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ABSTRACT 
 
The Department of Energy (DOE) is sponsoring the Deep Trek Program targeted at improving the 
economics of drilling and completing deep gas wells.  Under the DOE program, Pinnacle 
Technologies is conducting a study to evaluate the stimulation of deep wells.  The objective of the 
project is to assess U.S. deep well drilling & stimulation activity, review rock mechanics & fracture 
growth in deep, high pressure/temperature wells and evaluate stimulation technology in several key 
deep plays.  An assessment of historical deep gas well drilling activity and forecast of future trends 
was completed during the first six months of the project; this segment of the project was covered in 
Technical Project Report No. 1.  The second progress report covers the next six months of the 
project during which efforts were primarily split between summarizing rock mechanics and fracture 
growth in deep reservoirs and contacting operators about case studies of deep gas well stimulation.    
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STIMULATION TECHNOLOGY FOR DEEP WELL COMPLETIONS 

 

PROJECT OVERVIEW 
Pinnacle Technologies (Pinnacle) is performing a study on stimulation for deep well completions as 
part of the Department of Energy’s (DOE) Deep Trek Program.  The Department of Energy’s 
(DOE) Deep Trek Program is targeted to improving the economics of drilling and completing deep 
wells.  This project is focused on the second objective of the Deep Trek program, “Improved 
Economics In Deep Well Completions.”  The objective of the project is to review current and past 
stimulation activity and research results for deep well completions and develop information for 
industry that will help reduce uncertainty and increase success in frontier and emerging deep 
formation plays.   

The Pinnacle study is focused on three major objectives: 

1. Evaluate the current state-of-the-art in stimulation technology for deep formations 
through industry interviews and a comprehensive literature review and assessment; 

2. Evaluate rock mechanics issues and fracture growth behavior in deep formation 
completions through literature review, interviews and rock mechanics analysis; 

3. Perform three to five small case studies evaluating stimulation in key deep formations.   

This report covers the second six months of the study during which effort was split between wrap 
up of the first objective and starting efforts on the second and third objectives 
 
Task 1 STATE-OF-THE-ART IN DEEP FORMATION STIMULATION TECHNOLOGY 

Task 1 consists of a comprehensive review of current literature on stimulation technology for deep 
formations and interviews with operators, service companies and consultants.  The result will be 
documentation of stimulation and completion practices in major deep formations and the 
identification of operator and service company technical requirements.   

Task 1.1 Literature Search 

During the first six months of the project Pinnacle worked with Ann Priestman (Information 
Specialist, GTI Information Center, Denver, CO) to perform searches of multiple databases for 
information on deep wells and deep well stimulation.  Over 750 publications were identified that 
could pertain to this subject.  Abstracts of these publications were reviewed and full-length copies 
of over sixty articles were ordered.   

During the second six-month period these articles were reviewed and compiled into a bibliography 
that is included as APPENDIX A – Deep Gas Well Stimulation Bibliography.  Each listing in the 
bibliography includes a brief summary of the contents of the article. 

Task 1.2    Deep Formation Completion Survey 

Pinnacle worked with Spears and Associates (SAI) to conduct a study to determine deep well 
activity levels by region, key organizations, current basic ell/completion/stimulation practices, 
successes, failures and technology issues.   
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This subtask was completed during the first six months of the project as covered in the first 
technical progress report. 

Task 1.3  Key Play Interviews 

The goal of this task was to focus on three to five significant deep gas plays for detailed study 
based on current and anticipated activity levels and deep gas potential.  Based on the response from 
participants in the Task 1.2 survey it is apparent that additional detail will not be available from 
operators for Task 1.3.  Only operators participating in Task 3 are willing to supply additional 
information on completions practices in key deep gas plays.  Resources targeted for this subtask 
will be re-directed to Task 3. 

 

Task 2 REVIEW/SUMMARY OF ROCK MECHANICS AND FRACTURE GROWTH IN DEEP 
RESERVOIRS  

Task 2 will consist of an evaluation of the rock mechanics issues and fracture growth behavior in 
deep formations.   
 
A draft technical summary of this task was completed by Dr. Hans de Pater and is attached as 
APPENDIX B – Rock Mechanics for Deep Well Stimulation.  The draft has been sent to a small 
group of industry rock mechanics experts for review.  Their input will be incorporated along with 
any findings from the Task 3 studies that are relevant to this task.   
 
Although fracture propagation does not depend on depth, the character of deep reservoirs will 
change fracture behavior through the dependence of the stresses on depth.  Probably, the tendency 
of the stress to become isotropic is related to temperature, but that is the main influence of 
temperature on the mechanics of fracture propagation.  Rock discontinuities are likely common in 
deep reservoirs and their influence on fracture behavior will depend on the stress.  For 
understanding the specific behavior of fractures in HPHT reservoirs, we have distinguished two 
principles:  

• Effective stress controls fracture behavior and interaction with discontinuities. 
• Stress is determined by incipient failure of rock formations. 

 
After drilling and logging a well, one should have an estimate of the effective overburden stress, 
which can be used as a rough indicator of fracture complexity.  The full stress tensor would be 
needed to assess problems with fracture stimulation, since the stress differences govern most 
fracture complexities.  Apart from stress measurements, rock stiffness and lithology control fracture 
behavior; these parameters can be evaluated from core, sonic logs and borehole image logs. 
 
For optimizing fracture treatments with regard to fracture geometry, various deviations from an 
ideal fracture shape have been classified in the summary.  Problems with containment (either lack 
of containment or poor coverage due to barriers in the target) are the most common, but also 
complications like T-shaped fractures or fracture networks may prevent efficient fracture 
propagation and proppant placement.  As yet, fracture complexity is not very amenable to 
simulation or prediction although some progress has been made in developing analysis methods.  
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Some guidelines have been developed for the prediction of fracture complexity, but much 
engineering judgement will be required for applications.   
 
 
Task 3 FRACTURE MODELING, PRODUCTION DATA ANALYSIS, RESERVOIR 
MODELING, AND CASE HISTORIES 

Task 3 will consist of an evaluation of stimulation in three to five deep gas formations identified in 
Task 1. The focus of the evaluations will be the integration of fracture modeling and production 
data analyses to better understand fracture performance.   

Based on the activity levels forecast in Subtask 1.2 and resource potential in each region NETL has 
selected the following regions for consideration for further study: 

• South Texas  
• Gulf of Mexico Shelf (GOM Shelf) 
• Rockies 
• Mid-continent 

 

For each major region, five to ten of the most active operators were contacted during phase 1 of the 
project.  Generally, two or three operators in each region indicated some interest in a potential case 
history study.  Since then follow-up contacts have been made with operators in the four key regions 
to gauge interest in case studies.  Setting up and conducting case history studies will be a major 
focus for the next phase of the project.  

 

Task 4 TECHNOLOGY TRANSFER 

The objective of Task 4 is to ensure that the results of the project are effectively and efficiently 
transferred to industry.  This will include two workshops, three technical papers/articles and a 
comprehensive final report.  Informal, periodic progress reports have been sent to the DOE Project 
Manager.  The first progress report was prepared and submitted.  The bulk of the activity for this 
task is scheduled toward the end of the project.   
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BIBLIOGRAPHY -  DEEP GAS WELL STIMULATION 
 
This bibliography was prepared as part of the U.S. Department of Energy’s Deep Trek 
Program.  The bibliography focuses on published material related to deep gas well 
stimulation.  Some publications on domestic deep gas resources are included to provide 
information on the type of reservoirs that must be stimulated during deep gas field 
development.  A few early publications (1960’s-1970’s) are also listed to provide a 
historical view of deep gas well stimulation.    
 
Ali, A. H. A., W. W. Frenier, Z. Xiao and M. Ziauddin, 2002, Chelating Agent-Based 
Fluids For Optimal Stimulation Of High-Temperature Wells, SPE-77366. 
Key words – matrix stimulation, chelating agents, acidizing, sandstones, carbonates 
Content – Chelating agents are often used to formulate systems for matrix stimulation 
and to prevent precipitation of solids.  Chelating agents with low corrosion rates at high 
temperature are discussed in this paper.  Laboratory and field test results are presented. 
 
Anderson, R. W., D. E. Johnson and T. Diep, 2002, New Resin Technology Improves 
Proppant Flowback Control In Hp/Ht Environments, SPE-77745. 
Key words –  proppant, proppant flowback, resin coating 
Content - Discusses a new resin system for proppant flowback control under extreme 
conditions of stress, temperature and flowrate.  The basics of resin coating are presented 
and laboratory testing of the new system is presented.  No field results are shown. 
 
Bilia, Rich, Gordon, Doug, Watterson, Ed, and Mota, Jose; 2003, South Texas Hybrid 
Monobore High Pressure, High Temperature Well Design, SPE-84267. 
Key words – completion, South Texas, Wilcox Formation, tubingless wells 
Contents – This paper covers tubingless well completions in deep Wilcox wells in the 
Fandango Field.  Conventional (tubing/packer) and tubingless well designs and costs are 
compared.   
 
Brannon, H.D.; Ault, M.G., 1991, New, Delayed Borate-Crosslinked Fluid Provides 
Improved Fracture       Conductivity in High-Temperature Applications, SPE-22838.        
Key words – frac fluids, crosslinked fluids, Red Fork formation, Oklahoma, Wilcox 
formation, South Texas 
Content – This paper talks about a borate-crosslinked fluid developed for high 
temperature application.  The evolution of high-temperature fracturing fluids is reviewed 
along with the chemistry of the new fluid.  Laboratory data is presented along with case 
histories.   
 
Chambers, M.R.; Mueller, M. W.; Grossmann, A., 1995, Well Completion Design and 
Operations for a Deep Horizontal Well with Multiple Fractures, SPE-30417. 
Key words – case history, horizontal well  
Content – Case history of a horizontal well stimulated with multiple hydraulic fracture 
treatments.  Design considerations are presented to optimize completion operations 
(perforating, stimulation and zonal isolation).   Well depth is over 15,000’ (TVD) with a 
horizontal section over 2,000’ in length.    
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Cikes, Marin; Economides, Michael J., 1992, Fracturing of High-Temperature, Naturally 
Fissured, Gas-Condensate Reservoirs, SPE-20973. 
Key words – case history, naturally fissured, gas-condensate, low permeability 
Content – This paper discusses eleven fracture treatments that were completed in 
extremely high temperature (355 to 385oF), low permeability zones.  The paper covers 
the completion and stimulation treatment design, treatment execution and post-fracture 
evaluation. 
 
Cikes, Marin, 1996, Long-term Hydraulic-Fracture Conductivities Under Extreme 
Conditions, SPE-66549 
Key words – proppant, conductivity, case history 
Content – This paper evaluates the performance of proppants subject to severe conditions 
of stress and temperature.  Production histories and pressure build-up tests are evaluated 
from four wells completed in a hot, high pressure reservoir.  Reservoir temperatures 
ranged from 354 to 383oF and effective closure stress from 3640 to 7395 psi. 
 
Cochener, J. C., and D. G. Hill, 2001, Big League Potential Has Industry Going Deep For 
Gas, American Oil & Gas Reporter, v. 44, n. 3 p. 68-70, 72, 75-77. 
Key words – deep gas resource, key deep gas regions, gas quality 
Content – Overview of deep gas resource in the lower-48 US.  Provides an assessment of 
resource and gas quality by region along with emerging plays. 
 
Cochener, John and Chuck Brandenburg, 1998, Expanding the Role of Onshore Deep 
Gas, GasTIPS, v. 4, n. 3, p. 4-8. 
Key words – deep gas resource, key deep gas regions, gas quality 
Content – Overview of deep gas resource in the lower-48 US.  Provides an assessment of 
resource and gas quality by region along with emerging plays along with a quick review 
of challenges in bringing deep gas to the market. 
 
Collins, J.C.; Graves, J.R., 1989, The Bighorn No. 1-5: A 25,000-ft Precambrian Test in 
Central Wyoming, SPE-14987.     
Key words – case history, Wind River Basin, Madison formation  
Content – This paper reports on a deep (25,000’ TVD) well drilled on the Madden 
anticline in 1983-85.  Drilling performance by section is discussed and production testing 
of the Madison is briefly described. 
 
Conway, Michael W.; Harris, Lawrence E., 1982, A Laboratory and Field Evaluation of a 
Technique for Hydraulic Fracturing Stimulation of Deep Wells, SPE-10964. 
Key words – fracturing fluids 
Content – This paper discusses treating fluids for stimulating deep wells.  It covers a 
laboratory method and test results to evaluate the time-temperature stability of a 
crosslinked gel fluid system.  Field results from Oklahoma and Texas wells are presented.  
 
Cooke, Claude E., 1976, Hydraulic Fracturing with a High-Strength Proppant, SPE-6213.          
Key words – proppant, high-strength proppant, conductivity 
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Content - This paper discusses laboratory studies of high-strength proppant and describes 
field applications of the proppant and summarizes factors affecting gas well stimulation. 
 
Crow, Ron; Craig, B.D., 1992, Drilling and Completion Practices for Deep Sour Gas 
Wells in the Madden Deep Unit of Wyoming, SPE-24604. 
Key words – Madison formation, sour gas, completion design, Madden Deep Unit 
Content – This paper presents the drilling and completion practices for two deep and hot 
sour gas wells in the Madison formation of the Madden Deep Unit in Wyoming.  The 
wells were drilled to approximately 25,000’.  A corrosion study and tubular selection is 
discussed. 
 
Crenshaw, P.L.; Flippen, F.F., 1968, Stimulation of the Deep Ellenburger in the Delaware 
Basin, SPE-2075.        
Key words – Delaware basin, acid fracturing, Ellenburger formation, dolomite, 
limestone, case history 
Content – This early paper covers problems stimulating deep wells completed in the 
Ellenburger formation in West Texas.  Problems include lack of treatment height 
confinement, lack of fluid-loss control and lack of knowledge about acid reaction at high 
temperatures & pressures.   
 
Cutler, Raymond A.; Jones, Arfon H.; Swanson,; Stephen R.; Carroll Jr., Herbert B., 
1981, New Proppants For Deep Gas Well Stimulation, SPE-9869.     
Key words – proppants, conductivity 
Content – This paper discussed the manufacturing and testing of high-strength proppants.  
Laboratory test results for conductivity under simulated downhole conditions are shown. 
 
Davis Jr., Wirt E, 1975, Considerations for Fracture Stimulation of the Deep Morrow in 
the Anadarko Basin, SPE-5391.       
Key words – case history, Anadarko Basin, Morrow formation  
Content – This paper discusses stimulation of the Morrow formation in the Anadarko 
Basin of Oklahoma.  Fluids, proppant, equipment and techniques for deep well 
stimulation are discussed.  Results from four wells are shown. 
 
De Pater, C.J. (Hans); Zoback, Mark D.; Wright, Chris A.; Engeser, Bernard, 1996, 
Complications with Stress Tests - Insights from a fracture experiment in the ultra-deep 
KTB borehole, SPE-36437. 
Key words – in-situ stress, stress tests, fracture mechanics  
Content -  This paper documents injection tests that were conducted in a 9,000 meter 
deep borehole to measure in-situ stress.   
 
Dyman, Thaddeus S and Kuuskraa, Vello A., Geologic Studies of Deep Natural Gas 
Resources, USGS Digital Data Series 67, DDS-67 
http://geology.cr.usgs.gov/energy/DDS-67/ as of 6/26/03, CD-ROM. 
Key words – deep gas resource, plays, deep gas potential 
Content – This report summarizes major conclusions from ongoing USGS work on deep 
gas resources.  The report includes chapters on the location & description of deep 
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sedimentary basins, geochemical work on source rock and gas generation, assessment of 
Gulf Coast plays and deep gas drilling in the 1990’s.   
 
Dyman, T. S., Rice, D. D., and P. A. Westcott, 1997, Geologic Controls of Deep Natural 
Gas Resources in the United States, USGS Bulletin 2146, 
http://pubs.usgs.gov/bul/b2146/b2146.pdf as of 6/26/03. 
Key words – deep gas resource, plays, deep gas potential 
Content – This is an extensive collection of papers.  Papers in this bulletin address major 
areas of geologic research funded by the United States Geologic Survey (USGS) Onshore 
Oil & Gas Program and the Gas Research Institute.  During the first phase of the work 
deep well data were tabulated and summarized, preliminary reservoir properties and 
structural settings for deep gas accumulations were identified and porosity and source-
rock geochemistry studies were conducted.  During the second phase of the work, general 
geologic controls governing natural gas distribution were determined, geologic and 
production data for significant reservoirs were tabulated and summarized, diagenetic 
controls for select reservoirs were established, production and pressure-test data were 
interpreted, geochemical controls and geologic settings for non-hydrocarbon gases were 
identified, the setting and controls of unusually high porosity in deeply buried rocks were 
defined, the source rock potential of Precambrian sedimentary rocks was investigated and 
the range of potential of kerogen at high levels of maturation was studied.  Papers in this 
bulletin summarize major conclusions reached in both phases of work on deep natural gas 
resources.    
 
Economides, Michael J.; Cikes, Marin; Pforter, Harry; Udick, Thomas H.; Uroda, Pavel, 
1989, The Stimulation of a Tight, Very-High- Temperature Gas-Condensate Well, SPE-
15239. 
Key words – case history, gas-condensate reservoir, low permeability, frac fluid selection 
Content – This paper presents a pre-treatment analysis of the well, thermal and lithologic 
considerations for selection of the fracture-fluid system, treatment execution and post-
frac analysis.  Well performance is analyzed and the effects of gas condensate on 
production and refracture potential are discussed. 
 
Economides, M.J. and Nolte, K.G. (editors), 2000, Reservoir Stimulation – Third Edition, 
Schlumberger. 
Key words – hydraulic fracturing, rock mechanics, formation evaluation, fracturing 
fluids, proppants, conductivity, fracture modeling, fracture diagnostics, treatment design, 
completion design, treatment analysis, economics, acidizing, formation damage 
Content – Comprehensive publication covering formation stimulation including hydraulic 
fracturing, acid fracturing and matrix acidizing.   
 
Ely, J.W., Martin, M.A. Duenas, J.J. and Trythall, J.R.; 2003, Enhanced Fracture 
Stimulation in the Deep Morrow Sandstone in Western Oklahoma, SPE-80932. 
Key words – case history, Oklahoma, Morrow 
Content – This paper covers a project to optimize treatments in the Deep Morrow 
Sandstone in western Oklahoma.  Offset well results and diagnostic injections were used 
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to optimize treatment design and to identify potential treatment execution problems.  
Production data is compared to offset wells fractured with other job designs.  
 
Ely, J.W., Cobb, W.J., Elkin, B. and Bell, D.D.; 1989, Successful Proppant Fracturing of 
Ultradeep Sour Gas Reservoir, SPE-19768. 
Key words – case history, Mississippi, Smackover, sour gas 
Content – This paper reports on hydraulic fracturing of four sour gas wells completed in 
the deep (19,000’), hot (330°F) Smackover formation in Mississippi.  Stimulation 
treatment design and execution is discussed along with production results for each well.   
 
Gibbs, Max A., 1968, Ellenburger Stimulation – Past, Present and Future, SPE-2347 
Key words – Delaware basin, completion, dolomite, limestone, case history 
Content – This early paper reviews stimulation practices in deep wells (up to 20,000’ 
TVD) in the Delaware Basin in West Texas.  A variety of completion techniques have 
been used to cope with the depth, high temperature and large gross pay thickness of these 
wells.   
 
Gidley, J.L., Holditch, S.A. Nierode, D.E. and Veatch, R.W. (editors), 1989, Recent 
Advances in Hydraulic Fracturing, SPE Monograph Vol. 12 
Key words – hydraulic fracturing, rock mechanics, formation evaluation, fracturing 
fluids, proppants, conductivity, fracture modeling, fracture diagnostics, treatment design, 
completion design, treatment analysis, economics 
Content – Comprehensive SPE monograph on hydraulic fracturing with contributions 
from 23 authors. 
 
Griffin, L.G. Sullivan, R.B., Wolhart, S.L., Waltman, C.K., Wright, C.A., Weijers, L., 
and Warpinski, N.R.; 2003, Hydraulic Fracture Mapping of the High Temperature, High 
Pressure Bossier Sands in East Texas, SPE-84489. 
Key words – case history, Bossier Sand, East Texas Basin, flowback, microseismic 
hydraulic fracture mapping, fracture diagnostics  
Contents – This paper presents the results of microseismic hydraulic fracture mapping for 
three wells completed in the Bossier tight gas sand play in the East Texas Basin.  The 
paper shows fracture geometry (azimuth, height and length) results from monitoring both 
waterfrac and hybrid waterfrac treatments.  Fracture length development and payzone 
coverage is discussed.  
 
Hahn, D.E., Pearson, R.M. and Hancock, S.H., 2000, Importance of Completion Design 
Considerations for Complex, Hostile, and HPHT Wells in Frontier Areas, SPE-59750 
Key words – completion design, frontier wells, tubular selection, sour gas 
Content – This paper shows an engineering design approach for planning deep, difficult 
and complex wells.  A methodology is presented that accounts for stress due to thermal 
effects, axial loads and pressure differentials.  Selection of tubulars is emphasized but 
other aspects of completion design are discussed (packers, other downhole equipment, 
completion fluids and perforating). 
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Hahn, D.E., Burke, L.H. Mackenzie, S.F., and Archibald, K.H.; 2003, Completion Design 
and Implementation in Challenging HP/HT Wells in California, December 2003 SPE 
Drilling & Completion. 
Key words – case history, completion design, tubular selection, California 
Contents – This paper covers the well design for deep (>20,000 ft), high temperature 
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HP-HT ROCK MECHANICS FOR FRACTURING 

Introduction 

The nature of deep reservoirs can result in very complex hydraulic fracture growth and 
production behavior due to the complex stress regimes and the large component of the 
stress field that is initially supported by the high reservoir pressure.   Many hydraulic 
fracture treatments are designed with only a scant knowledge of the relevant rock 
mechanical parameters. Industry simulation software uses the modulus, the minimum 
horizontal stress, the stress contrast with bounding strata and the reservoir pressure. 
These parameters are believed to govern fracture geometry: fracture width is almost 
inversely proportional to modulus, height is determined from net pressure over stress 
contrast and leak-off is determined to some extent by reservoir pressure. However, in 
routine fracture treatments there is often a lack of direct modulus and stress 
measurements and one is forced to use log-derived parameters. 
 
In this section we will define and identify the fracture growth characteristics in deep 
formations and define the critical rock properties that affect fracture growth. We will: 

• Evaluate how fractures grow in deep reservoirs, in particular fracture height 
growth and confinement mechanisms 

• Assess the effect of basin centered stress regimes on fracture complexity and 
growth. Assess the effect of reservoir pressure on fracture geometry and stress 
regime 

• Assess the occurrence of multiple fractures and identify and model fracture 
complexity (multi fractures, tip effects, etc.). 

 
Fracture stimulation has become a big business because it is successful in the majority of 
wells.  In most applications the cost of the treatment is paid back quickly. In a minority of 
cases there are severe problems that can be traced to fracture complexities.  We define 
fracture complexity with respect to the ideal goal of a fracture of sufficient length and 
conductivity that fully covers the target and is properly connected to the well.  Common 
complexities like uncontained growth or partial coverage of the reservoir due to strong 
containment by a shale layer in the reservoir will lead to sub-optimal stimulation.  In this 
respect it is most important to understand the relation between pressure and width and 
fracture height, because this must be the basis for optimizing a design.  Of secondary 
importance are multiple fractures or T-shaped fractures because these occur less often. 
Although the latter kind of complexity receives much attention, we should keep in mind 
that complex behavior rarely hampers successful stimulation.  Optimization of the 
majority of stimulation treatments for the expected conditions of HPHT wells, should 
deliver the biggest benefit. 
 
Still, a significant number of jobs (perhaps 10-20%) fail due to poorly understood causes. 
Some failures occur due to poor execution practices like poor fluid control, but also 
complex fracture geometry causes failures.  It is important for HPHT applications to 
reduce the failure rate, which could be even higher since the HPHT reservoirs pose more 
challenging conditions.  For instance, near-wellbore conditions may be poor in HPHT 
wells due to drilling problems.  Also, overpressured reservoirs have a low effective stress, 
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which may hamper efficient fracture propagation.  Nevertheless, the first priority is the 
optimization of the treatments that can be successfully executed. 
 
Keeping in mind the right priorities for fracture design and optimization, it is still 
worthwhile to prevent fracture complexities and understand the issues.  Many 
complexities in fracture growth are not considered by conventional simulation software 
and other parameters than used in standard simulations play an important role.  
Complications with fracture treatments can be separated into near-wellbore and fracture 
propagation issues. 

• Fracture initiation – Tortuosity:  Initiating fractures from a perforated 
completion is likely to result in a complex fracture close to the wellbore.  Ideally, 
the fractures propagate from the perforation tunnels and then zip up to a single 
fracture within a few borehole radii.  When the preferred plane deviates from the 
perforations the fracture initiates directly from the annulus, creating a pinch point 
between cement and formation.  When the preferred plane is misaligned from the 
wellbore by more than 10o multiple fractures may start that do not link at all if the 
horizontal stress contrast is large.  Even fractures induced by drilling and 
perforating can exacerbate this multiple fracture problem, but natural fractures are 
also a source of fracture complexity. 

• Fracture propagation: For assessing the probability of fracture complexities, 
Nolte (1979, 2000a) introduced the concept of ‘formation pressure capacity’ 
analogous to pressure capacity of pressure vessels.  Complexities can be expected 
when: 
1. Net pressure exceeds stress barriers, with uncontained fracture growth, 
2. Frac pressure exceeds maximum horizontal stress yielding a tortuous path and 

opening of fissures cutting through the frac plane or frac pressure exceeds the 
vertical stress, giving horizontal fracs, 

3. Net pressure approaches vertical effective stress, leading to frac network. 
 

Both for near-wellbore and far-field fracture networks, the stress state and rock 
discontinuities play a dominant role.  These two factors are strongly linked, since 
discontinuities are the natural result of rock deformation, which is governed by the stress 
regime.  Often, petroleum engineers assume that formations are in a state of rest, because 
many reservoirs are found in thick sedimentary deposits.  However, even in a tectonically 
quiet region like the Gulf Coast the rapid sedimentation leads to bending of the 
sedimentary package so that the formations are close to failure, as evidenced by faulting.  
Therefore, discontinuities are present in most rock formations, but they are only 
significant if they accept fluid in a hydraulic fracture treatment and interact with the 
fracture.  This depends on the stresses and the fracturing pressure. 
 
For a general discussion of HPHT completions we review first natural fractures and 
stress, since we need to extrapolate the experience at intermediate depth to great depth.  It 
is unfortunate that classification of fracture experience in different environments (both 
wrt. stress and lithology) has received little attention.  It is apparent that stress regime and 
lithology are important for fracture behavior (and sometimes lead to pathological fracture 
geometries), but fracturing data has never been systematically analyzed in this context.  
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To some extent no reservoir is the same as another, but a global assessment of occurrence 
of near-wellbore tortuosity, high net pressures or complex fracture geometry would be 
useful for determining the relation between fracture growth and lithology, which is 
poorly understood.  Moreover, we know that stress is important but in many cases stress 
measurements are lacking or incomplete. 
 
Rock mechanical parameters for stimulation 

Formation characterization forms the basis of any fracture design; a good review of the 
subject has been written by Desroches and Bratton (2000).  The most important 
parameters are: stress, modulus, lithology1, reservoir pressure and fluids, permeability 
and porosity.  Rock strength and friction is only of secondary importance for fracturing. 
 
Regional Stress Data 

Many basins in the US host deep gas reservoirs (Dyman et al., 1997), see Figure 1.  The 
review of HPHT completion applications showed that the most exploited areas are: South 
Texas, Oklahoma, Louisiana, the Gulf of Mexico (GOM) and the Rockies.  Regional 
stress data is available from geophysical studies and earthquakes, but these are relevant 
for a depth of 20 km or more.  Figure 2 (a) shows the regional stress data, as available for 
the GOM in the World Stress Atlas.  For the Gulf and Gulf coast region it is more useful 
to look at tectonic environment and also use the stress measurements from oil well 
drilling and leakoff tests.  Nunn (1985) reviewed the state of the stress in the Gulf coast 
and he showed that the sediment body is in a state of failure due to the bending of the 
upper crust.  This is related to the faulting in the region, as shown in Figure 2(b).  In 
general, the flexural model and faulting agree with the stress map data. Onshore, there is 
a regional stress orientation, which follows the major fault systems.  Offshore, the picture 
is more variable, which may be related to local structures.  For the petroleum reservoirs it 
is important that many reservoirs occur near salt domes, which have a strong influence on 
local stresses. 

 
1 When we talk about lithology, we loosely include lamination, sedimentology and discontinuities. 
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Figure 1.  US deep gas basins (Dyman et al., 1997). 

 
Most rock mechanics work for HTHP wells has been done in relation with drilling 
problems.  The first issue was defining a safe pressure window dictated by well control 
and fracturing.  The fracture gradient has mostly been obtained from Leak-Off Tests 
(LOT’s).  Several studies (Breckels, 1982; Edwards, 1998) indicated that the LOT data is 
close to traditional hydraulic fracturing data.  The trend of fracture pressure with depth 
has been determined for GOM and North Sea wells and also extrapolated to other 
environments.   The approach has been to define the trend for normally pressured 
reservoirs and then develop a correction for overpressured formations. 
 



Pinnacle Technologies, Inc.  DE-FC26-02NT41663  
3/22/2004  Technical Progress Report No. 2 

It is surprising that a general trend of the stress with depth was found in the GOM, North 
Sea and Brunei (Sunda shelf), because the three basins used have a quite different 
tectonic setting.  The North Sea is an ancient rift system (Rhine graben) and extensional 
in nature.  The GOM is a dormant ocean basin, with rapid sediment loading.  Offshore 
Brunei is the Sunda shelf, which is part of a non-extensional back-arc basin (Busby, 
1995).  It appears that the stresses are similar because of lithological similarity and it may 
be a coincidence that these basins have dominantly a normal faulting regime. 
 

 

Data on stress versus depth are available for the GOM (Breckels, 1982) and the North 
Sea (Edwards, 1998); the conclusions are quite similar on the trends of stress versus 
depth.  We use the following relations for the stress versus depth: 
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Figure 2:  (a) Stress Map of Gulf of Mexico (Reineker, et al 2003) and (b) Principal fault systems in Gulf coast 
region (Nunn, 1985). The general trend in the coastal province would be extensional onshore and compressional 

offshore owing to bending of the sediment body. 
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Figure 3 (a) shows the stress data of the GOM versus depth and Figure 3 (b) shows the 
effective stress. 
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Figure 3:  (a) Stress and pore pressure versus depth for GOM data and (b) Effective Stress versus 
depth for GOM data (Breckels, 1982). 

 

 
In the intermediate depth range, the difference between vertical and horizontal stress 
increases, but at great depth the stress difference disappears.  An interesting observation 
is also that the effect of overpressure on geological time scale is similar to the effect of 
man-made pore pressure changes due to production or injection.  Apparently, the stress 
change by overpressure is approximately elastic. 
The most important implications of the stress-depth relation for HPHT stimulation are: 

• For hydraulic fracturing the fracture gradient is important since it directly 
determines the wellhead pressure, for given frac string, flow rate and hydrostatic 
pressure.  The high stress at great depth will give an even higher surface pressure, 
which may limit flow rate and fluid viscosity. 

• Furthermore we need to consider the difference between the stress components 
because that determines any near-wellbore problems. 

• Finally the stress contrast between the reservoir and the bounding strata is 
important for the fracture height. We will show how that depends on depth. 

 
In the Rocky Mountain area there is deep gas in the greater Piceance, Green River, the 
Wind River, the Uinta Basin and Hanna Basins (Spencer, 1985).  In some fields there are 
high horizontal stresses, which results in problems with near-wellbore tortuosity. 
 

Modulus 

Apart from stress, the modulus is an important parameter for fracture design.  Preferably, 
the modulus is obtained from core tests.  Since hydraulic fractures open against the least 
stress, the stress difference will become less upon opening and the rock mass experiences 
a lower shear stress.  This explains why the relevant modulus for hydraulic fracture 
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modeling should be the unloading modulus.  This is often close to the dynamic modulus 
from sonic logs, although the difference could be a factor of two (Warpinski, 1998). 
 
In HPHT applications we can expect a wide range for the modulus since some tight gas 
reservoirs will be very stiff.  Other reservoirs may be nearly unconsolidated (owing to the 
high reservoir pressure that prevent significant compaction and cementation) and have a 
much lower modulus.  With respect to shallower fields we can expect a higher modulus at 
great depth, because the modulus depends weakly on effective confining stress.  By 
contrast, overpressured reservoirs should have a relatively low modulus because the 
effective stress is low. 
 
Geological Discontinuities 

For a long time petroleum engineers believed that discontinuities may be important in 
shallow rock masses, but that they become insignificant at great depth.  Also, it was 
thought that shallow rock formations show much more jointing because the joints would 
form by thermal-elastic contraction during uplift.  Fractured reservoirs have been known 
for a long time but they were regarded as a separate class (and rarely needed stimulation).  
It was believed that joints and fissures are the only conductive discontinuities at depth 
and that in tight reservoirs at great depth natural fractures could determine the production 
mechanism, but they would not play a significant role in hydrofrac propagation.  The 
reasoning was that rupture of the rock at the tip could be quite complex and open 
microfractures, but that the complex tip would be shielded from the main body of the 
fracture.  Even though a common picture of a rock fracture is a branched and rough 
discontinuity, hydrofrac models assume a planar smooth fracture in a uniform elastic 
medium.  For engineering work such a simplified picture is often necessary and 
sufficient, but important aspects of the fracturing process have been neglected. 
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In recent decades this conveniently simple picture has been modified by insights in 
geology, fracture mechanics and direct observations of hydrofracs.  Geologists concluded 
that different mechanisms cause fracturing and that deep formations have fractures in 
view of tectonic processes and high pore pressure.  Interaction of hydrofracs with 
discontinuities has been seen in mine-backs and cores cut through a hydrofrac and is very 
likely the cause of multiple fractures (Warpinski et al., 1982, 1987, 1993).  It is 
instructive to look at rock formations in outcrops because they most clearly show the 
discontinuities that are also found at depth.  Figure 4 shows the basic types of fractures 
found in petroleum reservoirs: faults with a shear displacement and joints with mostly 
opening displacement.  The fracture systems are often found in outcrops that are 
representative for reservoir formations.  Propagating a hydrofrac through such a fractured 
rock mass can easily produce a complicated fracture geometry provided the 
discontinuities accept fluid or start slipping.  Although simplified fracture models have 
been validated in many cases, there is at least evidence for a complex region at the tip, 
which is largely controlled by the interaction of the hydro-fracture with geological 
discontinuities.  Although, the main fracture will be shielded from the complex tip region, 
the overall fracture roughness could be increased by offsets at the tip if the offsets are 
larger than the fracture width. 
 

 
Figure 4: Fault plane and joint sets; I: fault, II-V: vertical, horizontal and oblique joint sets  (taken from 

Chernyshev, 1991). 
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Figure 5:  Natural hydraulic fracture showing characteristic 
roughness pattern and crack bridging (Lacazette et al., 1993) 

 

 

 
Figure 6:  Crack branching upon reorientation (Engelder, 1987). 
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In sedimentary basins, it is often found that significant overpressure occurs at great depth.  
The cause of overpressure can be the low weight of the hydrocarbon column, lack of fluid 
escape during compaction and the continuous upward flow of fluid from deep, 
compacting sediments.  With respect to the importance of discontinuities, the low 
effective stress in overpressured formations is a key parameter.  Geologically, tensile 
fracturing can also be explained by overpressure.  Geologists designate these fractures as 
hydraulic fractures because they are driven by high pore pressure.  Although some claim 
that these fractures really propagate due to a source of high water pressure, it is more 
likely that these fractures form under the influence of compressive stress when the other 
stress components are relieved by the pore pressure.  Under these conditions, the rock 
formation fractures in a cleavage mode; that is to say the stress is still compressive but 
the maximum stress is much higher than the minimum stress which leads to failure in 
extension.  Figure 6 shows an example of such a fracture, with typical surface roughness 
and crack plane offsets. In overpressured reservoirs, the hydrofrac propagates in a 
medium that is close to natural fracturing and we can expect interaction of hydrofractures 
with discontinuities leading to fracture roughness and offsets. 
 
For hydraulic fracturing it is probable that discontinuities become important when they 
accept fluid.  It has been shown that in some hard rock formations, the most conductive 
faults are critically stressed in view of their orientation with respect to the principal 
stresses (Barton et al., 1995).  For a normal faulting regime, this would imply that the 
dominant interaction with the hydraulic fracture should come from inclined faults.  In 
petroleum reservoirs, this observation may be modified in two ways: in soft rocks the 
critically stressed faults might be less conductive because sliding of soft rock surfaces 
may form gouge that prevents fluid flow.  As yet, it is impossible to give a general 
guideline, but there are at least cases where active faults enhance the reservoir 
transmissibility. 

 
Figure 7: Fracture front splitting observed in a 

laboratory model test on hydrostone, with a large stress 
difference between the in-plane and out-of-plane stresses 

(Van Dam, 1999). 
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Figure 8: Hydraulic fracture trace seen in mineback; the fracture offsets at a joint (Warpinski, 1982). 

Secondly, in reservoir rocks we often observe that a normal faulting system is 
accompanied by joint sets.  Ideally, one expects that the joint plane coincide with the 
maximum stress. However, stress rotations are common over geological time and the 
current stress may easily deviate from the orientation of the joint set.  If the joint planes 
deviate from the preferred fracture plane, the interaction could still be quite strong and 
yield fracture offsets that increase friction and obstruct proppant transport.  In order to 
assess this we would need accurate stress measurements and information about the 
orientation of the natural fractures. 
 
Lithology changes and local stress rotations (related to lithology or faults) can yield 
complex fracturing.  In this respect, we can learn from geologists who studied fracture 
morphology in detail.  Figure 5 is a picture of a natural fracture that propagated in a 
single plane and then branched into several planes.  Hydraulic fractures may behave in a 
similar fashion in view of stress heterogeneity.  This may happen near a fault or upon a 
change in lithology.  Although tensile fractures in uniform media tend to propagate with a 
razor sharp plane, it is well known that shear fractures tend to be complex because they 
interact with their own stress field, which tends to rotate the fracture edge (Scholz, 2002).  
This leads to quite complex shear facture geometries. Similarly, if tensile fractures 
reorient there will be a shear component and a resulting complex fracture plane.  Figure 7 
shows splitting of the fracture in a lab test under high stress difference, where the fracture 
tended to twist from the preferred fracture plane.  Finally, it is possible that a hydrofrac 
interacts with bedding planes if the fracture pressure is sufficiently high.  Figure 8 is an 
example of fracture interaction with bedding planes, seen in a mineback test. 
 
We conclude that even at great depth discontinuities are common and that effective stress 
is the decisive factor in the influence of discontinuities on hydrofrac propagation.  This 
implies that in HPHT applications there is the risk of inefficient fracture propagation. 
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Implications of Discontinuities for Fracture Growth 

Although there is some consensus that discontinuities are common and that they are 
important at low effective stress and that deep rock formations are in a state of incipient 
failure, there is much less consensus on the implications for fracture applications.  Let’s 
start with the commonly accepted conclusions and then discuss the more controversial 
issues: 

• Increased leak-off due to fissure opening at high treating pressure is commonly 
observed and hardly contested in the industry.  The mechanism has been analyzed 
by Nolte and Smith (1979).  For HPHT completions this is not much of a problem 
initially, since the reservoir pressure is high, reducing leak-off.  However, the 
fracture pressure may easily exceed the stress threshold for fissure opening. 

• Problems with well-to-frac communication can be caused by natural fractures, 
especially in strike-slip or overthrust stress regimes.  In HPHT completions these 
problems may be less severe, since the stress will be more isotropic. 

• Complex fractures can obstruct proppant transport.  Reduced leak-off can aid in 
these cases; fluid quality control is then very important. 

• Delamination of bedding interfaces could arrest height growth of fractures.  There 
is evidence for more containment than predicted by standard industry simulators, 
which could be explained by such a mechanism (Warpinski et al., 1996; 
Miskimmins et al., 2003).  However, alternative explanations exist because 
modulus contrasts could yield more containment than currently accounted for in 
equilibrium height models and large pressure drops in fractures could also explain 
less tendency to grow into stress barriers. 

• Discontinuities can lead to splitting of hydrofracs and it has been proposed this 
can raise the net pressure because the fracture branches interact elastically.  On 
this topic the industry has not reached any consensus.  Some claim that the 
observations in the M-site experiment, which triggered the attention for multiple 
fractures, can be easily explained with an elastic fracture model (Gulrajani, 1998), 
others see significant deviations from the elastic fracture models (Warpinski et al., 
1996). 

•  
Discontinuities can modify the deformation behavior of rock masses.  One of the main 
assumptions of fracture models is elastic opening of the fracture (i.e. a linear relation 
between pressure and width for given size).  If sliding along discontinuities (or opening) 
plays a role we can expect non-linearity and hysteresis (plasticity) in the opening relation.  
We know that global elasticity is confirmed by tiltmeter observations of fractures.  
Otherwise the observation of surface tilt would not agree with the volume of fractures 
from mass conservation and downhole tilt would not agree on the fracture width with 
pressure analysis.  The proposed deviation from elastic behavior (Barree, 1998) may be 
appealing to explain some fracture pressure behavior, but it is not generally accepted. 
In the section on fracture growth we will further discuss the modeling issues with 
complex fractures.  
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Fracture Growth and Geometry 

The main goal of a treatment is to place a fracture of optimum length and conductivity 
over the entire height of the target with a proper connection of the fracture to the well.  
Fracture complexity (i.e. deviation from single planar fracture in the pay) can be 
classified as near-wellbore, far field networks and global complexity such as unexpected 
containment (or lack thereof), poor diversion, asymmetric fracture wings, multiple 
overlapping, planes and T-shaped or horizontal fractures.  Figure 9 depicts common (left) 
and less common (right) deviations from the ideal geometry.  Fracture containment is 
perhaps the most important issue when we consider deviations from ideal fracture 
growth.  Overestimating containment leads to poor designs in tight rock where a long 
fracture must be made.  Underestimating containment leads to poor recovery in thick 
zones, because only a fraction of the pay will contribute to production. 

 
Figure 9: Fracture complexities, from left to right in decreasing likelihood. 
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Fracture networks have been observed in hot dry rock stimulation where the fluid 
injection opens existing joints, rather than creating a new fracture.  This is actually the 
best stimulation in HDR were the goal is heat exchange.  Direct observations of hydraulic 
fractures in mine-backs and intersection wells also revealed a branched system in many 
cases.  The seminal work in this area has been done by Warpinski, Branagan and co-
workers (Warpinski, 1991) in the MWX and M-Site field experiments.  Figure 10 shows 
the typical fracture system found in core taken through a hydrofrac.  Although it was a 
surprise to find such a complex fracture, one should keep in mind that the final fracture 
geometry was fairly well contained in the formation and that a relatively long fracture 
(compared to its height) was propagated that is needed in tight gas stimulation.  The most 
detrimental effect was the conductivity damage of 70%, but this would only have a 
marginal effect on the well performance (which however was never tested because the 
reservoir was uneconomic).  For the present discussion it is of interest to note that the 
MWX experiment was conducted in some overpressured reservoir layers. 
 
 
Fracture height growth 

It has been established that stress controls fracture height in most cases, but there is 
evidence that fractures may be more contained than predicted by current industry models.  
It is uncertain whether this is just due to deficiencies in the models (e.g. the equilibrium 
height modeling), or that lithological contrasts play a bigger role than assumed.   
 
The available stress data indicate that the difference between vertical and horizontal 
stress increases till a depth of some 12000 ft and then decreases.  This seems to imply 
that the same behavior can be expected for the vertical stress contrast between sands and 
shales if the stress becomes more isotropic.  Higher temperature at depth causes a more 
isotropic stress due to creep of the rock (Nolte, 2000c).  Moreover overpressured 
formations will have a higher horizontal stress.  Assuming that the minimum horizontal 
stress is less than the vertical stress, the upper bound to the vertical stress difference will 
decrease and finally vanish.  This would result in less fracture containment at great depth.  
The only effect that would yield more containment is opening of layer interfaces at low 
effective stress and high fracture pressure. 
 
Another effect that may play a role is poro-elasticity.  Even in gas reservoirs poro-elastic 
stress may be important because of the low compressibility of the fluid at high pressure 
(Nolte, 2000e).  Poro-elastic backstress will appear as a high net pressure since the 
closure stress increases during fracture propagation and then decreases again during 
pressure decline.  Another effect of the increase in closure stress is that the reservoir 
stress will approach the stress of the bounding strata.  Containment may then be lost if the 
original stress contrast was small. 
 
Fracture Networks 

Hydraulic fracture propagation in uniform media produces a simple geometry because of 
the weakness of rocks in tension and the role of fluid friction in the driving force.  Since 
rocks fail so easily in tension (while they are much stronger in shear), the fracture always 
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tries to propagate along a straight plane and in view of the fluid friction and elastic 
interaction of possible fracture branches the stable mode will be a single fracture.  This 
picture has to be modified in heterogeneous media, because the fracture will necessarily 
reorient by stress changes and lithology changes.  Moreover, at discontinuities the 
hydrofrac has a choice of cutting straight through it or open the discontinuity and follow 
it for some time and then branch off, possibly with several branches.  Apart from that, in 
the near-wellbore region there will always be stress gradients, rock damage and a 
complex geometry that promote a fracture network. 
 
We distinguish two kinds of fracture networks: near-wellbore and far-field.  It is common 
(though not general) experience that fractures from perforated completions yield a large 
friction pressure drop near the well (i.e. the pressure drop vanishes rapidly upon flow rate 
decrease), which can only be understood when the fracture is branched.  The most 
probable picture is that each fracture branch is connected only to a few perforations.  This 
problem is worst when the horizontal stress difference is large (for vertical wells and 
vertical fractures).  It is exacerbated by well deviation. Natural fractures appear also to 
make this tortuosity problem worse.  Some argue that far-field multiple branches are just 
a result of multiple fractures initiating at the well, but it appears that these two problems 
are not completely related.  Possible mechanisms for splitting of fractures may be the 
influence of discontinuities, but even homogeneous rock may yield splitting, as shown in 
lab studies, when the shear stress is large.  In deep formations we can expect more 
tortuosity problems, because drilling and cementing will likely do more damage to the 
well. 
 
Intuitively, one would assume that multiple fracture problems are worst in isotropic 
stress, since the fracture can then grow in any direction.  There is however evidence that 
the reverse effect happens: fracture complexity is worst in tectonically stressed 
formations.  A case of fracture treatments in a deep reservoir in Oman (overpressured and 
embedded in salt) showed hardly any problems with the treatments (both with respect to 
tortuosity or multiple fractures) while the minimum stress was equal to the overburden 
and the bottom hole pressure exceeded even the overburden stress.  In our experience 
many problem areas are tectonically stressed: Japan, Columbia, Oman mountain area, 
some German onshore, Italy onshore, Rockies, East Texas, Northern China. 
 
It is however uncertain whether the fracture complexity seen in strike-slip or overthrust 
areas is purely caused by near-wellbore phenomena or that far-field multiple fractures are 
the main cause.  With regard to near-wellbore complexity, the effect of tectonics may be 
easily explained since fracture link-up is unlikely with a large stress difference, so that 
every perforation may generate a fracture.  It is however unlikely that far field fracture 
complexity (multiple fractures) is caused by generation of multiples at the well. It appears 
that a large stress contrast induces more multiples.  Evidence for this effect comes from 
laboratory tests (van Dam, 1999) that showed that a hydraulic fracture might split up 
under a large differential stress, see Figure 11.  An effect that may play a role in 
formations with high tectonic stress is the heterogeneity of the stress field.  Geologic 
observations of fractures often show splitting of the fractures which may be caused by 
reorientation due to lithologic and stress heterogeneity, as shown in Figure 12.  
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Modeling Fracture Networks 

In view of field observations of hydraulic fractures that looked more like a network than 
a single fracture (Mahrer, 1996), several authors have modified the fracture propagation 
models for the effect of multiple fractures.  The first attempt (Nolte, 1987) simply 
proposed to replace the modulus by an effective stiffness of NE (where N is the number 
of effective multiples) and reducing the flow rate by the number of multiples.  Nolte 
neglected the change in fluid friction due to a change in the fracture geometry with 
respect to smooth parallel plates, so the ratio of viscosity over channel flow coefficient 
was taken constant.  With some generalization, this model was implemented in several 
industry simulators and the most important result is that it leads to high net pressure and 
short fractures. 
 
A shortcoming of the current modeling of multiple fractures is that any fracture 
simulation of multiple fracture growth and also physical model tests on laboratory 
samples shows that in a short while a single dominant fracture survives.  Field 
observation of two fracture strands separated by a few inch do not make sense if we 
assume that the fracture minimizes the free energy: the plate of a few inch between the 
fracture strands should be sufficiently flexible to move sideways and thereby reduce the 
frictional dissipation in the fluid by an order of magnitude.  If we observe that this does 
not happen in the field it implies that over the time of a fracture treatment the system is 
far from equilibrium.  In geologic formations, the interaction of the hydraulic fracture 
with bedding and discontinuities might indeed lead to a fracture geometry that is far from 
the most favorable configuration with a single dominant fracture plane.  In some cases, a 
single dominant fracture will be unlikely, because there is no full elastic interaction in a 
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fracture network, due to ligaments and bridging across the fracture faces.  The limitation 
of the current fracture simulators is that they are all based on minimizing the free energy 
(for instance for solving the elasticity problem), while they then add the effect of a 
fracture network.  For instance the level of interaction of fracture strands is now an 
adjustable parameter as well as the global fluid leak-off and the fluid friction.  Probably 
these parameters are somehow linked, but it is impossible to predict the relation at 
present. 
 
Fluid viscosity influences the interaction of hydraulic fractures with discontinuities, 
because low viscosity fluid will penetrate a discontinuity easier than a viscous fluid.  In 
this respect it is interesting to look at the experience with so-called waterfracs in tight 
gas.  Many people have scratched their heads over the tendency of fracture pressure in 
tight gas formations to rise significantly during the job.  Even with a fixed height this was 
difficult to explain. However, this happens only with gel fracs and high proppant loading.  
Experience with water and low proppant concentration showed a low net pressure and 
much longer effective fracture length.  Micro-seismic mapping of such treatments, as 
shown in Figure 13, reveals a fracture network at the end of the treatment.  Moreover, the 
fracture network becomes progressively more complex at the end of the job.  Still, the net 
pressure of some 300-psi was flat and the fracture very well contained.  If the stiffness of 
the network would have increased significantly, the net pressure would have risen.  We 
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Figure 13: Plan view of micro-seismic events of waterfrac treatment in tight gas formation with extreme multiple 
fracture network. The width of the event cloud is much larger than the location uncertainty, so the cloud could 

not be explained by a single fracture plane. During this treatment the pressure was flat and relatively low with a 
perfect containment. 

 35



Pinnacle Technologies, Inc.  DE-FC26-02NT41663  
3/22/2004  Technical Progress Report No. 2 

can conclude that fluid rheology has an important influence on fracture behavior, but the 
relation between net pressure and fracture complexity remains unclear.  Very often we 
find that the effect of fluid viscosity on fracture pressure is even lower than predicted by 
elastic fracture models.  If different fluids produce a different level of fracture network, 
this may have a mitigating effect on the rheology dependence of the fracture pressure. 
 
Indices of Fracture Complexity 

In some cases, natural fractures are invoked to explain fracture treatment failures.  
However, that is hardly ever confirmed by independent data.  What we need is a way to 
predict when problems are to be expected.  This would be especially relevant in deep or 
overpressured formations.  Let’s now try to link the stress and discontinuity behavior, by 
quantifying the conditions for which discontinuities and fracture complexity become 
important.  We define a complexity index that indicates when we can expect problems, in 
a simplest form this depends on stress difference and average stress: 
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c dev
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σ σ
σ σ
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When the fracture pressure exceeds the intermediate stress, we can expect that the fluid 
enters off-plane joints and yield some complexity.  When the fracture pressure exceeds 
the greatest stress, then any and all complexities could occur. Nolte (1993) defined a 
complexity index based on net pressure and effective vertical stress, postulating that 
complexity increases when this ratio is large: 
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The virtue of this indicator is that we can use it after drilling and logging of the well, 
when we have an estimate of net pressure for the frac design.  Note that we assume that 
the effective vertical stress is always larger than the difference between vertical and 
minimum horizontal stress; thereby the effective vertical stress provides a boundary to 
the net pressure level above which complex fracturing is possible.  Complexity is in this 
view due to the opening of horizontal fractures by delamination of the layer interfaces. 

 
Figure 14 shows the calculated fracture complexity ratios. If we look at the effect of 
depth we see that the stress deviator ratio decreases with depth.  The horizontal frac 
indicator increases since the horizontal stress tends towards the vertical stress.  The effect 
of overpressure is to decrease the stress deviator ratio.  There is an increase in the 
horizontal fracture ratio, since the effect of pore pressure is to bring the vertical and 
minimum stress closer together. 
 
The trends of the complexity indicators agrees with the finding that fracture complexity is 
high for shallow formations and decreases for deep formations.  However, the tendency 
for horizontal fractures appears to show an increase at great depth. 
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Figure 14: Ratio’s indicating fracture complexity versus 
depth for GOM data (Breckels, 1982). 
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Net Pressure Index 

The net pressure for radial fractures can be computed straightforwardly for a 
conventional approach, on the basis of elasticity and fluid friction (Cleary et al., 1980).  
Such an estimate can serve as the basis for evaluating measured net pressure.  
Alternatively, we can estimate the fracture radius from the observed fluid efficiency and 
the observed net pressure.  We will show some examples of such a comparison, assuming 
either penny-shaped fractures or long fracture with fixed height:  PKN geometry. 
 
Based on elasticity and Newtonian fluid friction for PKN the mass balance and elastic 
opening relation yield a relation for the fracture length and pressure: 
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For radial fractures we obtain analogous relations for radius and pressure: 
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These expressions can be used to define a ‘Net Pressure Index’ that tells us how much the 
observed net pressure deviates from an elastic model prediction.  Of course, a deviation 
could be due to underestimating the closure pressure, the modulus, fluid friction, poro-
elastic backstress or assuming the wrong geometry.  Alternatively, a high index could 
indicate deviation from elastic, single fracture behavior.  Especially the closure pressure 
is sometimes difficult to obtain from routine field data.  Pressure decline shows often 
multiple slope changes and one can easily mistake the transition from linear to radial flow 
for the fracture closure.  Additional methods like step-rate tests, flow-back tests and pulse 
tests can be used to obtain bounds for the closure pressure (Nolte, 2000b; Wright et al., 
1995).  
 
Table 1 lists a few cases of fracture treatments with a comparison of the expected and 
observed net pressure.  In these cases there was strong evidence for a penny shaped 
fracture geometry.  Table 2 lists cases with a contained height and a long fracture (PKN 
geometry).  It is evident that a strong containment can lead to much higher pressure.  
Actually the Oman deep gas case was initially analyzed with a penny shaped fracture, but 
it turned out later that in this case small shale layers could contain the fracture. This 
explains to a large extent the high net pressure observed in this case.  The observation 
that fractures are often more contained than predicted by standard industry models, could 
also imply that in some cases with a radial fracture geometry one invokes multiple 
fractures or tip effects to model high net pressure while in reality the fracture is 
contained.  In cases where one suspects containment, it should be considered to 
determine fracture height independently using micro-seismic or tiltmeter monitoring. 
 
For some of the PKN geometry cases, the fracture length was measured with independent 
diagnostics (tiltmeters or micro-seismic).  We see that the observed fracture length was in 
some cases much larger than the one inferred from the net pressure.  This may indicate 
that the observed net pressure was much overestimated. 
Table 1:  Several cases of fracture treatments with a comparison of observed and expected net 
pressure. The fracture geometry was almost penny shaped.  The  Minami-Nagaoka case showed very 
high net pressure and suspected multiple fracture growth. The Oman-Athel case was a deep 
overpressured reservoir that showed however a fairly low net pressure. When the net pressure is 
very high, the error in expected and real fracture size could be a factor of 2-3. 

 

   Input 
Parameters 

 Observed Conventiona
l 

  

Case Depth Vinj q µ E η pnobs Rf pnet Rfobs pn/pnobs
 ft bbl bpm cp 10^6p

si 
- psi ft psi ft - 

HTHP 19685 600 18 529 3.6 0.34 725 257 68 117 0.09 
Athel 14068 720 42 1200 1.5 0.32 232 167 112 131 0.48 
Minami-
Nagaoka 

13780 1920 24 1920 4.4 0.3 3000 287 167 109 0.06 
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 Table 2: Several cases of fracture treatments with a comparison of observed and expected net 
pressure. The fracture geometry was almost PKN.  The Oman deep gas case showed very high net 
pressure which could be related to a high tip resistance or multiple fracture growth. The M-Site data 
could be reconciled by changing closure, increased fluid friction or 2-3 parallel multiple fractures 

      
Input 
Parameters   Observed Conventional       

Case Depth Vinj q µ E hf η pnobs Lf pnet Lfobs pn/pnobs Lfdiag
  ft bbl bpm cp 10^6psi ft - psi ft psi ft -   
HTHP 19685 600 18 529 3.6 98 0.34 725 314 603 275 0.83 - 
SR 14764 300 48 132 3.6 98 0.4 1088 223 500 108 0.46 - 
Msite-B 4495 417 22 40 4.5 82 0.4 1200 520 531 243 0.44 375 
Bossier-A 13300 8348 78 1 4.4 190 0.07 600 1166 150 307 0.25 400 
Bossier-B 12700 6229 63 1 4.4 450 0.27 500 1424 63 189 0.13 683 
Bossier-C 13100 3490 23 15 4.4 130 0.25 2300 1610 346 255 0.15 295 
 
For assessing the relation between net pressure and fracture complexity, the M-Site and 
MWX field experiments provide the most complete data sets.  The fracture network was 
apparent in cored intersection wells and the fracture geometry was measured with 
fracture mapping. However, even in this case different analysts reached quite different 
conclusions, when interpreting the data of the B-Sand injections.  The biggest 
disagreements were on the closure pressure (and stress) and the fluid efficiency.  
Warpinski (1996) used the micro-frac measurements, whereas Gulrajani (1998) used a 
closure stress which was 500 psi higher, supported by the step rate test, tiltmeter response 
and the pressure decline. Also, the bounding stresses were assumed to be higher.  
Perhaps, even more important was the disagreement on fluid efficiency of the minifracs: 
this varied between 40% (Gulrajani, 1998) 55% (Warpinski, 1996) and 80% (Wright, 
1998).  Since the fracture area was measured with micro-seismic and the fracture width 
was obtained from the tilt data, the fracture volume could be estimated and appeared to 
agree with the lower efficiency.  However, the width from tilt was modeled with a net 
pressure of 1200 psi, which is in contrast with the lower net pressure estimated by 
Gulrajani (1998) of some 750 psi.  The latter value of the net pressure is much higher 
than predicted by a conventional model, but it can be matched by a model that correctly 
describes the effect of the fluid lag.  Note that this  model gives a tip pressure equivalent 
to a toughness that is ten times higher than lab measured fracture toughness of rock.  If 
we believe in the higher estimate of the net pressure the discrepancy would be larger, 
which could be explained by increased tip effect, or by increased fluid friction or stiffness 
owing to the fracture network observed in the intersection core.  
 
A clear case of fracture network complexity is the Minami-Nagaoka field where very 
high net pressures were observed (Weijers et al., 2002), which probably indicate opening 
a fracture network, rather than creating a dominant hydraulic fracture.  Here, the net 
pressure was ten times bigger than expected and it would be hard to explain this away 
with a wrong closure pick. 
 
Given the approach that one should find a match between model and observed net 
pressure, it is still a disturbing fact that in many cases ad-hoc phenomena have to be 

 39



Pinnacle Technologies, Inc.  DE-FC26-02NT41663  
3/22/2004  Technical Progress Report No. 2 

invoked to make the model match to the observed pressure.  This erodes the confidence 
one can put in the simulation models. On the other hand, matching the model to the 
observed net pressure to obtain the fracture size is equivalent to pressure decline analysis 
(Nolte et al., 1979), although pressure analysis does not assume any theoretical fracture 
propagation model.  The only assumption behind pressure analysis is the mass balance 
(hardly challenged) and elastic fracture opening on a large scale.  The latter assumption 
may be challenged because rock formations are far from isotropic, uniform elastic bodies.  
We know however from thousands of tiltmeter observations that there is a global 
agreement between fracture volume from pressure decline analysis and earth surface tilt.  
Also, downhole tilt agrees with the width obtained from pressure analysis.  If there is any 
discrepancy between these observations it would point to a larger volume from tilt, rather 
than the other way around which one would expect from inelastic behavior. 
 
Discussion and Conclusions 

Although fracture propagation does not depend on depth, the character of deep reservoirs 
will change fracture behavior through the dependence of the stresses on depth.  Probably, 
the tendency of the stress to become isotropic is related to temperature, but that is the 
main influence of temperature on the mechanics of fracture propagation.  We have argued 
that rock discontinuities are common in deep reservoirs and that their influence will 
depend on the stress. For understanding the specific behavior of fractures in HPHT 
reservoirs, we have distinguished two principles:  

• Effective stress controls fracture behavior and interaction with discontinuities. 
• Stress is determined by incipient failure of rock formations. 

 
After drilling and logging a well, one should have an estimate of the effective overburden 
stress, which can be used as a rough indicator of fracture complexity.  The full stress 
tensor would be needed to assess problems with fracture stimulation, since the stress 
differences govern most fracture complexities.  Apart from stress measurements, rock 
stiffness and lithology control fracture behavior; these parameters can be evaluated from 
core, sonic logs and borehole image logs. 
 
For optimizing fracture treatments with regard to fracture geometry, we have classified 
various deviations from an ideal fracture shape. Problems with containment (either lack 
of containment or poor coverage due to barriers in the target) are the most common, but 
also complications like T-shaped fractures or fracture networks may prevent efficient 
fracture propagation and proppant placement.  The latter types of complexity are not 
considered by standard industry fracture simulators, but need to be assessed for design 
optimization.  We have shown that stress and discontinuities control the fracture 
complexity.  The importance of stress regime (i.e. all stress components), discontinuities 
and heterogeneity explains why fracture modelers have paid little attention to complex 
fractures apart from height growth.  As yet, fracture complexity is not very amenable to 
simulation or prediction although some progress has been made in developing analysis 
methods.  Much development is still needed to link formation characterization to fracture 
modeling.  At least we can give some guidelines for the prediction of fracture complexity, 
but much engineering judgement will be required for applications.  A development 
program would be needed to improve this lack of prediction capability: first of all the 
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existing data should be systematically studied for trends of fracture behavior in different 
stress regimes and the dependence on depth, pressure and temperature. 
 
Many problems with HPHT stimulation can be related to the low effective stress.  A 
practical approach could be to complete HPHT wells first with a minimal stimulation.  In 
view of the high pressure, the well should produce initially with sufficient rate.  After 
some depletion, the horizontal stress will fall in most reservoirs and it will be easier to 
perform an effective stimulation treatment.  Especially in relatively thin gas reservoirs 
this will allow longer fractures since containment will be better after depletion.  
We come to the following recommendations: 

• Optimization of stimulation designs for HPHT wells requires first data collection.  
The most important parameters are: stress, modulus, reservoir pressure and 
permeability.  Toughness or strength is less important.  Stress and reservoir 
pressure are also the dominant parameters needed for wellbore stability studies.  
Many problems in wellbore stability are related to fracture complexity in 
stimulation, such as high horizontal stress contrast and faults. 

• Stress regime can be obtained from geological information like faulting, also 
general trends have been established for the GOM region.  However, local stress 
in a reservoir may deviate from the regional trend. 

• In the Gulf Coast area, the stress between vertical and minimum horizontal stress 
increases with depth until some 12,000 ft and then decreases.  At 20,000 ft the 
stress is almost isotropic. Onshore GOM there are no indications of large 
differences between the horizontal stresses (which would be apparent in drilling 
problems). 

• The most reliable stress measurements can be made with microfracs.  Image log 
interpretation can also aid in stress evaluation. 

• Sometimes, fracture containment must be measured with independent diagnostics, 
like micro-seismic or tiltmeter mapping, because lithology may control fracture 
containment rather than stress. 

• For fracturing the elastic (unloading) modulus obtained from cores is most 
relevant, but the dynamic modulus can also be used with a correction factor. 

• Lithology can be obtained from logs, cores and sedimentological data. Image logs 
provide information about faults and fractures.  Discontinuities and stress regime 
are dominant in complexity.  The influence of discontinuities is governed by 
effective stress.  

• Proper net pressure evaluation can only be made from bottom hole measurements.  
Furthermore, proper datafrac procedures are required to extract the closure 
pressure. 

• High pressure problems can be alleviated by first producing then stimulating. 
• Fracture complexity is often caused by the fracture pressure exceeding certain 

thresholds.  The most common complexity is related to fracture containment, both 
growing out of zone and fracture arrest at a barrier in the reservoir.  Tortuous 
fractures, T-shaped fractures or multiple fracture planes occur when there is an 
unfavorable interaction with discontinuities and an unfavorable effective stress. 

• Net pressure with respect to effective stress is an indicator of complexity.  High 
net pressure can be caused by containment, poor-elastic back stress (oil and high 
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pressure gas) and fracture networks.  For moderate fracture complexity it is 
uncertain how the net pressure is related to fracture complexity. 

• Tortuosity problems should be less significant for the isotropic stress found at 
great depth, but damage is likely greater. 

• Open issues are: data on fracture containment, tortuosity and net pressure for 
HPHT. Systematic study of fracture behavior in different stress regimes. 
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