to build conceptual model. Using CFRAC as simulator, impact of the new stress determination in 

previous chapter is studied. With the availability of image log and microseismic data in the 

Newberry EGS, interaction between stress and fracture distribution could be investigated.  

4.1 1D-Mechanical Earth Model Development  

 Similar to workflow, which had been used for stress determination in the previous chapter, 

to build the mechanical earth model, a schematic iterative workflow is presented in Figure 4.1. 

Consideration of mechanical stratigraphy was not used in the stress determination. In the case 

study of Newberry EGS, several data are available through Geothermal Data Repository (GDR): 

• Well construction 

• Geophysical open hole log 

• Mineralogy and lithology analysis 

• Interpreted image log from BHTV 

• Daily report during the project 
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• Wellhead pressure and flow rate 

• Pressure and temperature spinner (PTS) survey 

• Geochemistry data 

• Microseismic array station and events location 

• DTS temperature for 2012 stimulation 

• Geomechanical analysis from nearby well core data 

 

 

Figure 4.1 Suggested iterative 1D-mechanical earth modeling workflow.  

 

Then, the mechanical stratigraphy consideration, it had been discussed in section 2.6. As 

mentioned before, there is no data on hydraulic fracturing test for stress measurement. While 

overburden was taken from bulk density log, pore pressure gradient was calculated from two 

equilibrated pressure log (Davatzes and Hickman 2010). Particularly for log analysis and 

petrophysical evaluation, screenshot of the process window is presented in Figure 4.2.  
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Figure 4.2 Log presentation after processing of Well NWG 55-29, Newberry EGS (data from AltaRock Energy Inc. 2013).  
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The 𝑆ℎ𝑚𝑖𝑛 value from literature matches the minimum bound of 𝑆ℎ𝑚𝑖𝑛 with Mohr-Coulomb stress 

boundary model. Using overburden stress (𝑂𝐵𝑆 or 𝑆𝑣 or 𝜎𝑣 for effective stress), pore pressure (𝑃𝑝), 

and internal friction angle (𝐹𝐴𝑛𝑔_𝐹𝑟𝑜𝑚𝐺𝑅 or 𝜙), 𝑆ℎ𝑚𝑖𝑛 was calculated with Equation 4.1. 

𝜎ℎ = 𝜎𝑣 − 𝛼𝑃𝑝tan2 (𝜋4 + 𝜙2) + 𝛼𝑃𝑝 (4.1) 

𝑆𝐻𝑚𝑎𝑥 was taken from previous study and failure analysis was conducted. As discussed from 

previous chapter, cooling has significant effect and 𝑆𝐻𝑚𝑎𝑥 has to be redetermined.  

 The 1D-mechanical earth model is then used to build 3D mechanical blocks. These 

properties are assumed to have horizontal isotropy; hence they are populated into horizontal 

mechanical layers (different from mechanical stratigraphy). Table 4.1 summarize inputs and 

determination methods in the model. 

 

Table 4.1 Input data set for mechanical zones in Petrel-KinetixTM simulator with highlighted 

parameters considered in this study 

Gamma ray Gamma ray log 

Intrinsic permeability Assumed 0.00005 mD 

Porosity Neutron log 

Volume of clay Assumed 0.3 

Poisson’s ratio Assumed 0.18 

Reservoir pressure Pressure log 

Minimum horizontal stress Davatzes and Hickman, 2010 

Fracture gradient Calculated from 𝑆ℎ𝑚𝑖𝑛 

Maximum horizontal stress Breakout model 

Static Young’s modulus Equation 2.48 and 2.49 

Hydrocarbon permeability Assumed 0.0001 mD 

Water saturation Assumed ~90% 

Oil saturation Assumed ~10% 

Gas saturation Assumed 0 

Overburden stress Calculated rom bulk density 

Unconfined compressive strength Equation 2.51 

Fracture toughness Assumed 1000 psi.in0.5 

Specific gravity Assumed 2.3 

Rock compressibility Assumed 1x10-5 psi-1 

Thermal conductivity Assumed 1.1556 BTU/(ft.h.oF) 

Heat capacity Assumed 0.24 BTU/(lbm.oR) 

Coefficient of friction Assumed 0.6 
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Table 4.1 Continued 

Shear stiffness Assumed 442080 psi/ft 

Tensile strength Assumed 500 psi 

Embedment strength  Assumed 60000 psi 

Temperature gradient Temperature survey, 6.1839 oF/100ft 

Fluid surface temperature 55oF 

 

4.2 Fracture Network Model Development 

 BHTV log had been ran until depth of 8860 ft from the total depth of 10,062 ft. Pre-existing 

fractures in the vertical well NWG 55-29 had been interpreted (available from AltaRock Energy 

Inc. 2013). The fracture distribution is presented in Figure 4.3, by Schmidt plot showing the strike 

orientation and dip angle. Statistics of the fractures’ apparent aperture are presented in Table 4.2 

 

 

Figure 4.3 Fracture distribution from well NWG 55-29 in different mechanical stratigraphy. 
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Table 4.2 Apparent aperture observed from the image log (data from AltaRock Energy Inc. 

2013) 

 Apparent Aperture (mm) 

 Average SD Max Min 

Zone A 11.42 13.78 37.52 0 

Zone B 7.79 25.38 250.25 0 

Zone C 2.49 4.64 24.14 0 

Zone D 11.35 25.96 102.99 0 

Zone E n/a n/a n/a n/a 

 

 The apparent aperture data shows that there are many big fractures in the formation. 

However, the fractures can be closed. Critically stressed analysis can be used to justify if the 

fracture is potentially open. Fractures or faults usually are filled minerals or clays or showing 

hydrothermal alteration minerals.  

 Figure 4.3 illustrates that there is widespread distribution of fractures, particularly in zone 

B and zone C. It seems there is no clear pattern, even to justify it as orthogonal. But rather a 

polymodal pattern, as suggested by Healy et al. (2015). Figure 4.4 left illustrates that the fracture 

orientation is not well oriented with the new determination of 𝑆𝐻𝑚𝑎𝑥 direction. As discussed in 

Chapter 2.6, the complex geology of Newberry volcano could explain this phenomenon. In 

addition, with the study of Xue and Allen (2006) in Figure 3.12, there is indication of regional 

stress rotation. However, fracture intensity in Figure 4.4 right, shows that there is good correlation 

to justify lithology as geomechanical unit. Hence, beside the mechanical stratigraphy is related to 

lithology, it also relates to geomechanical layer (Bearinger 2017). 

4.2.1 Critically Stressed Fractures or Fault Analysis  

 From the image log interpretation, tendency of the fractures to slip can be analyzed. The 

tendency analysis is conducted by projecting the principal stress magnitude and orientation to shear 

and normal stress at each fractures plane. Figure 4.5 shows the slip tendency analysis using stress 

determination from previous study (normal faulting stress regime and N-S of 𝑆𝐻𝑚𝑎𝑥 orientation). 

Since zone B and zone C assumed to have linear stress profile, the normalized tendency (Figure 

4.5 top) is similar. In this analysis, the fractures are assumed to be open, hence cohesionless, and 
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sliding friction coefficient (𝜇) is assumed to be 0.55 (as used in the previous study for 𝑆ℎ𝑚𝑖𝑛 

determination). However, if this value is lower many fractures are critically stressed and prone to 

be conductive or active. In Figure 4.6 with strike-slip faulting stress regime and E-W of 𝑆𝐻𝑚𝑎𝑥 

orientation, it shows that some of the fractures are conductive. This explains the loss circulation 

while drilling. Both analyses show the possibility of slipping the fractures by increasing pore 

pressure with injection. Nevertheless, this method cannot be used to justify or predict 

unambiguously, to guarantee that the fluid will flow far from the wellbore. 

 

 

Figure 4.4 Pre-existing fractures distribution and orientation with respect to determined 𝑆𝐻𝑚𝑎𝑥 

direction (left). Fracture intensity per 50 ft of measured depth with lithological boundary (right).  

 

 Considering microseismic events as an indication of slip induced by fluid flow, Figure 4.7 

represent the fluid distribution on 2012 and 2014 stimulation. The maximum wellhead pressure in 

2012 stimulation is 2200 psi and in 2014 is 2900 psi. By assuming constant 𝑆ℎ𝑚𝑖𝑛 gradient (0.66 

- 0.7 psi/ft, Table 2.4), at the depth of 4000 ft, the 𝑆ℎ𝑚𝑖𝑛 is about 2800 psi and the effective stress 

is 1240 psi (with 𝑃𝑝 gradient of of 0.39 psi/ft, Table 2.4). While for the 2014 stimulation, the depth 

of 8500 psi has 2600 psi of effective stress. From this simple calculation, the maximum injection 
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pressure of the 2012 stimulation is significantly higher than the 𝜎ℎ𝑚𝑖𝑛 magnitude. Therefore, it is 

possible to have a widespread microseismic events. In addition, most likely tensile fracture was 

also created. 

 

 

Figure 4.5 Critically stressed analysis made by taking the middle depth of zones based on 

previously-determined stress information. The square, rhombus, and triangle represent 𝑆1, 𝑆2, and 𝑆3 respectively. The slip tendency code was made available from Stephens et al. (2018). 

 

4.2.2 Well Scale to 3D and 2D DFN Model  

 Following methodology suggested by Bearinger (2017), fracture intensity log was 

generated. The intensity is calculated as the derivative of fracture cumulative count. Then, to scale 

up the fracture, statistical distribution, geometry, orientation, and aperture must be defined. It is 

beyond this study to produce an actual representation of the natural fracture network. To validate 

the upscaled model, fracture frequency from other wells are needed. At least, from the image log 

data, natural fracture orientation and intensity parameters can be used as inputs. Using KinetixTM, 
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result for 3D fracture network in zone A is presented in Figure 4.8 left. Fracture propagation in the 

simulator considers the fracture network as 2D input (Figure 4.8 right). 

 

 

Figure 4.6 Critically stressed analysis made by taking the middle depth of zones based on stress 

information determined in this study. The square, rhombus, and triangle represent 𝑆1, 𝑆2, and 𝑆3 

repectively. The slip tendency code was made available from Stephens et al. (2018). 

 

 Treating the natural fractures for fracture propagation model, there are several ways. If the 

natural fractures are small, it is usually treated as part of fluid leak-off and prevent for tensile 

fracture to grows longer. In the SRV concept, natural fractures considered as permeability 

contributor, providing more complex fracturing and bigger stimulated area. Tensile fracture 

propagation will either crossing, branching, slip, or arrest when hits the natural fracture. Despite 

the imperfection to describe all science phenomena, many studies had been done and it is used 

practically in unconventional stimulation model. The model can give some idea and provide a 
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better decision to reduce risk or increase productivity. In this case study of Newberry EGS, shear 

stimulation is considered as the main mechanism and the operation strategy was conducted 

following the mechanism. The fracture propagation should be treated as fluid flows to pre-existing 

fractures, induces slip, and further creates tensile fracturing if the injection pressure is higher than 𝑆ℎ𝑚𝑖𝑛 or closure pressure (𝑃𝑐). The simulator takes the fracture network as 2D and there are no 

fracture permeability, aperture, or transmissivity properties that can be assigned. Another issue, 

there is no option to run fracture propagation model with open hole completion. Hence, to replicate 

the stimulation program, it is scientifically not correct to justify the model accuracy. Analysis 

which come from the result would be fundamentally incorrect since not replicating the appropriate 

mechanism. As there is no perfect simulator, it is a matter of choosing the most proper to represent 

the physical behavior. 

 

 

Figure 4.7 Microseismic distribution on 2012 stimulation (blue dots) and 2014 stimulation (green 

dots). The dot size represents the magnitude difference but not to scale.  
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Figure 4.8 3D fracture network model (left) and 2D fracture network on smaller boundary (right) 

in KinetixTM. 

  

4.2.3 2D DFN with Fracture Properties 

 In order to have shear fracturing mechanism (or PSS) in reservoir stimulation, McClure 

and Horne (2013) suggested several geologic conditions required. These are storativity in closed 

natural fractures, initial transmissivity in natural fractures, percolation of the natural fracture 

network, well oriented natural fractures to local stress state, natural fractures which experienced 

enhanced transmissivity with slip, and enough stimulated transmissivity. Each condition was 

investigated by setting different input parameters of natural fracture or hydraulic fracture 

properties as well as the distribution. Table 4.3 summarize key variables setup and its definition. 

These parameters are considered in the CFRAC simulator. 

 

Table 4.3 Key variables and inputs considered in this study (McClure and Horne 2013) 

Variable 

Symbols  

Variable Name in 

the Code 
Definition 

 Numfrac 
The number of fractures that will be generated 

stochastically 

 Minfracsize 

Minimum allowed fracture size. This is applied to both 

stochastically generated fractures and deterministically 

generated fractures. 

 primaryfracangles Major stochastically generated fractures strike direction 
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Table 4.3 continued 

 primaryfracspread Distance between stochastically generated fractures 

 shmaxorientation 

This is the orientation of the newly forming fractures. 

They default to form parallel to the y-axis. Given in 

radians. Measured from positive x-axis 𝜎𝑥𝑥 sxx_bc Remote compressive stress in the x-axis direction 𝜎𝑦𝑦 syy_bc Remote compressive stress in the y-axis direction 𝑃𝑖𝑛𝑖𝑡 Pinit Initial fluid pressure 𝐸𝑜 E0 Void aperture reference value 𝑒𝑜 e0 Hydraulic aperture reference value 𝐷𝑒,𝑒𝑓𝑓,𝑚𝑎𝑥 maxDtoperm 
Maximum sliding displacement that can cause 

hydraulic aperture dilation 

 

4.3 Conceptual Model Development 

 The conceptual model in this section is built using CFRAC simulator. Beside fracture 

distribution, fracture properties, and stress information discussed in the previous section, to 

simulate certain physical phenomena, several simulations set up are activated. When hydraulic 

fracture closes, it is considered to have residual aperture with default value of 10 microns. Aperture 

is calculated based on fluid pressure and normal stress. Then, transmissivity is calculated from the 

aperture. This is enabled by setting “hflaw”= 3. If hydraulic fracture meets natural fracture Gu and 

Weng (2010) criterion is used. The setting is “crossingcriterion”= 1. Temperature transport is also 

coupled by setting “fluidproperties”= 2. Formation temperature and injection temperature are set, 

and the simulator will look up the fluid properties based on range values provided in property 

table. Matrix permeability is considered to be zero and 1D-leakoff model is used by setting 

“matrixoption”= 2. Along with other default parameters and set up are presented in Table 4.4. 

 

Table 4.4 Simulation parameters and setup used in this study 

Variable 

Symbols or 

Setup 

Variable Name 

in the Code 
Description Values 

h height Formation height 100 m 

G G  15 GPa 𝑣 v Poisson’s ratio 0.18 

S0 S0init Cohesion of closed elements 0.5 MPa 

S0, open S0open Cohesion of open elements 0.5 MPa 
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 Table 4.4 Continued 

Variable 

Symbols or 

Setup 

Variable Name 

in the Code 
Description Values 

Khf hfcomp Stiffness of closed and newly formed fractures 0.01 MPa-1 

KI,crithf K1crithf 
Critical stress intensity factor for propagation 

of a newly forming fracture 

3.0 MPa-

m1/2 

mechtol alternatetol 
Convergence tolerance for the shear stress 

residual equations 
0.003 MPa 

itertol couplingerrtol Convergence tolerance for iterative coupling 0.003 MPa 

Pseudo-3D 

adjustment 
Gfactor  True 

η nu Radiation damping coefficient 
3 

MPa/(m/s) 

µ mu Friction coefficient 0.55 

σn,Eref Esnref Reference closure stress for hydraulic aperture 20 MPa 

σn,eref esnref Reference closure stress for void apertu 20 MPa 

φEdil Ephidil Shear dilation angle void aperture 0° 

φedil ephidil Shear dilation angle hydraulic aperture 2.5° 

Thf,fac hfresidperm 
Residual permeability of newly formed 

fractures 
10-9 m2 

Strain 

Penalty 
strainrateadj Strain penalty method False 

Cased well casedwell 

If true, natural fractures that intersect the 

wellbore are not hydraulically connected to the 

wellbore. 

False 

 hflaw Transmissivity from fracture aperture 3 

 crossingcriterion Gu and Weng (2010) HF meets NF 1 

 fluidproperties 
Fluid properties is changing based on pressure 

and temperature 
2 

 temperature Formation temperature 199.99 oC 

 fluidname Injected fluid type H20 

 Tinj Injected fluid temperature 35oC 

1-D leakoff 

model 
matrixoption 

one-dimensional diffusivity equation with 

variable pressure boundary condition 
2 

 rockden Rock density 2.6 kg/m3 

 rockheatcapacity Heat capacity of rock 
0.79 

kJ/(kg-C) 

 thermalcond Thermal conductivity of rock 
2.15 W/(m-

C) 

Pinit Pinit Initial fluid pressure  19.32 
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 Conceptual model is developed to study and observe the fracture propagation behavior with 

new stress interpretation. Several cases with different possibility of fracture properties and 

distribution are tested. Injection schedule are designed for shear stimulation mechanism (long 

injection below 𝑆ℎ𝑚𝑖𝑛) and possibility of tensile fracture creation. The model simulations are 

summarized in Table 4.5. 

 

Table 4.5 Conceptual model simulations tested 

 

PS-

Thin 

Fault 

TS-

Thin 

Fault 

PS-

Thick 

Fault 

TS-

Thick 

Fault 

PS- 

Fractures 

TS-

Fractures 

TS-

Well y-

MMS 𝝈𝒙𝒙 

(MPa) 
34.58  74.98  34.58  74.98  34.58  74.98  74.98  𝝈𝒚𝒚 

(MPa) 
52.88  34.58  52.88  34.58  52.88  34.58  34.58  𝑷𝒊𝒏𝒊𝒕 

(MPa) 
19.32  19.32  19.32  19.32  19.32  19.32  19.32  𝑺𝑯𝒎𝒂𝒙  𝒐𝒓𝒊𝒆𝒏. (o) 
2.3 92.3 2.3 92.3 2.3 92.3 92.3 𝑬𝒐 (m) 0.0005 0.0005 0.05 0.05 0.0005 0.0005 0.0005 𝒆𝒐 (m) 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 𝑫𝒆,𝒆𝒇𝒇,𝒎𝒂𝒙 

(m) 
0.02 0.02 0.02 0.02 0.02 0.02 0.02 

Fracture 

Network 
FN1 FN1 FN1 FN1 FN2 FN2 FN3 

Injection 

Schedule 
S1 S1 S1 S1 S2 S2 S1 

 

PS represents stress determination from previous study, while TS represent stress magnitude and 

orientation in this study. Thin fault is represented by long fractures which has aperture (𝐸0) equal 

to 0.5 mm. On the other hand, the thick fault has aperture of 5 cm. The thick apparent aperture is 

often seen from image log. It can be fracture or fault filled with minerals which appear to be dark 

from the sound wave reflection. Perhaps, by chemical stimulation, the fault can be reopen and 

provide fluid pathway. The distribution is presented in Figure 4.9. The well is oriented based on 

the NWG 55-29 orientation of E-W. 
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Figure 4.9 Fracture network 1 (FN1) to represent faults. Black line in the middle represents 

horizontal well, red lines represent potentially forming hydraulic fractures, and the distributed-

colorful lines are stochastically generated natural fractures. 

 

 Thousands of short fractures could be the case in the actual reservoir. This is modeled in 

Figure 4.10. It is used to test if shear stimulation might be working or with such fracture’s 

distribution. Lastly, what if the well drilled aligned with new interpretation, shear fracturing is also 

supported with tensile fracturing, with the not-well oriented thin faults, whether it would be 

working.  MMS conceptual model is used to investigate this. The fracture network is presented in 

Figure 4.11. 

 Injection schedule 1 (S1) is assigned with injection rate increasing per one-hour interval 

from 30kg/s, 60 kg/s, and 90 kg/s. After three hours of injection, the well is shut. 45 MPa of BHP 

threshold is used. The injection will either be controlled by maximum injection rate assigned or 

maximum BHP. On the other hand, injection schedule 2 (S2) is bounded by maximum BHP of 32 

MPa, while the 𝜎ℎ𝑚𝑖𝑛 is 34.58 MPa.  
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Figure 4.10 Fracture network 2 (FN2) to represents shorter fractures. 
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Figure 4.11 Fracture network 3 (FN3) as prototype of MMS (shear fracturing followed by tensile 

fracturing). The red lines connecting to colorful lines (natural fractures) are potentially forming 

tensile fracture. 
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CHAPTER 5 

STRESS ORIENTATION AND MAGNITUDE IMPLICATION FOR FIELD DEVELOPMENT 

IN NEWBERRY EGS 

 This chapter will discuss the result from previously developed conceptual model built using 

CFRAC simulator. The fracture model developed in Petrel-KinetixTM is no longer used, since the 

available fracture propagation models are not representing the stimulation mechanism in this case 

study. Even though the simulation was ran based on predictive model, it was developed based on 

suggested parameters to test for certain mechanism. Microseismic events recorded revealed an 

insight that the 2014 stimulation was not enough to reactivate the pre-existing fractures and reach 

bigger stimulated area. Even some events were recorded below the injection point (Figure 4.7). 

Several possibilities could explain this phenomenon, the new stress interpretation could be one of 

them. However, there is no exact answer as there are many unknown variables. Here, not well 

oriented fractures to the stress magnitude and orientation would be studied. Further 

recommendation for stimulation strategy and reservoir development would be discussed.  

5.1 Thin-Fault Case 

 In the case of thin fault with many fractures which are well oriented to stress orientation, 

increasing injection pressure up to the minimum stress will slip most of the fractures. Figure 5.1 

show the result for PS-Thin Fault simulation case. While the BHP was let to go beyond the 

minimum stress, it should be noted that the tensile fracturing will not be created unless the 

simulator is told to do so (it will be for TS-Well y-MMS simulation case). The profile was taken 

when the simulation time fluid pressure right below the minimum stress. Hence, the abnormal 

injection profile after the fluid pressure goes beyond the minimum stress, can be ignored.  It is 

clearly seen that in Figure 5.2, simulation TS-Thin Fault shows narrower stimulated area. Mainly 

because lack of well oriented natural fractures. Since the model is only 2D, when this case happen, 

there is a possibility of fluid going to other part of the well where well oriented fractures are 

present. It also can be seen that the fracture will not percolate if it is not well oriented to the stress 

orientation. 
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Figure 5.1 PS-Thin Fault simulation result. Fluid pressure distribution after 4470 s of injection 

(left). Maximum fluid pressure is reaching the minimum stress and pressure build is about to be 

created. Injection schedule and BHP profile during injection (right). 

 

 

Figure 5.2 TS-Thin Fault simulation result. Fluid pressure distribution after 3600 s of injection 

(left) and Injection schedule and BHP profile during injection (right). 

 

5.2 Thick-Fault Case  

 Result for PS-Thick Fault simulation is presented in Figure 5.3. Significantly different, TS-

Thick Fault simulation result shows very limited stimulated area. Clearly, bottomhole pressure 

profile shows the low pressure needed to access larger stimulated area.   

 



84 

 

Figure 5.3 PS-Thick Fault simulation result. Fluid pressure distribution after 9800 s of injection 

(left) and Injection schedule and BHP profile during injection (right). 

 

 

Figure 5.4 TS-Thick Fault simulation result. Fluid pressure distribution after 12249.5 s of 

injection (left) and Injection schedule and BHP profile during injection (right). Injection pressure 

is reaching the minimum stress and the stimulated area is narrow. 

 

5.3 Small-Fractures Case 

 The FN2 fracture network is a representation of non-percolating fracture network, as 

suggested by McClure (2012). Despite the presence of many small fractures, they are not well 

connected to each other. It has very lower tendency of shear stimulation to be happened or 

successfully stimulate the reservoir. Both of previous and in this study stress determination gave 

identical fluid pressure distribution. In this condition, maybe PFSLL or primary fracturing with 
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shear stimulation leakoff is the mechanism, as the believed mechanism in unconventional gas 

shale. 

 

 

Figure 5.5 Simulation result of small fractures case.  

 

5.4 Mixed-Mode Stimulation (MMS) Case 

 To test the ability of accessing fracture or fault permeability in the case of not-well-oriented 

fractures or fault TS-Well y-MMS simulation is tested. Bottomhole pressure reached higher than 

the minimum stress and tensile fracture is allowed to be created in the fracture model FN3. In 

Figure 5.6, the triangular shape at the tip of natural fractures are the pressure build up when 

opening new tensile fracture. Despite the ability of creating the new tensile fractures, well oriented 

thin fault takes the energy and creation of new tensile fractures require higher injection rate. It is 

represented as bumps in the bottomhole pressure profile of and continue to increase again. With a 

wide variety of natural facture or fault distribution, it is not clear and simple justification which 

direction will the fluid flow. A study on fractured reservoir permeability, with different faults or 

fractures pattern shows complex interaction between fractures and hard to justify which direction 

will give the highest permeability (Healy et al. 2015). Fault patterns with direction of maximum 

permeability is given in Figure 5.7. 
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Figure 5.6 TS-Well y-MMS simulation result. Fluid pressure distribution after 17558.9 s of 

injection (left) and Injection schedule and BHP profile during injection (right). Injection pressure 

is reaching the minimum stress and the stimulated area is narrow. 

 

 

Figure 5.7 Conceptual 3D model of bimodal or conjugate (a), quadrimodal (b), and polymodal 

(c) faults pattern. Corresponding faults distribution in stereonet plots is given by (d), (e), and (f), 

respectively (Healy et al. 2015) 
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5.5 Improving Stimulation Performance in Newberry EGS 

 From the simulation cases, it is shown that natural fractures or faults characterization is 

very important to achieve adequate injectivity and production rate. In this particular study, nearly 

in all cases with new stress interpretation, results depicted narrower stimulated area. Considering 

several possibilities of faults or natural fractures properties, the results provide better consistency 

with microseismic events recorded, shown in Figure 5.8. Comparing with 2012 stimulation in 

Figure 5.8a, narrower area of microseismic distribution is observed in 2014 stimulation. 

 

 

Figure 5.8 Microseismic distribution from top view (a) on 2012 stimulation and (b) 2014 

stimulation. The dot size represents the magnitude difference but not to scale. 

 

 Understanding the fluid flow complexity and high uncertainty of faults or fracture 

distribution, development strategy in the Newberry field to drill the production well after 

stimulation test could reduce the risk. However, controlling the fracture propagation in fractured 

rock with water only, without proper fracture characterization and stress field determination, is 

extremely hard. In the greenfield type of EGS, fracture zone or fault mapping is an addition to 

exploration cost.  
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 Based on investigation by McClure and Horne (2014), they found that in all EGS projects, 

which had pure shear stimulation (PSS), is consistent with presence of thick faults (high initial 

transmissivity and storativity). In case where no thick-fault is present, this will lead to formation 

and propagation of an opening mode fractures (POM), with fluid injection pressure greater than 𝑆ℎ𝑚𝑖𝑛. However, in many EGS projects, the injection pressure for stimulation was greater than the 

minimum horizontal stress. Hence, there is indication of fracture propagation. Mixed-mechanism 

stimulation (MMS) model should be used. In the case of Newberry EGS, the target zones have 

abundant fractures and there were mud losses experienced during drilling, indicating that several 

zones has quite high initial transmissivity. In addition, injection rate was greater than the minimum 

horizontal stress determined in the previous section (Cladouhos et al. 2016). Therefore, it is evident 

that the mixed mechanism had taken place. As had been tested in simulation TS-Well y-MMS, 

fracture branching is created. 

 Other than that, chemical stimulation is believed to significantly improve injectivity in 

Desert Peak EGS (Chabora and Zemach 2013). If the minerals filling the fracture or fault can be 

identified prior to stimulation, e.g. through cuttings, proper fluid can be chosen. In addition to that, 

thermal stimulation with prior well connection study, it will improve injectivity. Raft River and 

Geysers EGS are two demonstration projects testing this concept.  

 There are many ways, benchmarking to the best practice in oil and gas industry, to improve 

the stimulation operation. Advancement in horizontal drilling technology, efficiency, and are 

among them. Previous studies had been done by Shiozawa and McClure (2014), Hoffman et al. 

(2014), Cho et al. (2015), Hu and Tutuncu (2016), and Finnila et al. (2017), proved that 

theoretically injectivity and well connection can be significantly improved by horizontal drilling, 

multistage fracturing, and further, maintaining reservoir temperature and prevent early thermal 

breakthrough. Further research and technological advancement to reduce operational cost are 

primary goals. 

5.6 Newberry EGS Field for Production Development 

 When MMS type of stimulation mechanism is the case, the most appropriate conceptual 

model for reservoir simulation is the dual permeability or MINC model. It has been proven to solve 

a complex fractured reservoir problem for thermal depletion. Further research could be coupling 

the fracture propagation model of PSS and/or MMS stimulation mechanism with the dual 
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permeability for fluid flow. However, based on previous study by Cho et al. (2015), uniform 

fracture distribution gives the earliest thermal breakthrough, production strategies can be studied 

by placing number of wells surrounding the injection and the minimum radial distance.  
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CHAPTER 6 

CONCLUDING REMARKS AND FUTURE WORK RECOMMENDATIONS 

 Based on findings, investigation, and proposed conceptual model in this study, a 

recommendation on practical development of EGS stimulation and reservoir simulation strategy 

is found in this section. 

6.1 Summary and Concluding Remark of the Study 

 Fracture propagation model in fractured or faulted reservoir is highly affected by stress 

information and fracture or fault distribution. In application for very hot, low permeability, and 

metamorphic-igneous type of reservoir rock, maximum horizontal stress determination has been 

revisited. An iterative model with failure analysis, stressing on thermal effect and mechanical 

properties of the rock had been studied. Several benchmark cases have been modeled to test the 

developed-failure model.  

 In this study, it has been discussed that several type of breakouts could possibly occur. 

Especially in EGS wells, case study from Well GPK2, Soultz and Well NWG 55-39, Newberry 

EGS show that mode-X breakouts have a higher tendency to take place because of significant 

cooling. Once it prevails, stress magnitude should be properly estimated. In breakout 

interpretation, the simple compressive failure model developed in this study can be used to assist 

consideration and avoid misinterpretation. In addition, more data from other in situ stress 

determination methodologies would raise the confidence. 

 Once the most consistent interpretation is obtained, the stimulation mechanism was 

determined based on the stimulation program conducted. Despite availability of several 

propagation models, careful reservoir characterization has been taken to choose the most 

representative model and simulator. With the limited data availability, especially to build geologic 

and fracture network models, it is demonstrated that conceptual model can be used to improve 

better understanding of reservoir behavior and what factors might affect it. Simulating possible 

stimulation mechanisms can be validated in accordance with the microseismic activity recorded. 

However, while microseismic event can be used to investigate stimulation mechanism and indicate 
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stimulated reservoir volume, it is also a potential geo-hazard. Especially when utilizing fault 

permeability to get high fluid injectivity or productivity, a micro or small earthquake could be felt 

in the surface.  

 In this specific case study, strike-slip fault regime is determined. Maximum horizontal 

compression is oriented to EW. This observation is supported by simple Mohr-Coulomb criterion 

for failure model with incorporating temperature perturbation during drilling. Consistency is found 

from tensile-wall fractures observed in nearby well. Shear wave splitting also indicates a good 

agreement. Conceptual model with possibility of fractures or faults information is conducted. The 

specific case is justified to experience a mixed-mechanism stimulation which possibility of 

fracture creation while inducing slip on pre-existing fractures. To investigate reservoir fluid flow 

and thermal behavior, dual permeability model is perfect for complex fracturing behavior. 

However, permeability and porosity evolution overtime, due to thermal and chemical reaction 

should be further investigated and coupled in the model. 

6.2 Future Work Recommendation 

 If production well has been drilled and injection-production pair is established, further 

study can be conducted by exporting stimulated properties and mimicking fracture propagation 

behavior with CMG STARSTM. While for now, predictive simulation model is the only possible 

method.  

 Beside the rock mechanic aspect in this study, further improvement with chemical 

stimulation is highly recommended. The current procedure is by injecting high pressure cold water. 

If the mineral which fills the closed fracture or faults can be identified, specific reactive and 

economical chemical solution can be studied. Then, the chemical solution can be properly deigned 

to improve stimulation performance.  

 It suggested that further research for less expensive, earlier (possibly prior to drilling), and 

more heat resistant tool or methodology for stress determination should be conducted. Graphene, 

which has high thermal resistance, but perfect electric conductivity is the next generation of 

geothermal downhole tool. Polymer and elastomer mixed with graphene had shown significant 

improved thermal resistance.  
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LIST OF SYMBOLS 𝐴 direction of cosines for stress tensor transformation 𝑎𝑖 angle of cosine at the coordinate of 𝑖 𝑎 wellbore radius 𝐶𝑜 unconfined compressive strength (UCS) of rock 𝐸 Young’s modulus  𝐸𝑑 dynamic Young’s modulus, which calculated from acoustic wave properties 𝐸𝑜 void aperture reference value in CFRAC 𝑒𝑜 hydraulic aperture reference value in CFRAC 𝐸𝑠 static Young’s modulus 𝐺 shear modulus in CFRAC 𝑔 gravity acceleration ℎ height in CFRAC 𝐾1,𝑐𝑟𝑖𝑡ℎ𝑓 critical stress intensity factor for propagation of a newly forming fracture 𝑃𝑐 closure pressure 𝑃𝑖𝑛𝑖𝑡 initial fluid pressure in CFRAC 𝑃𝑚  wellbore fluid or mud pressure  𝑃𝑝 pore pressure 𝑟 distance from center of the wellbore to any point outside of the wellbore  𝑆 stress tensor 𝑆′ principal stress tensor 𝑆𝑖 stress at the coordinate of 𝑖 𝑆𝐻𝑚𝑎𝑥 maximum horizontal stress 𝑆𝐻𝑚𝑖𝑛 minimum horizontal stress 𝑆𝑣 vertical or overburden stress 𝑆𝑛 normal stress 𝑆𝑜 cohesion of rock in Mohr-Coulomb diagram and also in CFRAC 
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𝑆𝑜,𝑜𝑝𝑒𝑛 cohesion of open element or fractured rock in CFRAC 𝑇𝑠 tensile strength 𝑉𝑝 compressional wave velocity 𝑉𝑆 shear wave velocity 𝑤𝑏𝑜 stress-induced breakout width 𝑧 depth 𝑧𝑖 depth at level 𝑖 𝛼 Biot coefficient 𝛽𝑖 linear thermal expansion coefficient of certain mineral 𝑖 𝛽𝑡 linear thermal expansion coefficient 𝛾 wellbore inclination angle 𝜂 radiation damping coefficient in CFRAC 𝜃 radial angle, measured from 𝑆𝐻𝑚𝑎𝑥 direction in case of vertical well 𝜃𝑏 angle from 𝑆𝐻𝑚𝑎𝑥 direction to the stress-induced breakout edge  𝜃𝑒 angle from edge of thermally-induced breakout to 𝑆𝐻𝑚𝑎𝑥 direction 𝜇 coefficient of frictional sliding 𝜇𝑖 coefficient of internal friction 𝜙 internal friction angle of rock 𝜑 wellbore deviation angle from 𝑆𝐻𝑚𝑎𝑥 direction 𝜑𝐸𝑑𝑖𝑙 shear dilation angle void aperture in CFRAC 𝜑𝑒𝑑𝑖𝑙 shear dilation angle hydraulic aperture in CFRAC 𝜌 density of rock 𝜎𝑖 effective stress at the direction of 𝑖 𝜎𝑛 normal effective stress 𝜎𝑛,𝐸𝑟𝑒𝑓 reference closure stress for hydraulic aperture in CFRAC 𝜎𝑛,𝑒𝑟𝑒𝑓 reference closure stress for void aperture in CFRAC 𝜎𝐻 maximum horizontal effective stress 𝜎ℎ minimum horizontal effective stress 
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𝜎𝐻 vertical effective stress 𝜎𝑟 radial stress in wellbore coordinate system 𝜎𝜃 tangential or hoop stress in wellbore coordinate system 𝜎𝑧 vertical stress in wellbore coordinate system 𝜎𝑥𝑥 maximum horizontal stress in stress field coordinate system 𝜎𝑦𝑦 minimum horizontal stress in stress field coordinate system 𝜎𝑧𝑧 vertical stress in stress field coordinate system 𝜎𝜃𝑚𝑎𝑥  maximum tangential stress for deviated-wellbore 𝜎𝜃𝑚𝑖𝑛  minimum tangential stress for deviated-wellbore 𝜎𝜃∆𝑇 thermal stress due to temperature difference between mud and formation 𝜎1 maximum effective stress for failure analysis 𝜎3 minimum effective stress for failure analysis 𝜏 shear stress 𝜏𝑚𝑎𝑥  maximum shear stress 𝜏𝜃𝑧 shear stress due to 𝜎𝜃 and 𝜎𝑧 𝜏𝑟𝑧 shear stress due to 𝜎𝑟 and 𝜎𝑧 𝜏𝑟𝜃 shear stress due to 𝜎𝑟 and 𝜎𝜃 𝜏𝑥𝑦 shear stress due to 𝜎𝑥𝑥 and 𝜎𝑦𝑦 𝜏𝑥𝑧 shear stress due to 𝜎𝑥𝑥 and 𝜎𝑧𝑧 𝜏𝑦𝑧 shear stress due to 𝜎𝑦𝑦 and 𝜎𝑧𝑧 𝑣 Poisson’s ratio 𝜔 angle of en echelon tensile wall fracture from wellbore axis ∆𝑃𝑤 difference of pore pressure and wellbore fluid pressure ∆𝑇 formation temperature difference at equilibrium and right after drilling (positive for 

cooling) 
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LIST OF ABBREVIATIONS 

BHP : Bottom-Hole Pressure 

CFC : Compressive Failure Criterion 

CFRAC : Complex Fracturing ReseArch Code 

CMG  : Computer Modeling Group 

DFN : Discrete Fracture Network 

EGS : Enhanced Geothermal System 

HDR : Hot Dry Rock 

KGD : Khristianovic-Geertsma-de Klerk (fracture model) 

MINC  : Multiple-Interacting-Continua 

MMS : Mixed-Mode Stimulation 

PFSSL : Primary Fracturing with Shear Stimulation Leakoff 

PKN : Perkins-Kern-Nordgren (fracture model) 

POM : Pure Opening Mode, Mode I fracturing 

PSS : Pure Shear Stimulation 

PTS : Pressure Temperature and Spinner  

P3D : Pseudo-3D fracture model 

SCU : Shear Capacity Utilization 

SRA  : Stimulated Reservoir Area 

SRV : Stimulated Reservoir Volume 

TSS : Test for Shear Stimulation Tendency 

TFC : Tensile Failure Criterion 

TF : Tensile Failure 

TZIM : Thermally Zonal Isolation Material 

UCS : Unconfined Compressive Strength 
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