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ABSTRACT 

 

 

 

 The Mancos Shale is a large Cretaceous formation present throughout most of the 

Piceance Basin, Colorado and part of the Uinta Basin, Utah.   The Mancos is found as 

shallow as 4,000 feet on the Douglas Creek Arch, which separates the Uinta and Piceance 

Basins, and deepens to the east of the basin. The Mancos is commonly regarded as the 

source rock responsible for the generation of much of the gas produced from the 

structurally higher Mesaverde, Ft. Union, Wasatch, and Green River formations.  

Because the Mancos is a shale, it is regarded as an unconventional reservoir. 

 Unconventional reservoirs are continuing to become significant sources of natural 

gas production as production from conventional reservoirs peaks and declines with 

maturity.  Many different stimulation techniques have been attempted in unconventional 

reservoirs ranging from slickwater hydraulic fractures to liquid carbon dioxide fractures, 

including propellant fracturing.  This thesis focuses on the propagation of propellant-

generated fractures in unconventional shale reservoirs. 

 To analyze the propagation of propellant-generated fractures in shale reservoirs, 

two large scale block tests were performed.  Large scale block tests are not commonly 

performed due to cost, but were required to understand the fracture propagation 

mechanisms present during propellant stimulation.  A 30” x 30” x 36” Colton Sandstone 

and Mancos Shale block were loaded to estimated reservoir conditions and propellant 

samples deflagrated in scale wellbores within the blocks.  During the fracturing process 
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imbedded pressure probes located at the wellbore as well as imbedded in the block 

gathered pressure responsse.  The fractures generated by the propellant were analyzed to 

determine generation and propagation mechanisms. 

 To help understand the fracture propagation process, a finite element analysis 

(FEA) was performed.  Abaqus is a commercially available FEA software package 

capable of modeling fracture propagation.  A model was created using Abaqus to analyze 

the fracture process that occurred in the large block test.  After the model was created and 

calibrated using laboratory data, it was expanded to examine possible fracture growth at a 

reservoir level. 

 The results of the laboratory test and FEA model showed that propellant 

generated fractures are dominated by the in-situ reservoir stresses.  Fractures are 

generated when wellbore pressures exceed the breakdown stress of the formation.  After 

the ultimate stress of the formation is surpassed, the formation will break down and a 

fracture will propagate until the pressure in the fracture becomes too low to continue 

extension.  Once extension has halted, the wellbore and fracture must become 

repressurized before breakdown can occur again.  Laboratory testing showed that fracture 

propagation only occurred in one bi-wing at a time, however, FEA modeling showed that 

simultaneous generation could occur. 

 Multiple fractures can generate from the wellbore but the fracture paths and 

lengths are quickly dominated by the underlying stress fields present in the reservoirs.  

Finally, because of the scouring action of the gas and the shear stresses present in the 
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formation, propellant generated fractures appear toself prop which can result in high 

permeability paths for fluids to flow to the wellbore. 
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CHAPTER 1 

 

INTRODUCTION 

 

 As conventional reservoirs are produced and depleted, it is becoming obvious that 

to maintain current natural gas production new types of reservoirs must be found and 

developed.  In response to the depletion of traditional reservoirs, many different 

unconventional reservoirs are currently being explored including: oil shales, coal bed 

methane, and fractured shales.  Consequently, different completion and production 

techniques are being considered to develop the unique properties of these unconventional 

reservoirs. 

 A common production technique used to enhance recovery is fracture stimulation.  

Traditional hydraulic fracture stimulation techniques employ the use of liquids or gels to 

slowly pressurize and fracture a reservoir.  The fluids also carry proppant along the 

length of the fracture to hold the fracture open.  An alternative technique to hydraulic 

fracturing is the use of propellant to quickly pressurize and fracture a reservoir. 

Propellant fracturing entails the use of ballistic propellant to fracture reservoir 

rocks.  The propellant is lowered into an openhole or perforated well and ignited.  While 

the propellant will completely burn in 40-50 milliseconds, it has a moderate deflagration 

with a combustion index small enough that it will not make the transition to a detonation.  

While the propellant burns, it releases a variety of gasses that will quickly pressurize the 
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wellbore.  The rapid pressurization of the wellbore creates pressures in excess of the 

breakdown pressure of the formation.  Once the formation breaks down, a fracture will be 

generated.  This fracture is then filled and pressurized with gasses until the formation at 

the tip of the fracture breaks down again.  This process continues until the gas pressure is 

no longer great enough to break down the formation.  The entire time span from ignition 

to cessation of fracturing is only a few hundred milliseconds. 

 Unlike hydraulic fracturing, propellant fracturing does not rely on proppant to 

maintain conductivity along the fracture.  During a propellant burn, a fracture is rapidly 

created.  The heterogeneity of the formation prevents the fracture from following a 

perfectly linear path.  This path causes the surfaces of the fracture to be very rough and to 

slough small pieces of rock.  These rough faces, combined with the small pieces of the 

formation that break loose during fracture generation, and any accompanying shear 

failure may prevent the fracture from resealing.  The unsealed fracture provides the 

conductivity necessary for economical formation production. 

 Many of the new unconventional reservoirs have permeabilities considerably 

lower than that of conventional reservoirs.  In some reservoirs, this low matrix 

permeability causes economical production to depend on the ability to produce the 

formation through the use of natural fracture networks.  Most conventional hydraulic 

fracture jobs depend on high viscosity gels to transport the proppant down the fracture.  

The gels are designed to “break” or drastically decrease viscosity once a certain time, pH, 

or temperature has been reached.  After the hydraulic fracture job has been pumped the 
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fluid flows back to the wellbore leaving the proppant and “cleaning up” the artificial 

fracture.  However, rarely is all of the fracturing fluid recovered.  The unrecovered fluid 

can reduce permeability and effectively shut off conductivity.   Because propellant 

fracturing does not rely on proppant to hold fractures open, it also does not require the 

use of these high viscosity fluids. 

 For many types of unconventional petroleum reservoir systems, the reservoir and 

the source rock are the same formation or lithology.  Shales and coals are considered 

source rocks because they can generate hydrocarbons.  The ability to produce natural gas 

from shale reservoirs has been explored throughout the continental United States in areas 

such as the Barnett Shale of Texas, the Devonian Shales located in the Appalachian 

Mountains, and the Fort Lewis Shale located in the San Juan Valley.  Another potential 

shale gas play, the Mancos Shale of Western Colorado is a large, high quality shale that 

has been penetrated several times in pursuit of lower sand packages.  The potential for 

propellant stimulation in the Mancos and other shale packages is the topic of this thesis.  

The potential to produce natural gas out of a previously bypassed shale package, such as 

the Mancos, creates a very intriguing prospect for operators in Western Colorado and 

other shale rich areas. 

 In this thesis, propellant fracturing technology is investigated as a potential 

stimulation technique in the natural fracture network present in the Mancos Shale. 
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1.1 Thesis Objective 

 The main objective of this thesis is to determine how propellant induced fractures 

propagate in shale reservoirs.  This is accomplished through the design and execution of a 

large scale shale block test.  The test consists of using a poly-axial stress frame to stress a 

sample of Mancos Shale to in-situ stresses expected in the reservoir.  The sample block 

contains a scale wellbore capable being pressurized.  Once the sample is loaded to stress, 

propellant is burned in the wellbore within the block.  Upon completion of the test the 

sample is removed and studied to determine how fractures propagate within shales. 

 The second objective of this research is to use a commercially available finite 

element analysis (FEA) package to create a model that is able to recreate the results 

generated in the shale test.  Once a model is created that generates results representative 

of the shale test, the model is expanded to allow for analysis at the wellbore scale. 

 

1.2 Research Contributions 

 The contributions provided by this research will assist the industry in many 

aspects.  This research demonstrates how fractures are created by propellants and 

propagate through heterogeneous reservoir rocks in a laboratory setting.  Through finite 

element modeling of these laboratory experiments, predictions of fracture half-lengths 

generated in field settings by propellant stimulation can be made.  The combination of 

these laboratory experiments and computer models provide insight into the potential 

ability of propellants to stimulate the Mancos and other shale reservoirs 
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 The computer model developed through this research can be used to investigate 

possible outcomes from changes in propellant fracturing techniques without having to 

perform additional laboratory testing or field work.  These research results will help 

operators to select the most efficient applications and techniques for applying propellant 

stimulations as a completion or recompletion technique in both current and new fields.  

Finally, the work conducted in this thesis and the data gathered will build the foundations 

for several continuing avenues of research into propellant fracturing techniques. 
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CHAPTER 2 

 

LITERATURE REVIEW 

 

 The literature review for this thesis consisted of three focus areas: the geology of 

the Douglas Creek Arch, the history of propellant fracturing, and completion methods 

used in unconventional reservoirs. 

 

2.1 Geology of the Douglas Creek Arch 

 The Douglas Creek Arch is an anticline located between the Piceance Basin in 

Colorado and the Uinta Basin in Utah, as shown in Figure 2.1.   

 

Figure 2.1:  Digital elevation model of the Uinta-Piceance Basin (Kirschbaum, 2003). 

Douglas Creek Arch 
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The zone of interest for this thesis is the Mancos Shale which is continuous 

throughout the Douglas Creek Arch area.  The Mancos is a very organic rich shale that is 

known to have generated large amounts of gas that has migrated and been produced from 

several other reservoirs.  The Mancos is a result of approximately 29 million years of 

marine deposition beginning in the late Cretaceous, as shown in Figure 2.2.  Throughout 

the Uinta-Piceance Basin, the Mancos is interlayered with marine sandstones, and coastal 

plane mudstones.  The lithology of the Mancos varies from organic rich shale to 

siltstones and some sandy stringers.  The most organic rich regions are located in the 

lower portion of the Mancos also known as the Mowry.  These black shales are composed 

of Type II and Type III organic material with total organic carbon (TOC) values ranging 

from 1.6-2.4.  Across the Douglas Creek Arch vitrinite reflectance (Ro) values vary from 

0.5-0.7% Ro.  Throughout the basin hydrocarbons were generated between 76 and 9 Ma, 

with the peak generation occurring between 35 and 19 Ma.  The hydrocarbons migrated 

to several reservoirs throughout the basins.  Most notable is the Rangely Oil Field, near 

Rangely, Colorado, which produces primarily from the Weber formation.  Other gas 

production comes from various locations in the Mesaverde, Cedar Mountain, and 

Morrison formations and the Dakota Sandstone.  Much of the gas that was produced from 

the Tertiary and Upper Cretaceous zones was generated in and migrated from the Mancos 

Shale (Kirschbaum, 2003).   
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Figure 2.2:  Stratigraphic section from west to east across the Uinta-Piceance Basin 

showing the Mancos and Mowry Shale circled in red.  Notice the large amount of gas 

production in zones above the Mancos/Mowry Shale source rocks. (Modified from 

Kirschbaum, 2003) 
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2.2 Propellant Fracturing History 

 Explosive fracturing has been used for well stimulation for almost the entire 

lifespan of the petroleum industry.  In the beginning of the industry, wells were often 

stimulated with large nitroglycerin charges.  During, the 1960’s some experiments were 

conducted by the United States and Soviet governments using nuclear detonations to 

stimulate wells.  However, little in-depth research was conducted until Schmidt and 

Warpinski began their testing at the Nevada Test Site (NTS) in 1980.  The NTS provided 

a location for propellant testing under in-situ conditions.  The tests investigated the 

fractures generated by using a conventional explosive, an explosives combined with a 

small propellant charge (2.7 kg), a small propellant charge in fluid (2.7 kg), and a large 

propellant charge (54.6 kg).  The tests were conducted in a tunnel complex located at the 

NTS.  Boreholes were horizontally drilled beneath 430 meters of overburden where the 

various charges were loaded and burned.  Upon completion of the tests, the surrounding 

rock was mined back to reveal the fracture networks created.  Results from the test 

showed that the pressurization rate was a key to the development of fractures.  Extremely 

high pressurization rates, achieved by detonation of explosives, resulted in the generation 

of a stress cage.  A stress cage occurs when the rock surrounding the charge is 

pressurized rapidly and undergoes plastic deformation.  This plastic deformation is not 

recovered after the pressure is relieved and results in the creation of a compressive stress 

that effectively seals fractures.  Schmidt and Warpinski determined that propellant burns 

created the most effective fracture networks. (Schmidt, 1980). 
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 Cuderman followed by conducting tests in 1982, also at the NTS, using M5 large 

gun propellants.  These experiments consisted of using various mixtures of propellants to 

control the pressurization rate.  Wellbore fluids were included to examine their effects on 

fracture generation.  It was determined that multiple fracture generation was indeed 

dependant upon pressurization rate.  Also, it was demonstrated that the presence of water 

as a borehole fluid created a drastic increase in pressurization rates with a trade off of 

lower peak pressures. (Cuderman, 1982) 

 In 1989, Schatz conducted several small scale (12x12x15 inch) block tests using 

propellant.  These tests were conducted in a poly-axial stress frame and used a 3/8 inch 

wellbore.  The tests were conducted under both isotropic and anisotropic stress horizontal 

stress conditions.  Schatz concluded that “A favorable observation is that total fracture 

length is not strongly affected by anisotropic stress, and that crosscutting length is only 

moderately affected by anisotropic stress.” (Schatz, 1989) 

 Recently in 2000, Yang conducted tests studying the effects of pressurization rate 

on the number of fractures generated and rock properties.  These tests were conducted 

through the use of a new machine specifically constructed for pressurizing rocks.  A 

cylindrical pressure vessel was designed that was capable of providing both radial, 

confining stress, and axial, overburden stress.  The vessel was then pressurized by the 

impact of falling steel weights landing on a piston on the top of the vessel.  Wang 

developed several correlations relating the critical pressurization rate, or the rate at which 

multiple fractures will be generated, to various rock properties.(Yang, 2000) 
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 Propellants are currently used in the field for several uses.  Applications range 

from initial stimulation, to recompletions and wellbore cleanup.  Propellant has been used 

in both oil and natural gas wells in multiple locations.  To date propellant has been used 

repeatedly in onshore wells, but also in the Gulf of Mexico, offshore California and in the 

North Sea (Gilliat et al., 1999, Passamaneck, 2005).  The reservoirs vary from 

conventional sandstone and limestone reservoirs, to shales such as the Devonian 

(Cuderman, 1984).  Most case studies show a variety of applications in different locations 

with varying degrees of increased production (Hollabaugh and Dees, 1993, Gilliat et al., 

1999, Passamaneck, 2005).  However, there is a scarcity of recent published 

documentation comparing the results of field studies of propellant stimulations with 

comparison to other conventional stimulation techniques. 

 

2.3 Shale Reservoir Completion Methods 

 Currently, in the United States there are five notable producing shale gas plays.  

They are the Antrim Shale, the Ohio Shale, the New Albany Shale, the Barnett Shale, and 

the Lewis Shale shown in Figure 2.3.  Several different production and completion 

methods have been attempted in each of the shales.   The Ohio Shale, with some of the 

longest production, was first stimulated by detonating high explosives down hole (Curtis, 

2002).  While high explosives are not used for stimulation currently, the development of 

propellant at the NTS was done with Devonian Shales in mind.  Propellant has the 
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advantage of being able to create fractures without leaving fracture fluids to hinder 

permeability. 

 

Figure 2.3:  Map of the United States showing the Antrim, Ohio, New Albany, Barnett 

and Lewis Shales (Loeffler, 2005). 

 

 

Today, shale plays are commonly stimulated through the use of liquid nitrogen 

foam and sand proppant (Curtis, 2002).  This is considered an improvement over standard 

cross-linked gels, since cross-linked gel fractures present possibilities for fracture fluids 

to react with the shale matrix or to imbibe in the natural fracture network and damage the 

producing formation. 
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 Another technique being experimented with in the Lewis Shale of the San Juan 

Basin is a liquid CO2 and proppant stimulation.  This is considered a “dry” fracture 

because as the well flows back the CO2 will change state to a gas and leave only the 

proppant without any hydraulic fluids.  In field comparisons, the CO2 treatments have 

shown higher initial production than 70Q nitrogen-foamed treatments. (Campbell et al., 

2000) 

 Similar to the CO2 attempted in the Lewis Shale, several nitrogen and proppant 

stimulations were attempted in the Devonian Shale.  However, in this technique nitrogen 

gas was used to carry the proppant rather than liquid CO2.  However, the “dry” nitrogen 

stimulations often resulted in proppant being deposited in the bottom of the wellbore.  

Laboratory testing showed incomplete propping of the fractures generated. (Gottschling 

et al., 1985) 

 In the Barnett Shale, located in the Fort Worth Basin, a trend has developed 

toward slickwater treatments.  Slickwater stimulation is similar to a gelled fracture 

treatment, except that gels are not used to carry proppant.  Instead high pumping rates are 

used with low proppant concentrations to place proppant in the formation (Miskimins, 

2004).  Very large slickwater stimulation combined with horizontal wells has drastically 

increased the economic feasibility of Barnett production (Griggs, 2004). 
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CHAPTER 3 

 

 

 

DESIGN OF LABORATORY TEST 

 

 

 

The primary data for this thesis came from the design and execution of a 

laboratory propellant test.  The purpose of the test is to determine how propellant induced 

fractures propagate under in-situ stresses in reservoir rocks.  This was accomplished by 

creating a scale borehole in a Mancos Shale block and burning a propellant sample while 

the test sample was exposed to reservoir conditions.   

The tests were carried out in a poly-axial test frame located at the TerraTek, Inc. 

laboratories in Salt Lake City, Utah.  The poly-axial test frame is a high stress testing 

machine capable of recreating the stresses expected in the reservoir.  It consists of three 

pairs of flapjack rams arranged to apply independent stresses in the x, y, and z axis.  In 

addition to the three primary axes, the frame is also capable of simulating the hydrostatic 

borehole pressure of a column of fluid in a scaled borehole.  Large scale block tests are 

not commonly performed for research.  There are very few facilities capable of 

conducting such tests and often the cost can be prohibitive.  However, in order to 

examine the fracture paths and mechanisms created during propellant deflagration large 

block tests were required. 

The poly-axial test frame is designed to hold a block measuring 30 inches wide by 

30 inches long by 36 inches high.  Each set of flapjack rams is capable of applying 
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10,000 psi of principal stress.  The top flapjack ram has a circular hole so that a wellhead 

can be brought out of the test frame.  As a precaution, if formation breakdown does not 

occur a 12,000 psi rupture disk is installed on the wellbore to prevent damage to the test 

frame.  Table 3.1 shows the dimensions and maximum operating pressures of the frame.  

Figure 3.1 shows the poly-axial test frame with a block loaded for testing. 

 

Table 3.1:  Poly-axial Test Frame Specifications 

Axis Dimensions Maximum Pressure 

  in x in Psi 

X (horizontal) 30 x 36 10000 

Y (horizontal) 30 x 36 10000 

Z (vertical) 30 x 30 10000 

Wellbore 2 dia x 36 12000 
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Figure 3.1:  Photograph of poly-axial test frame immediately prior to Colton test. 

 

The test frame is connected to a data acquisition system that monitors the 

pressures in the flapjack rams.  This data is collected at only 1000 samples per second 

and, when combined with the delay due to the dampening caused by the fluid in the rams, 

is not accurate enough for in-depth analysis.  A second, high speed data acquisition 

system is also available and acquires at a rate of 41,000 samples per second.  This high 

speed system is attached to two pressure transducers located in the wellbore and six 

pressure probes embedded in the block.  The data from the high speed system consists of 

voltages read from these eight independent channels and saved to an ASCII file.  The 
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voltages from the ASCII file are then imported to a spreadsheet where they are combined 

with their linear scaling factors to determine the actual pressure readings.  All data is 

sampled in the time domain. 

The pressure probes were laid out so that four should be intersected by any 

fractures created parallel to the maximum horizontal stress and two should be intersected 

by any fractures parallel to the minimum horizontal stress.  Each probe was drilled 1/8 

inch in diameter, seventeen inches horizontally into the block and sealed with thirteen 

inches of epoxy.  This creates a four-inch chamber in which the probe can measure 

pressure changes should it become intersected by a fracture.  The probe layout can be 

seen in Figure 3.2. 

The two-inch wellbore was cored vertically through the center of the sample 

block.  Two twelve-inch long stainless steel sleeves are epoxied at each end of the 

wellbore.  The bottom sleeve was threaded so that a plug could be inserted, while the top 

was machined so a custom sealing head could be inserted and brought through the top 

flapjack ram.  The remaining twelve inches in the center of the wellbore was left open 

hole and notched with five two-inch long notches to encourage fracture growth.  Because 

60° phasing covers many common perforating schemes, the notches were etched with 60° 

phasing in a spiral pattern as shown in Figure 3.2. 
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Figure 3.2:  Drawing showing locations, dimensions, and orientation of wellbore notches, 

and embedded block probes.  P1-P6 shows the pressure probe locations.  The notches are 

shown in the drawing on the right. 

 

3.1 Stress Equations 

To acquire results representative of reservoir conditions, it was necessary to 

determine the stresses present in the subject Mancos reservoir including overburden 

stress, maximum horizontal stress, and minimum horizontal stress.  The properties 

needed to determine in-situ stresses using a plane strain model are the overburden 

gradient, Poisson’s ratio, and the pore pressure gradient.  These properties can be 

determined through the use of the density log and the dipole sonic log.  A review of the 

wellbores present in the Douglas Creek Arch revealed that five wells had digital density 

log data, and one had digital dipole sonic data.  Each of these wells were used to calculate 
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the properties required and the values were averaged for use in determining the stresses 

used in the propellant test.   

 

3.1.1 Overburden Stress 

The simplest way to determine overburden is to integrate digital data available 

from density logs and determine a gradient.  The density logs provided either the density 

porosity or the density at recorded intervals of either three inches or six inches.  The 

actual density is the desired value and if it was not provided it had to be calculated from 

the density porosity.  The porosity is the percent volume of pore space of the sample.  

The remaining volume is that of the rock matrix itself.  When the density porosity is 

calculated it is assumed, based on the log header that the matrix has a density of 2.68 

gm/cc.  It is also assumed that the pore space is filled with a brine fluid with a density 

close to that of water (1 gm/cc).  By solving the following equation (Eq 3.1) the actual 

matrix density can be determined. 

  flmatactual  )1(  Eq 3.1 

Where, 
ccgm

ccgm

fl

mat

/00.1

/68.2








 

Once the density porosity has been converted to density, the values can be 

integrated to determine the overburden.  This is accomplished by multiplying the density 

value by the depth interval and summing the intervals (Eq 3.2).  A conversion factor of 

0.03613 is used to change the units from gm/cc to psi/ft. 
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  dlactualovb  03613.0  Eq 3.2 

Once the overburden is determined, the gradient is determined by dividing the 

overburden by the length of the interval used in the overburden calculation (Eq 3.3). 

 
l

ovb
ovb


  Eq 3.3 

The overburden gradient can then be used to determine the overburden stress at 

any depth by multiplying the gradient by the depth in question (Eq 3.4). 

 dovbovb   Eq 3.4 

 

3.1.2 Maximum and Minimum Horizontal Stress 

The maximum horizontal stress is calculated by using a variation of the uniaxial 

strain equation (Eq 3.5). 

 ovbH 



 )

1
(max


  Eq 3.5 

Because the formation is filled with a pore fluid, the overburden stress is not 

completely supported by the matrix itself.  To account for this, the pore pressure ( poreP ) 

must be subtracted from the overburden stress term.  In addition, the horizontal stress 

( maxH ) calculated by using Equation 3.5 also includes the stress components due to pore 

pressure and tectonic stress ( tec ).  After substituting these additional terms and 

rearranging, the true maximum horizontal stress can be calculated in Equation 3.6 

(Griggs, 2005). 
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 tecporeovbporeH PP 



 


 ))(

1
(max   Eq 3.6 

Finally, because it is usually impossible to differentiate the tectonic stress from 

the maximum horizontal stress, the tectonic stress is commonly dropped giving Equation 

3.7 (Griggs, 2005). 

 ))(
1

(max poreovbporeH PP 


 



   Eq 3.7 

The minimum horizontal stress can be determined from the maximum horizontal 

stress and breakdown pressure ( bP ) by using equation 3.8 as determined by Baumgartner 

and Zoback (1989). 

 
3

max
min

bH
H

P



   Eq 3.8 

The pore pressure can be estimated by examining the mud weights used while 

drilling across the Mancos Shale.  The mud weights, measured in lb/ft, (MW) can be 

converted to a pore pressure gradient, measured in psi/ft, ( pP ) by dividing by a unit 

conversion (Eq 3.9). 

 
25.19

MW
Pp    Eq 3.9 

The mechanical properties of a formation can be calculated by using a dipole 

sonic log.  The dipole sonic tool is capable of measuring the velocities of the primary 

( pv ) and shear ( sv ) waves through a formation.  This is accomplished through the use of 

an array of sonic transmitters and receivers positioned a known distance apart on the tool.  
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The tool can then measure the waveforms and determine the transit times for each part of 

the wave to travel from transmitter to receiver.  Poisson’s ratio ( ) and Young’s modulus 

( E ) can be determined from equation 3.10 and equation 3.11. 

 
1)(2

1)(
2

2






sp

sp

vv

vv
   Eq 3.10 
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pbv
E   Eq 3.11 

3.2 Numerical Values 

The density log and dipole sonic logs available were the primary source of data 

for analysis in determining the in-situ stresses to be used during the propellant test.  Table 

3.2 shows the five wells used to calculate density gradients and the overall average.  

Notice that the average gradient is 1.06 psi/ft with a standard deviation of 0.02.  The logs 

used for this analysis can be found in Appendix A. 

 

Table 3.2:  List of Wells Used for Density Calculations 

Well Name API Number Loc Sec Twn Rng (psi/ft)

LHDU 2184 05-103-09968 SW SE 23 2S 103W 1.04

Rabbit Mountain 6-1 05-103-09259 SE NW 6 2S 103W 1.04

Banta Ridge 5-1-103 1 05-103-09805 NW SW 5 1S 103W 1.07

Meagher 11-1-104 1 05-103-09798 SW NE 11 1S 104W 1.08

PMF 1-12-3-104 05-103-09462 SW NE 12 3S 104W 1.09

Average 1.06

Standard Deviation 0.02  
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The depth of the Mancos Shale varies according to the location on the Douglas 

Creek Arch.  The top of the interval in the area of interest commonly occurs at a depth 

between 2000-2500 feet.  The thickness of the interval varies from 2000-2200 feet.  

Because the shale in the lower portion of the interval is more mature than that at the top, 

a depth of 4500 feet was chosen as the depth to investigate in the propellant test.  At a 

depth of 4500 feet and a gradient of 1.06 psi/ft, the overburden becomes 4770 psi which 

was rounded to 4500 psi for laboratory test purposes. 

Available drilling records showed mud weights ranging from 8.4-9.1 lb/gal.  The 

drilling records showed that at 8.4 lb/gal it was common to flare gas in the lower portions 

of the shale package.  The necessity to flare gas shows that the hydrostatic pressure was 

close to that of the pore pressure.  At a depth of 4770 psi and a mud weight of 8.4 lb/gal 

the pore pressure is 1964 psi. 

Unfortunately, only one dipole sonic log, Cedar Bench 32-7 (API Number 05-

103-06739) was available for analysis of mechanical properties and the available data 

was only at the top and bottom portions of the shale interval.  Due to the heterogeneous 

nature of shale, the mechanical properties are very inconsistent throughout the available 

intervals.  Figures 3.3 and 3.4 show the data scatter across the interval. 

However, a frequency analysis shows that the data does approximate a normal 

distribution.  Figures 3.5 and 3.6 show that the highest frequency of Poisson’s ratio 

occurs at 0.25 and the highest frequency of Young’s modulus occurs at 4.750 x 10
6
 psi. 

therefore these values were used in subsequent calculations
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The final variable required for determination of horizontal stresses is the 

formation breakdown pressure.  This is available from prior hydraulic fracture data 

attained from Hell’s Hole #9131 (API Number: 05-103-10023).  A fracture gradient of 

0.511 psi/ft was calculated from available breakdown pressures. This gradient at the 

corresponding depth determines a breakdown pressure of 2300 psi. 

Using Equations 3.7 and 3.8, the determined depth, pressures and mechanical 

properties the maximum and minimum horizontal stresses can be approximated, after 

rounding, at 1600 psi and 1300 psi respectively. 
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Figure 3.3:  Upper mechanical properties log of the Cedar Bench 32-7 (API Number: 05-

103-06739).
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Figure 3.4:  Lower mechanical properties log of the Cedar Bench 32-7 (API Number: 05-

103-06739).
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Figure 3.5:  Poisson’s ratio frequency analysis showing mode occurred at 0.25, therefore 

this value was used for test calculations. 
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Figure 3.6:  Young’s modulus frequency analysis showing mode occurred at 4.750 x 10
6
 

psi, therefore this value was used for test calculations. 

 



 

28 

3.3 Propellant Sizing 

The propellant used for this test is Arcite 368M manufactured by Atlantic 

Research Corporation.  It is a highly energetic propellant capable of maintaining a 

moderate deflagration rate with a combustion index low enough that it cannot transition 

to detonation.  The propellant releases 1700 Calories/cc.  The size and shape of the 

propellant directly affect the burn length and amount of energy released to the formation.  

The propellant is available in cylindrical form that may be cut to a desired length.  Unlike 

most propellants used in the oilfield, the ignition system used with Arcite 368M causes 

the propellant to burn radially inward.   This allows for complete, controlled burns with 

predictable burn durations.  By changing the diameter of the propellant, the time length of 

the burn can be adjusted.  To vary the amount of energy released to the formation, the 

length of the cylinder can be altered.   

The propellant burn rate is dependant on the pressure.  The general burn rate 

equation is given as: (Eq 3.12) 

 nbpar    Eq 3.12 

Where a and b  are constants, n is the combustion index, r  is the rate of burn 

(in/sec), and p  is the pressure (psi).  For rocket motors a more simplified version of the 

equation, known as Saint-Robert’s Law, is used (Eq 3.13) (Passamaneck, 2005). 

 nbpr    Eq 3.13 
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For very high pressures, a linear form of the equation is used, known as 

Muraour’s Law (Eq 3.14) (Passamaneck, 2005). 

 bpar    Eq 3.14 

Field tests have shown that for Arcite 368M the equations are (Passamaneck, 

2005).  

 Saint-Robert’s Law:  42.004004.0 pr   Eq 3.15 

 Muraour’s Law:  pr 410050.310.6   Eq 3.16 

Figure 3.7 shows a combined plot of both the Saint-Robert’s Law and Muraour’s 

Law burn rate as a function of pressure.  Because the burn rate is pressure dependant, the 

higher the pressure the faster the burn rate.  Hence, by using a larger diameter, a longer 

burn is achieved which generates higher pressures.  
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The major concerns with the propellant size when stimulating oil and gas wells 

are the peak pressure reached and the length of the fracture half-length it generates.  The 

controlling factors for the sizing are the interior diameter of the well bore, the length of 

the openhole segment of the wellbore, and the amount of rock available in which the 

fractures could propagate.  The length of the openhole segment, and the amount of rock 

for fracture propagation were predetermined by the size of the test frame.  However, in 

the test system, increasing the size of the wellbore to allow for larger diameter charges 

reduces the volume of rock available for fracture propagation. 

A simulator was used to help estimate the pressures and half-lengths that might be 

generated by the propellant burn in the laboratory setting.  The simulator is proprietary 

software of Propellant Fracturing & Stimulation, LLC (PFS).  The simulator is based on 

the Geertsma and DeKlerk (1969) equation and will return results showing predicted 

half-lengths and pressures as the propellant burns (Passamaneck, 2005).  Based on 

several trial runs with the simulator, using the predetermined reservoir conditions, it was 

determined that a propellant charge with a diameter of one inch and a length of four 

inches would be adequate to fracture to the edge of the block yet would not create a 

wellbore pressure capable of damaging the testing equipment.
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CHAPTER 4 

 

 

 

LABORATORY TESTING PROCEDURE AND RESULTS 

 

 

 The propellant test was conducted in two stages.  Because of the cost and 

uncertainty associated with the test, it was decided that an initial trial run would be 

conducted to refine the procedure and allow for any changes to be made.  The primary 

test would be conducted on a Mancos Shale sample while the trial test would be 

conducted on a Colton sandstone sample.  The Colton Sandstone was chosen because of 

its availability, cost, and low permeability.  Colton samples are readily available and 

hence considerably cheaper than Mancos samples.  Also, as Table 4.1 shows, the gas 

permeability of the Colton Sandstone approximated that of the Mancos shale for leak off 

purposes.  It was assumed that the low permeability of the Colton Sandstone would 

adequately represent the permeability of the Mancos Shale for leak off approximation in 

this test.  With the duration of the test taking less than half of a second, this low 

permeability would prevent leak-off from becoming a factor.  Gas permeabilities were 

measured from plugs in three locations in each block: top, middle, and bottom.  

Permeabilities for both blocks are considerably less than one millidarcy. 
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Table 4.1:  Gas Permeability of Colton Sandstone and Mancos Shale 

Block Location Gas Permeability (md)

Colton Top 0.099

Colton Middle 0.099

Colton Bottom 0.127

Colton Average 0.108

Mancos Top 0.000913

Mancos Middle 0.002488

Mancos Bottom 0.004333

Mancos Average 0.002578  

 

4.1 Block Preparation 

 Both the Colton sandstone and the Mancos shale blocks were provided by 

TerraTek from their proprietary sources.  The blocks were collected from the field by 

first locating an acceptable sample in a mine.   A portable coring rig was used to remove 

the rock surrounding the sample.  Once enough rock was removed the sample was broken 

at the base and recovered for cutting.  Upon retrieval, the rocks were cut to the final 

dimensions of 30 inches by 30 inches by 36 inches high.  The side portions of the Mancos 

shale block, removed during cutting, were preserved for further analysis at a later date. 

 After the samples were cut to their finished dimensions, the center wellbore was 

cored through the sample using a smaller portable coring rig.  This wellbore was 

vertically cored a diameter of 2.00 inches completely through the center of each block.  

The center core of each block was recovered for further testing and analysis. 

 Holes for the wellbore probes were each horizontally drilled into the sides of the 

blocks.  Each hole was drilled 1/4 inch in diameter, seventeen inches deep into the 
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sample.  A 1/8-inch tube was epoxied fifteen inches into each hole and brought to the top 

of the block in a notch etched in the side of the block.  The opposite end of the tubing 

was attached to a pressure transducer.  The locations of the probes can be seen in Figure 

3.2. 

 Two twelve-inch steel sleeves were machined for the wellbore of each block.  The 

top sleeve was designed so that a specially made well head could be attached and allow 

for pressurization of the block.  The bottom sleeve was designed so that a plug could be 

threaded in to seal the block.  The two sleeves were epoxied into the top and bottom of 

the borehole leaving a twelve inch openhole segment in the center. 

Based on previous hydraulic fracture testing experience, TerraTek recommended 

that the wellbore be etched with small notches.  In hydraulic fracture testing, if notches 

are not present, the breakdown pressure for the formation would approach the pressure 

limits of the testing equipment.  It was decided that the wellbore would be etched with 

five notches in a spiral pattern with 60° phasing and two inch vertical spacing, as shown 

in Figure 3.2.  The 60° phasing was chosen over 90° phasing so that near wellbore 

tortuousity could be evaluated along with the path and orientation of the fractures 

propagating from the notches unaligned with the stress field. 

 

4.2 Poly-Axial Test Frame Assembly 

 After the Colton sandstone block was prepared, it was loaded into the test frame.  

Once in the frame, the six block probes were attached to their corresponding pressure 
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transducers.  These were then wired to the fast and slow data acquisition systems.  Once 

the probes had been attached, the remaining loading plate and flap-jack ram were placed 

on top of the block.   

 After the flap-jack was in place, the propellant was lowered into the wellbore.  

The propellant arrived loaded in a carrier that contained the ignition system.  The entire 

length of propellant and the ignition system were covered with a rubber sheath intended 

to prevent water from contacting the propellant and ignition system.  In addition, on the 

base of the propellant a steel rod was attached to ensure that the propellant would remain 

centered over the twelve inch openhole segment during the burn.  Two wires used to 

activate the ignition system exited from the top of the carrier.  Before placing the charge 

in the block, the wires exiting the top of the carrier were spliced to smaller diameter wires 

that could be brought through the wellhead and connected to the blasting cap.  The wiring 

and splices were all contained in a sealed series of fittings threaded into the top of the 

propellant carrier.  Figure 4.1 shows the propellant charge with all fittings attached before 

it is lowered into the block. 
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Figure 4.1:  Propellant charge covered with a black rubber sheath and the fittings (right 

end) covering the wiring prior to insertion into the block. 

 

After the propellant had been lowered into the block, the wellhead was inserted 

through the ram and loading plate into the top sleeve of the borehole.  The wires from the 

propellant charge are fed up through the well head and out through a seal on top of the 

head.  Finally, the top containing plate is lowered onto the block and secured with twelve 

large nuts.  The assembly of the poly-axial frame is shown in Figure 4.2. 

 After the test frame had been assembled, a series of flow lines and pressure 

transducers were attached to the wellhead.  A dynamic pressure transducer was installed 

directly off a tee in addition to a strain gage pressure transducer with a piece of tortuous 

tubing and a flow line for filling the wellbore.  The tortuous piece of tubing was included 

to prevent the static, strain gage, pressure transducer from becoming damaged by 

pressure spikes generated during the test.  Also attached to the wellhead was a piece of 

tubing connected to the pressure intensifier and a 12,000 psi rupture disk.  Figure 4.3 

shows a detailed picture of the wellhead. 
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Figure 4.3:  Photograph of the well head showing dynamic pressure transducer, strain 

gage pressure transducer with tortuous tubing, lead to intensifier, and connection for 

rupture disk. 

 

 

 

4.3 System Pressurization 

 After the system is completely assembled, pressurization and calibration can 

commence.  The TerraTek technicians used shunts to zero all input voltages.  Next, the 

tubing used with the block pressure transducers was filled with water and pressurized to 

verify the signal.  Filling the lines to the pressure transducers with water provided 

immediate pressure response to the transducers.  Once the block probes had been 
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calibrated and verified, the wellbore was filled with a three percent potassium chloride 

(KCl) solution containing a red dye, and all air was bled from the system.  Finally, the 

signal from the wellbore pressure transducers was verified. 

 After the entire system has been purged from air, the flap-jack rams were loaded.  

All three axes were uniformly loaded at a rate of approximately 300 psi/min.  The rams 

were loaded to 1300 psi at which pressure the East-West pair was maintained while the 

remaining rams were continuing to be pressurized.  At 1600 psi the North-South rams 

stopped receiving additional pressure.  Finally, at 4500 psi the Top-Bottom rams were 

fully pressurized.  After the stress state was applied to the sample, it was allowed to 

stabilize for two minutes. 

 With the system at stress, it was possible to pressurize the wellbore.  The wellbore 

was pressurized using a forty horsepower pump connected to an intensifier piston.  The 

intensifier was servo-controlled using a small feedback control system.  The intensifier 

was used to pressurize the wellbore to 1300 psi.  After the wellbore pressure had been 

achieved, the isolation valves on all the lines leading to the system were closed.  This was 

performed to prevent pressure spikes from damaging any of the pumps used to pressurize 

the system.  However, it was quickly determined that once the valve from the pressure 

intensifier was closed that the wellbore pressure began to rapidly bleed off.  To counter 

the pressure bleed off, the wellbore was pressurized again to 1600 psi and isolated from 

the intensifier.  When the wellbore pressure decreased to 1300 psi, the two data 

acquisition systems were activated and the propellant was ignited. 
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4.4 Immediate Colton Results 

 Pressurization data was immediately available following the test as shown in 

Figures 4.4 and 4.5.  The burn produced a peak recorded pressure of 4773 psi in 0.035 

seconds.  Of the block probes installed, the fracture only generated pressure responses in 

Probe 5.  Probe 5 received the first response 0.069 seconds after the burn initiated and 

peaked at 4779 psi 0.0079 seconds later.  Additionally, inspection of the dynamic 

pressure transducer response and strain gage pressure transducer response on the 

wellbore showed obvious resolution differences.  The strain gage data appears as if it 

were time delayed and passed through a low pass filter.  This delay and filter process was 

contributed to the tortuous piece of tubing used to protect the pressure transducer from 

possibly harmful spikes.  Examination of the dynamic pressure transducer data shows 

slow burn rates in the first 0.023 seconds of the burn.  Also immediately obvious is the 

pressure decay into a sinusoidal wave noticeable in both the wellbore and Probe 5. 

Upon removal of the containing plate, top flap-jack ram, and retaining plate it was 

possible to see a fracture on the top surface of the sample propagating in the North-South 

direction (Figure 4.6).  Further disassembly of the test frame and removal of the Colton 

block showed that the propellant burn generated a fracture extending to the edge of the 

block in the North-South direction.  Examination of the sides of the block revealed purple 

dye and large carbon stains where the gas generated by the burn exited the North (Figure 

4.7) and South (Figure 4.8) edges of the block. 
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Figure 4.4:  Initial Colton Sandstone pressure response data.  The dynamic pressure 

transducer (Dynamic Fast’) appears to be more responsive than the strain gage pressure 

transducer (30 ksi Probe).  The flap-jack pressures are also shown according to their 

orientation on the block (East West’, North South’, and Top Bottom’).  None of the 

additional block probes detected any response and were removed from the plot. 

 

Figure 4.5:  Initial Colton Sandstone pressure response zoomed on initial 0.20 seconds of 

burn. 
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Figure 4.6:  Photograph of the of the Colton sandstone block with North-South fracture 

while still in poly-axial test frame. 

 
 

Figure 4.7:  Photograph of North face of Colton sandstone block showing vertical 

fracture, purple staining from dye, and black staining from carbon generation during 

burn. 
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Figure 4.8:  Photograph of South face of Colton sandstone block showing vertical 

fracture, purple staining from dye, and black staining from carbon generation during 

burn. 

 

 To determine if any additional fractures were generated, the Colton block was cut 

horizontally through the center of the block (Figure 4.9).  This revealed one smaller 1.5 

inch fracture propagating from one of the notches etched in the wellbore (Figure 4.10). 

 Finally, to examine the size and shape of the fracture wings, the sample was split 

using chisels and hammers horizontally down the propellant induced fracture.  Figure 

4.11 shows the top half of the East side of the block while Figure 4.12 shows the bottom 

half of the East side of the block.  After the block was split it was noted that the casing 

was undamaged by the propellant burn. 

Carbon Staining 

Vertical Fracture 
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Figure 4.9:  Photograph of the top surface of the bottom half of the Colton sandstone 

block after being cut horizontally in half.  The purple dye leading down from the 

wellbore is due to bleeding during the cutting process. 

 

 
Figure 4.10:  Zoomed in photograph of Figure 4.9 near wellbore showing a small 1.5” 

fracture propagating from a wellbore notch. 

Bleeding Due to Cutting Process 

Primary propellant Induced Fracture 
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Figure 4.11:  Photograph of the top half of the East side of the Colton sandstone block 

along the large created fracture face.  The black carbon and purple dye shows the extent 

of the propellant fractures. 

 

 
 

Figure 4.12:  Photograph of the bottom half of the East side of the Colton sandstone 

block along the large created fracture face.  The black carbon and purple dye show the 

extent of the propellant fractures.  Note the lack of dye or carbon on the lower ~2 inches 

of the block shows the fracture did not propagate into that area. 

Lower extent of fracture 

Upper extent of fracture 
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 Further analysis of the Colton fracture data is outside the scope of this thesis and 

will be reserved for future work. 

 

4.5 Mancos Shale Test 

 Based on the results from the Colton sandstone test, a few changes were made to 

the Mancos shale test.  The first change was the removal of the tortuous piece of tubing 

between the well head and the strain gage pressure transducer.  This was done to remove 

the “low-pass filter” effect that was seen in the data from the Colton test.  The second 

change to the procedure was to enlarge the size of the propellant from four inches in 

length to six inches.  This was done with the intention of increasing the length of the 

secondary fractures from the wellbore.  Also, to ensure that the propellant remained 

centered in the wellbore, larger steel sleeves replaced the small bar on the ends of the 

propellant carrier.  Finally, for later Poisson’s ratio measurements the data would be 

gathered at the rate of one point per second while the block was being loaded with stress. 

 Initially, the procedures for the Colton sandstone were followed identically, save 

for the noted changes, for the Mancos shale.  However, as the wellbore was brought to 

1300 psi a problem occurred.  At some pressure less than 1300 psi the Mancos shale 

hydraulically fractured perpendicularly to the minimum stress.  Because the pressure 

intensifier that controls the wellbore pressure is servo controlled and piston displacement 

was not recorded on the intensifier, it is unknown at what pressure the formation 

fractured or how fast the intensifier had to pump to maintain the 1300 psi wellbore 
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pressure.  The fracture was not discovered until wellbore pressure Probes 5, 4, 2, and 1 

showed pressure readings.  At this point, an attempt was made to ignite the propellant.  

However, it was discovered that the propellant ignition system was shorting to ground at 

high wellbore pressures.  After discovering that the propellant was unable to be fired, the 

wellbore pressure was returned to zero for analysis of the propellant ignition system. 

 While the source of the short in the propellant ignition system was never 

determined, it was discovered that continuity was established at wellbore pressures less 

than 100 psi.  Because of the short, it was decided that the propellant would be ignited 

with only 50 psi of wellbore pressure.  Since the propellant is capable of pressurizing the 

wellbore at up to 20,000,000 psi/sec the initial pressure is not a critical parameter of the 

test.  Also, because a hydraulic fracture had been generated in the North-South direction, 

it was decided that to have data representative of propellant induced fracture propagation 

the in-situ stress field would have to be realigned to generate a fracture in the East-West 

direction.  To prevent the hydraulic fracture from reopening during the propellant fracture 

the horizontal stresses were redesigned with 1600 psi on the North-South pair of flap-jack 

rams and 2850 psi on the East-West pair of flap-jack rams.  The Top-Bottom pair of rams 

remained constant at 4500 psi.  Figure 4.13 shows the original and redesigned stress 

orientation. 



 

48 

 

Figure 4.13:  Diagram of the original (left) stress orientation relative to the pressure 

probes and the redesigned (right) stress orientation relative to the pressure probes. 

  

 After reorienting the stress field and bringing the wellbore pressure to 50 psi, the 

propellant was successfully ignited. 

 

4.6 Immediate Mancos Results 

 Fracture generation in the Mancos shale was immediately obvious.  As the 

propellant burned the shale surrounding the top wellbore sleeve failed and a breach to 

surface occurred.  A mist of vapor and wellbore fluid was able to escape the test frame 

through the small annulus around the well head.  Immediate examination of the on-screen 

pressure probe data showed readings on Probe 3 and 6 indicating a fracture propagating 

in the East-West direction.  In the North-South direction, Probe 4 showed a significant 

increase in pressure.  Because the Mancos shot occurred late in the evening it was 

decided that pressure data would be recorded, at a rate of one point per second, over  

night and the machine would be disassembled and the sample retrieved in the morning. 
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 Figure 4.14 shows the initial pressure data.  The removal of the tortuous piece of 

tubing from the wellbore strain gage pressure transducer fixed the “low pass filter” 

problem.  This revealed that the dynamic pressure transducer has a decay rate 

inconsistent with those of the other strain gage pressure transducers.  Also, Probes 1, 4, 

and 5, all located in the North-South plane, all show initial readings of approximately 

1100 psi, while Probe 2 only has approximately 500 psi.  These initial pressures are 

caused by the small amounts of fluid that were trapped at the end of the tubing during the 

unintentional hydraulic fracture.  As the Mancos block was loaded to pressure the 

formation matrix was compacted.  Because the permeability of the formation was so low 

the fluid is unable to dissipate and part of the pressure is therefore supported by the fluid 

in the form of pore pressure.  Finally, the initial pressurization rates are much higher than 

those seen in the Colton sample. 
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Figure 4.14:  Initial pressure response data for the Mancos sample.  The initial pressure 

rise times are much more drastic that those from the Colton sample.  Also the removal of 

the tortuous piece of tubing has provided responsive strain gage wellbore pressure data. 

 

 

 Analysis of the pressure data shows a peak wellbore pressure of 7641 psi 

occurring in 0.00561 seconds.  Probe 3 was the first block probe to respond to the 

propellant receiving an initial response in 0.02189 seconds and a peak pressure of 5739 

psi occurring at 0.02347 seconds.  Probe 5, the second block probe located in the East-

West plane, received an initial response in 0.02567 seconds and a peak pressure of 3165 

psi occurring in 0.03010 seconds.  The wellbore probes and the block probes all 

transitioned to sine wave pressure responses as shown in Figure 4.15. 
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Figure 4.15:  The first 100 milliseconds of the Mancos propellant burn.  The dynamic 

pressure transducer as well as all of the North-South pressure probes except for probe 4 

have been removed and replaced with the flap-jack ram pressure response. 

 

 As a protective measure, the Mancos block was wrapped in plastic during the 

propellant test and fractures could not be seen until the block was completely removed 

from the test frame and unwrapped.  Figure 4.16 shows the top of the block with a 

primary fracture in the East-West direction.  A second large fracture can be seen running 

parallel to the primary fracture.  This fracture occurred during the stressing of the block.  

In addition to the large East-West fractures, the breech to surface located around the top 

of the wellbore is also visible. 
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Figure 4.16:  Photograph of the top of the Mancos shale.  The large primary East-West 

fracture can be seen running through the center of the block as well as another East-West 

fracture that occurred during the stressing process.  Also, the near wellbore is damaged 

from the breach to surface during the propellant burn. 

 

 

 Examination of the East (Figure 4.17) and West (Figure 4.18) sides show where 

the fracture exited the sides of the block.  Because of the dark natural coloration of the 

shale it is very difficult to distinguish the purple dye or the black carbon markings.  Some 

secondary fractures were created at the edge of the block due to unloading the stresses 

after the test. 

Wellbore Breech 

Propellant Generated Fracture 
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Figure 4.17:  Photograph of the West side of the Mancos sample showing the vertical 

fracture. 
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Unloading Induced Fracture 
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Figure 4.18:  Photograph of the East side of the Mancos sample showing the vertical 

fracture. 

 

 

 It was decided not to horizontally cut the Mancos block like the Colton sample for 

fear that the all ready weakened sample could be severely damaged.  After thoroughly 

Vertical Fracture 

Unloading Induced Fracture 
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photographing the exterior of the Mancos sample, it was split vertically down the primary 

propellant induced fracture.  The Mancos sample was split using chisels and hammers.  

Once the block was split it was repositioned for photographing.  Figure 4.19 shows the 

North half of the block while Figure 4.20 shows the South half of the block.  The dark 

areas of the sample are wet from the presence of the wellbore fluid.  Note the more 

extensive propagation in the lower half of the block.  The lighter bedding layer located in 

the center of the block acted as a barrier creating a two lobed fracture resembling the 

shape of the number ‘8’.  

 The hydraulic fracture data was captured at the rate of one data point per second 

and the resulting pressure bleed off data was captured at the rate of one point per minute.  

The hydraulic fracture data can be seen in Figure 4.21, and the pressure bleed off data can 

be seen in Figure 4.22.  Both the hydraulic fracture data and the pressure bleed off data 

are not in the scope of this thesis and will be reserved for future study. 
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Figure 4.19:  Photograph of the North half of the Mancos block.  The white quartz band 

in the center of the block prevented the creation of elliptical wings and created a figure-8 

fracture. 

Quartz layer 
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Figure 4.20:  Photograph of the South half of the Mancos block.  The white quartz band 

in the center of the block prevented the creation of elliptical wings and created a figure-8 

fracture. 

 

 

Quartz layer 
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Figure 4.21:  Data showing the unintentional hydraulic fracture of the Mancos sample. 

 

 

Figure 4.22:  Pressure bleed off data sampled at one point per minute. 



 

59 

4.7 Additional Tests 

 In addition to the large block tests, TerraTek conducted several rock property 

tests.  The core collected from the center of each block was analyzed to determine 

porosity, bulk density, grain density, effective compressive strength, Young’s modulus, 

and Poisson’s ratio.  Gas permeability was measured on the Colton Sandstone core while 

water saturation, gas saturation, mobile oil saturation, and pulse-decay permeability was 

measured on the Mancos Shale.  The results from these tests are shown in Tables 4.2-4.7. 

 

Table 4.2:  Bulk Density, Effective Compressive Stress, Young’s Modulus, and Poisson’s 

Ratio from Three Locations in the Colton Sandstone Core 

Formation 

Sample 

Location 

Bulk Density 

(gm/cm3) 

Effective 

Compressive 

Stress 

Young’s 

Modulus 

Poisson’s 

Ratio 

(psi) (psi)   

Colton 

Sandstone 

Col-Top 2.424 10,295 1,424,000 0.25 

Col-Mid 2.412 10,125 1,390,000 0.24 

Col-Btm 2.402 10,075 1,444,000 0.24 

 

 

Table 4.3: Ambient Porosity, Dry Bulk Density, Grain Density, and Gas Permeability 

from Three Locations in the Colton Sandstone Core 

  Ambient Dry Bulk Grain Gas 

Sample Porosity Density Density Permeability 

  (%) (g/cc) (g/cc) (md) 

Col-Top 8.83 2.43 2.670 0.099 

Col-Mid 9.11 2.42 2.667 0.099 

Col-Btm 9.68 2.41 2.673 0.127 
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Table 4.4: Density, Effective Compressive Stress, Young’s Modulus, and Poisson’s Ratio 

from Three Locations in the Mancos Shale Core  

Formation 

Sample 

Location 

Bulk Density 

(gm/cm3) 

Effective 

Compressive 

Stress 

Young’s 

Modulus 

Poisson’s 

Ratio 

(psi) (psi)   

Mancos 

Shale 

Man-Top 2.552 8685 1,425,000 0.22 

Man-Mid 2.561 10,020 1,508,000 0.19 

Man-Btm 2.565 9245 1,447,000 0.20 

 

 

Table 4.5: Bulk Density, Grain Density, Dry Bulk Density, Porosity, and Water 

Saturation from Three Locations in the Mancos Shale Core 

Sample 
Bulk 

Density 

(gms/cc) 

Grain Density 

(gms/cc) 

Dry Grain 

Density 

(gms/cc) 

Porosity 

(% of BV) 

Water 

Saturation 

(% of PV) 

Man-Top 2.546 2.638 2.711 7.53 50.50 

Man-Mid 2.546 2.608 2.679 6.44 59.29 

Man-Btm 2.550 2.668 2.729 7.75 39.80 

 

 

Table 4.6: Gas Saturation, Mobile Oil Saturation, and Gas Filled Porosity from Three 

Locations in the Mancos Shale Core 

Sample 
Gas 

Saturation 

(% of PV) 

Mobile Oil 

Saturation 

(% of PV) 

Gas Filled 

Porosity 

(% of BV) 

Man-Top 46.39 3.11 3.49 

Man-Mid 37.03 3.68 2.38 

Man-Btm 57.16 3.04 4.43 
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Table 4.7: Bound hydrocarbon saturation, bound clay water, and pulse decay 

permeability measured from three locations in the Mancos Shale core. 

Sample 
Bound Hydrocarbon 

Saturation 

(% of BV) 

Bound Clay 

Water 

(% of BV) 

Pulse-Decay  

Permeability 

@500NE (md) 

Man-Top 0.19 5.34 0.000913 

Man-Mid 0.30 4.77 *0.002488 

Man-Btm 0.19 3.59 *0.004333 

*Note: Samples are likely microfractured due to bedding laminations 

 

In addition to the rock property tests, a scratch test was performed on both of the 

cores.  A scratch test is used to determine the ultimate compressive strength of a sample 

and can be an indicator of heterogeneity.  The test is performed by dragging a carbide 

tipped cutter along the surface of the core sample.  Both the normal and shear stress are 

measured in the cutter as it scratches a groove onto the core surface.  The two stresses are 

then used to calculate the ultimate compressive strength of the sample.  The Colton 

Sandstone is much more homogeneous compared to the Mancos Shale.  The results of the 

scratch test show that the light colored quartz bands in the Mancos exhibit an unconfined 

compressive strength almost three times that of the dark colored silt layers.  The results of 

the two tests are shown in Figures 4.23 and 4.24. 
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Figure 4.23:  Figure showing the unconfined compressive strength of the Colton 

Sandstone core from the scratch test.  The red shows the raw data while the blue shows 

the filtered data. 
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Figure 4.24:  Figure showing the unconfined compressive strength of the Mancos Shale 

core.  The red shows the raw data while the blue shows the filtered data.  Note that the 

lighter quartz layers have considerably higher compressive strength than the darker clay 

layers. 
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CHAPTER 5 

 

FINITE ELEMENT MODELING 

 

 In order to better understand how propellant generated fractures propagate in the 

reservoir, a finite element model was created.  The model was developed with the 

commercially available software package Abaqus.  The model was generated and 

calibrated based on the results of the propellant tests.  Once an initial model was created 

that was capable of generating results consistent with the outcome of the propellant test, 

it was expanded to a wellbore scale for use in determining fracture lengths generated in 

the reservoir. 

 

5.1 Initial Model 

 Abaqus is an upper end finite element analysis modeling software package.  It is a 

versatile program used in a variety of industries to create models ranging from 

mechanical modeling to acoustic modeling to heat transfer models in materials forming.  

It is capable of simulating elastic and plastic deformation in addition to fracture 

propagation.  The fracture propagation aspect of Abaqus is capable of creating and 

generating fractures in two dimensional (2D) and axisymmetric models.  The 2D model 

allows Abaqus to investigate fracture propagation in either a plane strain or plane stress 

model.  This 2D model allows for the investigation of vertical fracture length.  The 
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axisymmetrical model is designed to examine cross-sections revolved about an axis of 

symmetry; this type of model would investigate the lengths of horizontal fractures.  Due 

to the nature of the problem, it was decided that a two dimensional model would provide 

better results than an axisymmetrical model. 

Abaqus does not rely on a defined set of units; rather it is the user’s responsibility 

to ensure that units of length, force, and time remain consistent throughout the model.  

This makes scaling models to different levels much simpler.  For the initial model of the 

block test, units of inches, pounds-force, and seconds were used.  Accordingly, a thirty 

inch by thirty inch plane stress model of unit thickness was created with a two inch 

diameter wellbore.  In addition to the two inch wellbore, eight fracture planes were 

created.   These eight fracture planes were chosen so that they could best represent the 

possible paths a fracture might take in the reservoir.  The eight fracture planes are located 

parallel and perpendicular to the maximum stress, as well as at the same angle as the 

notches in the test sample wellbores.  The planes are located at 0°, 60°, 90°, 150°, 180°, 

210°, 270°, and 300° where 0° is located directly up, and the angle increases clockwise as 

shown in Figure 5.1. 
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Figure 5.1:  Plan view of two dimensional Abaqus model showing fracture planes and 

two inch wellbore. 

 

 Once the general model was created, Abaqus generated the nodes and created the 

elements required for the mesh, as shown in Figure 5.2.  Nodes are locations were strains 

2 Inch Wellbore 

Fracture Planes 

180° Plane 

0° Plane 

300° Plane 
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and stresses can be transferred from one element to the next.  Elements are small 

divisions of the model capable of deformation or translation.  The primary mesh in the 

model was composed of two dimensional stress elements with four nodes and four sides. 

Figure 5.2: Image of the finite element model with the mesh generated. 
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 Once the primary mesh was created, additional nodes and elements were added.  

Two specific groups had to be generated to allow for accurate representation of fracture 

propagation.  The first group consists of nodes, while the second consists of fluid 

elements. 

To allow for fracture propagation, the block had to be divided into eight separate 

pieces along the fracture planes.  This was accomplished by creating a second, identical, 

set of nodes on each fracture plane.  The elements on one side of the fracture were then 

redefined to use the new set of nodes.  By redefining these elements two independent 

surfaces were created.  These surfaces are initially defined as “bonded” at the overlaying 

nodes.  When a surface is bonded it acts as if the to overlaying nodes are joined and 

stresses and strains can be transferred between the two surfaces.  The surfaces can also be 

allowed to “debond” when certain predetermined stress levels are achieved a specific 

distance ahead of the fracture along the fracture plane.  Once a surface is allowed to 

debond, the stress and strain transferred between the two overlaying nodes is reduced 

until the nodes separate simulating the fracture process.  For the Colton sandstone, a 

debond stress of 4500 psi was set a distance of 0.1 inches ahead of the crack tip.  The 

debond stress was determined from other independent hydraulic fracture testing in Colton 

sandstones.  For the Mancos shale a debond stress of 4000 psi was set a distance of 0.1 

inches ahead of the crack tip.  The debond stress for the shale was picked from the 

pressure response on Probes 3 and Probe 6 in the Mancos block test.  Four thousand psi 
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approximates the maximum pressure seen in each of the block probes during the 

propellant burn. 

 Once the fracture planes had been generated, fluid cavities had to be defined.  

Fluid cavities are created by defining one dimensional (1D) fluid elements around the 

perimeter of a cavity.  A fluid cavity is used to apply hydrostatic pressure to the surface 

of the cavity.  For the models, nine fluid cavities were created.  The primary fluid cavity 

is the wellbore itself.  The other eight fluid cavities consist of the space between the two 

fracture surfaces of each fracture plane.  Initially, the wellbore is the only cavity with 

significant volume.  The eight fracture plane cavities initially have no volume and are not 

allowed to apply stress until the nodes of that cavity become debonded.  That is, only the 

nodes that have debonded are allowed to apply stress, and the volume of the cavity will 

change as the stress causes the length and width of the fracture to increase. 

 The wellbore cavity is the source of mass input for the model.  As the model is 

run, additional mass representing the gas generated during the propellant burn is added to 

the wellbore to increase the pressure.  As fractures are generated in any of the additional 

eight cavities, fluid links allow for mass transfer to the additional cavities.  The fluid 

cavities are modeled as being filled with a compressible pneumatic fluid.  The density of 

the fluid is calculated from the volumetric percentages of the gasses present in the fluid.  

Table 5.1 shows the propellant combustion products and their volumetric percentages.  

Also, because the mass flow rate for a gas is very low, less than 10 cubic inches per 

second, frictional losses have been neglected. 
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Table 5.1:  Combustion Products and Densities 

Combustion Product Volume Percentage Density (ft
3
/lbm) Percent x Density (ft

3
/lbm)

H2O 30.00% 21.065 6.320

CO 21.00% 13.548 2.845

HCl 20.00% 10.408 2.082

H2 15.00% 188.25 28.238

CO2 7.00% 8.6229 0.604

N2 7.00% 13.546 0.948

Total 100.00% 41.036

Density (lbm/ft
3
) 0.02437

Density (lbm/in
3
) 1.41025E-05

*All densities given at 14.696 psi and 60° Farenheit

(Products and Percentages from Passamaneck, 2005) 

 

 After the geometry of the model was created, different properties were assigned to 

the elements of the mesh.  Two sets of linearly elastic material properties were defined 

for the mesh.  The properties were based on the rock properties determined for the Colton 

sandstone and Mancos Shale as shown in Section 4.7.  Table 5.2 shows the rock 

properties determined for the samples and used in the model. 

 

Table 5.2: Material Properties of Colton Sandstone and Mancos Shale 

10295 1.424E+06 0.25

10125 1.390E+06 0.24

10075 1.444E+06 0.24

Average Used in Model 10165 1.419E+06 0.24

8685 1.425E+06 0.22

10020 1.508E+06 0.19

9245 1.447E+06 0.20

Average Used in Model 9317 1.460E+06 0.20

Young's 

Modulus 

(psi)

Poisson's 

Ratio

Colton Sandstone

Mancos Shale

Formation

Effective 

Compressive 

Strength (psi)
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To constrain the model, boundary conditions were applied to the right and bottom 

edges of the model.  The boundary condition on the right edge restricted horizontal 

translation but allowed vertical translation.  The boundary condition on the bottom edge 

restricted vertical translation, but allowed for horizontal translation.  By allowing 

translation the nodes were free to have the small strain displacements necessary for the 

model to recreate the loading of the block and fracture propagation.  However, in order to 

allow fracture during the modeling runs, the nodes located on the fracture planes could 

not be restrained in any way. 

In addition to boundary conditions the model was also subjected to the loading 

caused by the flap-jack rams and the pressurization of the wellbore.  Table 5.3 shows the 

applied loads for the Colton sandstone and Mancos shale models as determined in 

Chapter 3 and used in the tests in Chapter 4. 

 

Table 5.3:  Applied Loads used for Colton Sandstone and Mancos Shale Models 

Block Location Load (psi)

Top Edge 1600

Left Edge 1300

Initial Wellbore 1300

Top Edge 1600

Left Edge 2800

Initial Wellbore 50

Colton Sandstone

Mancos Shale

 

 

 Pressure data acquired from the tests was used to calculate the input mass for the 

models.  Because the pressures generated in the two tests remained below 8,000 psi, 
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Saint-Robert’s Law (Eq 3.15) could be used to determine the burn rate of the propellant.  

By determining the linear burn rate for the propellant, it is possible to determine the 

volumetric burn rate.  As the propellant burns the solid fuel is converted to gas at a given 

volumetric ratio shown in Eq 5.1.  This allows for the unit volumetric influx to be 

calculated as shown in Figures 5.3 and 5.4. 

 
pressure

x

dV

dV

propellant

gas
510045.2

  Eq 5.1 

 



 

73 

F
ig

u
re

 5
.3

: 
 U

n
it

 v
o
lu

m
et

ri
c 

in
fl

u
x
 i

n
p
u
t 

fu
n
ct

io
n
 f

o
r 

th
e 

C
o
lt

o
n
 S

an
d
st

o
n
e 

(b
lu

e)
, 
co

m
p
ar

ed
 t

o
 t

h
e 

ac
tu

al
 d

at
a 

(r
ed

).
 



 

74 

 

F
ig

u
re

 5
.4

: 
 U

n
it

 v
o
lu

m
et

ri
c 

in
fl

u
x
 i

n
p
u
t 

fu
n
ct

io
n
 f

o
r 

th
e 

M
an

co
s 

S
h
al

e 
(b

lu
e)

, 
co

m
p
ar

ed
 t

o
 t

h
e 

ac
tu

al
 d

at
a 

(r
ed

).
 



 

75 

The volumetric fluxes are then added to the model wellbore as a function of time.  

The additional volume in the confined space of the wellbore causes a pressurization of 

the wellbore and provides the stress for fracture generation.  Once a fracture has been 

generated, fluid will flow to and pressurize the new cavities. 

Finally, to define the model, a series of steps must be created to specify what is to 

occur at each time step and what is to be outputted.  The Colton model consisted of four 

steps which mimic the test itself.  In the first step, the block and boundary conditions are 

defined.  During the second step, the block is loaded to the confining stress that was seen 

throughout the test.  In the third step, the wellbore is pressurized.  Finally, in the fourth 

step the fracture planes are allowed to debond and the time dependant fluid flux is 

applied to the wellbore.  This fluid flux represents the addition of mass that occurs during 

a real life propellant burn.  The addition of mass causes the wellbore to pressurize and 

correspondingly leads to formation breakdown.  During the step fluid cavity volumes, 

pressures, and mass transfer rates are recorded.  In addition, the fracture propagation is 

recorded with the present crack tip node, and crack length along each fracture plane. 

 

5.2 Additional Models 

 After the original 30 inch model was created, it was confirmed by comparing the 

results of the model to those generated in the laboratory testing.  Once the model was 

confirmed, it was scaled to represent a 30 foot x 30 foot model and a 300 foot x 300 foot 

model.  This was accomplished by first introducing an additional set of elements in the 
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wellbore to reduce the cross-sectional area, as shown in Figures 5.5 and 5.6.  After the 

wellbore area had been reduced, scaling was completed by converting all model units of 

length from inches to feet and tens of feet.  Table 5.4 shows the original and scaled 

values for the models.  The original values are those used in the laboratory block tests.  

The scale values are those generated to scale the model to different sizes.  In addition to 

the two scaled propellant models, a replica of the 30 inch x 30 inch model was created 

that represents the loading, fluid properties, and an estimate of the mass flux for the 

hydraulic fracture that occurred during the Mancos Shale test.  Because the hydraulic 

fracturing is outside the scope of this thesis the model was not analyzed.   
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Figure 5.5: Image of 30 foot x 30 foot model.  Note the drastically reduced wellbore size. 
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Figure 5.6:  Image of the 300 foot x 300 foot model.  At this scale the wellbore is 

indistinguishable. 

 

 

 



 

79 

Table 5.4:  Original Values Used for the Model and the Scaled Values for the 30 and 300 

Foot Models. 
30 Inch 30 Foot 300 Foot

Ambient Pressure 14.696 (psi) 2116.224 (lb/ft
2
) 211622.4 (lb/100ft

2
)

Ambient Temperature 60 (°F) 60 (°F) 60 (°F)

Fluid Density 1.410E-05 (lb/in
3
) 0.0243648, (lb/ft

3
) 2.436E+01, (lb/1000ft

3
)

Youngs Modulus Sandstone 1.419E+06 (psi) 2.043E+08, (lb/ft
2
) 2.043E+10, (lb/1000ft

3
)

Youngs Modulus Shale 1.460E+06 (psi) 2.102E+08, (lb/ft
2
) 2.102E+10, (lb/1000ft

3
)

Poisson's Ratio Sandstone 0.24 0.24 0.24

Poisson's Ratio Shale 0.20 0.20 0.20

Debond Stress Sandstone 4500 (psi) 6.480E+05, (lb/ft
2
) 6.480E+07, (lb/1000ft

3
)

Debond Stress Shale 4000 (psi) 5.760E+05, (lb/ft
2
) 5.760E+07, (lb/1000ft

3
)

East-West Load Sandstone 1300 (psi) 1.872E+05, (lb/ft
2
) 1.872E+07, (lb/1000ft

3
)

East-West Load Shale 2800 (psi) 4.032E+05, (lb/ft
2
)

North-South Load 1600 (psi) 2.304E+05, (lb/ft
2
) 2.304E+07, (lb/1000ft

3
)

Wellbore Pressure Sandstone 1300 (psi) 1.872E+05, (lb/ft
2
) 1.872E+07, (lb/1000ft

3
)

Wellbore Pressure Shale 50 (psi) 7.200E+03, (lb/ft
2
) 7.200E+05, (lb/1000ft

3
)

Model Unit of Length 1 Inch 1 Foot 10 Feet

 

The 30 foot x 30 foot model is used to verify that the model properties adjusted in 

the scaling process are correct.  The 300 foot x 300 foot model was created to investigate 

the fracture length and orientations that are generated at the wellbore scale, and can be 

used to evaluate real world pressure data. 

While the stresses are simple to verify, the effects of ambient pressure, fluid 

density, and mass input become very difficult to distinguish.  To verify that these 

properties are all correctly adjusted, a molar analysis was performed on the models.  Both 

the 30 inch and 30 foot model were allowed to run for an identical amount of time.  The 

models were then stopped and the total volumes of the fluid cavities were calculated for 

each model.  This was used, along with the temperature, universal gas constant, and the 

model determined pressure to calculate the number of moles of gas present in the model.  



 

80 

This number was reduced by the initial calculated number of moles present before the 

wellbore was pressurized.  The number of moles for each model was identical, proving 

that the mass input functions were properly scaled. 
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CHAPTER 6 

 

ANALYSIS AND DISCUSSION 

 

 This chapter provides an analysis and discussion of the finite element modeling 

and limitations, the laboratory testing, and a comparison of the two sets of results. 

 

6.1 Finite Element Analysis 

 The finite element model shows fracture generation comparable to that exhibited 

by the actual block test and provides insight to realistic fracture half-lengths that might be 

experienced in the field.  The fracture model generated primary fractures in identical 

planes as those generated in the block test.  The Colton Sandstone simulation showed a 

primary fracture that propagated parallel to the maximum stress (North-South) and exited 

the block at both ends with small (less than 1.5 inches in length) fractures propagating 

from the notch tip locations in all other fracture planes.  The Mancos Shale simulation 

also showed a large primary fracture that propagated parallel to the maximum stress 

(East-West) and exited the block at both ends.  However, due to the different rock 

properties associated with shale and the different loading conditions used in the shale test 

small fractures only generated in the 30° and 300° fracture planes (refer to Figure 5.1).  

When the Mancos Shale model was run at the wellbore/reservoir scale,  the only fracture 

generated was a bi-wing fracture parallel to the maximum horizontal stress.  This does 
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not imply that small fractures could not be generated in other directions, but rather that 

the near-wellbore element size was too large (6 ft) to show the generation of any 

secondary fractures.  The maximum fracture half-length generated in the wellbore scale 

model was 37 feet with a maximum fracture width, during the deflagration, of 1.4 inches. 

 The pressures witnessed in the simulations were not capable of reaching the 

dramatic peaks witnessed in the laboratory propellant test itself.  In the Mancos Block 

simulation the peak pressure reached was 5342 psi.  The pressure rises throughout the 

entire simulation until the fracture reaches the end of the block and the simulation 

automatically ends.  Because the propellant is deflagrating throughout the entire 

simulation and the simulation model time is very short, the long term effects of the 

pressure are impossible to see.  In the wellbore scale test the maximum pressure reached 

was 4573 psi.  This pressure was achieved in 0.1014 model seconds.  However the entire 

simulation lasted 2.0 model seconds.  Because the fracture never propagated through the 

edge of the model, the model was allowed to run to completion, and the long term effects 

investigated.  Figure 6.1 shows the pressure response graph for the wellbore scale model.  

Notice how the pressure response shows a rough cyclic response. 
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Figure 6.1:  Graph showing the maximum pressure response, and fracture growth plotted 

against model time for the wellbore/reservoir scale Abaqus model.  Notice that each 

pressure drop corresponds to an increase in fracture length. 

 

 The fractures generated during the propellant simulations only twice showed 

simultaneous multiple fracture extension.  That is, only one fracture would extend over a 

given time period.  The fracture in extension would use the pressure in the fracture to 

breakdown the formation, then pause as mass flowed into the fracture, from the wellbore, 

to increase the pressure enough to continue formation breakdown.  The magnitude of the 

decrease in pressure is an indication of the number of fractures extending simultaneously.  

When only one fracture extends the drop is roughly half of the drop witnessed when both 

fractures simultaneously extend. 

Fracture Generation 

Mass flow to fracture 

while fracture pressurizes 
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6.2 Model Limitations 

 The finite element model created for this thesis does provide insight into the 

fracture lengths and widths that can be expected in the reservoir.  However, as with any 

model it does have its limitations.  Initially it was desired to create a three dimensional 

model to allow investigation of height growth.  Unfortunately, Abaqus is limited to 

fracture growth in only two dimensions.  While the growth cannot be fully demonstrated 

in the model, the laboratory experiments do show the limited height growth that is 

expected with propellant stimulation.  Along with the inability to three-dimensionally 

model the height growth, comes the inability to further investigate the vertical fracture 

propagation patterns that may have occurred due to layering in shale. 

 In addition to the inability to model height growth, Abaqus requires defined 

fracture paths.  The paths chosen for possible fracture were based both on theory and 

laboratory results.  The fracture paths perpendicular and parallel to the maximum stress 

field were chosen based on fracture theory.  The fracture paths located at 60° phasing 

were chosen to determine if fractures would generate as seen in the Colton Sandstone 

block test. 

 While the model is capable of using time dependant variables (i.e. volume input 

flux) it is not a truly dynamic model.  Abaqus does have the capabilities to create true 

dynamic models, but this would have come at the expense of the fracture propagation and 

fluid modeling aspects that are crucial to the model.  This trade resulted in the inability to 
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represent the high pressure spikes witnessed before breakdown.  In addition the effects of 

the shockwave cannot be modeled in the static mode. 

 Abaqus is capable of modeling the effects of temperature on a model; however, it 

was decided in the design of the laboratory test to sacrifice thermistors so that higher data 

sampling rates could be attained.  If down hole temperature data is gathered in the future 

this could be implemented in the model. 

 

6.3 Analysis of Laboratory Testing 

 The laboratory testing consisted of two parts.  First, the Tight Rock Analysis 

(TRA) characterized rock properties for use in the Abaqus analysis and comparison to 

reservoir conditions.  Second was the propellant testing in the Colton Sandstone and 

Mancos Shale blocks that provided insight into the mechanisms that control fracture 

propagation. 

 

6.3.1 Tight Rock Analysis 

To help understand the relationship between rock properties and lithology 

TerraTek performed a TRA.  The results from the various tests are displayed in Tables 

4.2-4.7.  Compared to the Colton Sandstone, the Mancos Shale results were 

heterogeneous throughout the block.  The permeability and the mechanical properties 

varied the most in the three plug samples.  Correspondingly, in the scratch test the 

unconfined compressive strength changed greatly depending upon the lithology of the 
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sample.  Most notable are the lighter colored sandstone layers (as seen in Figure 4.24) 

that exhibited unconfined compressive strengths approximately three times higher than 

that of the darker clay/siltstone layers.  The varied layering throughout the block is a 

chief cause of the inconsistencies displayed in the various test results conducted at the 

three different locations, as well as irregularities seen in the fracture patterns discussed in 

Section 6.3.2. 

 

6.3.2 Block Test Analysis 

Analysis of laboratory testing confirmed many suspected ideas regarding 

propellant fracturing and generated several new avenues for examination.  The 

orientation and geometry of the primary fracture combined with the lack of substantial 

fracture generation in other directions gives insight to possible fracture patterns in the 

reservoir.  In both the Colton Sandstone and Mancos Shale blocks, the primary fracture 

aligned itself perpendicular to the maximum horizontal stress field.  Horizontally cutting 

the Colton Sandstone block, after performing the propellant test, provided an excellent 

view of the fracture generation, orientation and propping as shown in Figure 6.2.  

Examination of the fracture itself showed a substantial fracture (0.01-0.03 inches) that did 

not reseal.  Careful examination shows small pieces of sandstone within the fracture 

itself.  These small flakes of sandstone are believed to be the result of the scouring action 

caused by the flow of gas along the length of the fracture and would contribute to fracture 

conductivity. 
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Figure 6.2:  Plan view of the top half of the Colton Sandstone block after being cut 

horizontally in half.  The black and pink coloration is the result of the carbon and dye 

bleeding during the cutting process.  Notice the significant fracture propagating through 

the center of the block. 

 

Examination of the pre-etched notch present in the wellbore shows that a small 

fracture (~1.5 inches) was formed propagating from the notch tip (Figure 6.3).  This 

small fracture appears to have sealed and would be difficult to determine without the use 

of the red dye present in the wellbore fluid.  The relatively short length of the fracture 

shows that the stress concentration factor present at the notch tip was capable of 
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generating a fracture, but the underlying stress field quickly dominates and stops fracture 

propagation. 

 

Figure 6.3:  A close up view of the primary fracture propagating from the wellbore.  The 

fracture aperture varies from 0.01-0.03 inches along the entire length.  Also visible is one 

of the pre-etched notches and a small fracture propagating from the notch tip. 

 

Upon splitting the two blocks the dyed wellbore fluid and carbon residue gave 

immediate indications regarding height growth and fracture shape as shown in Figures 

6.4 and 6.5.  The residual carbon, deposited by the propellant gasses, shows the extent 

reached by the gasses in the fracturing process.  The red staining shows the extent 

Pre-etched notch with light pink 

fracture propagating from tip 
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reached by the fluid during the propellant deflagration.  The Colton Sandstone block, 

which when compared to the Mancos Shale block is homogeneous, showed a large 

elliptical fracture that grew horizontally until the fracture propagated past the end of the 

sample.  Vertical height growth did occur but was contained within the block.  It is 

unknown whether vertical height growth would have continued to occur had the fracture 

not grown out of the block. 

 

Figure 6.4:  Image of the top half of the Colton Sandstone block immediately after 

splitting.  The pink die and black carbon staining show the extent of the propellant 

fracture generation.  Note the grey section at the top of the block which appears 

undisturbed by the fracturing process and suggests contained height growth. 

Edge of fracture 
Middle of block where 

cut prior to splitting 

Top of Block 
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Figure 6.5:  Image of the bottom half of the Colton Sandstone block immediately after 

splitting.  The pink die and black carbon staining show the extent of the propellant 

fracture generation.  Note the grey section at the top of the block which appears 

undisturbed by the fracturing process and suggests contained height growth. 

 

Due to the brittle nature of shale, examination of the shale sample upon removal 

from the test frame, and concerns about severely damaging the sample it was decided that 

the Mancos Shale block would not be horizontally cut.  Instead, the block was split along 

the large fracture generated perpendicular to the maximum horizontal stress.  The layered 

Mancos Shale block shows a much different fracture pattern as shown in Figure 6.6.  The 

lighter colored layers, which displayed much higher ultimate compressive strength in the 

scratch test, were more resistive to fracture than the darker layers.  The large light layer 

present in the center of the block acted as a barrier that prevented an elliptical shaped 

Edge of fracture Bottom of block 

Middle of block 
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fracture.  Rather than one large ellipse, as was displayed in the Colton Sandstone test, two 

smaller ellipses were formed in the shape of an ‘8’.  At the time this thesis was written 

the Mancos Shale block had not been split along the hydraulic fracture.  

Upon splitting both samples it was apparent that the fractures generated were not 

smooth, straight fractures as often modeled.  The fractures in both samples were very 

course.  Figures 6.7-6.8 show the extent of the texture of the fractures.  With such uneven 

surfaces very little shear stress would be required to naturally prop the fracture and create 

natural conductivity.  Most likely this irregular fracture shape was caused by 

imperfections in the samples influencing the fracture path within the stress field.  While it 

was not possible to measure the amount of rock that was scoured or sloughed into the 

fracture, it can be assumed that it would also contribute to the natural propping of the 

fracture. 
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Fi

gure 6.6:  Photograph of the primary fracture plane in the Mancos Shale block 

immediately after splitting the block.  Notice the pink dying on the bottom of the block, 

with only a small lobe above the lighter sandstone barrier in the block. 

Fracture resistant 

quartz layer 

Fracture outline 
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Figure 6.7:  Photograph showing the uneven surface of the propellant generated fracture 

in the Colton Sandstone block. 
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Figure 6.8:  Photograph showing the uneven surface of the propellant generated fracture 

in the Mancos Shale block.  

 

Examination of the pressure test data shows several peculiarities.  The first is the 

difference between the dynamic and static pressure transducers as seen in Figure 4.14.  

The difference is easily explained by examining the design of the transducers.  The static 

pressure transducer is designed to show the current pressure, whereas the dynamic 

transducer is designed to respond to pressure change.  The static pressure transducer uses 

a strain gage to measure deflection on a surface and from this deflection the pressure can 

be determined.  This type of transducer is best used to measure pressures where pressures 

are static and changes in pressure are not drastic.  The dynamic pressure transducer 
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measures the small charges created as a piezoelectric crystal, such as quartz, is stressed.  

The charges generated by a piezoelectric crystal are on the order of picoCoulombs and 

must be amplified for analysis.  Because charge is only generated as the stress on the 

crystal is changed, it is impossible to measure a static pressure with a dynamic 

transducer. In addition, because capacitors are used in the circuitry of the amplifiers used 

to enhance the signal, as time passes charge will leak off the capacitor and the pressure 

measured by the transducer will begin to decay. (PCB Sensor Theory, 2005)  

Examination of the raw data, with knowledge of the transducers explains the variations in 

the wellbore pressure response.  Comparison of the two pressure graphs shows that the 

dynamic transducer accurately measures the pressure in approximately the first 65 milli-

seconds, after which the static transducer is capable of measuring the remaining response.  

Prior to the transition, the static pressure transducer over and underestimates the pressure 

pulses.  This is easily shown as the static transducer shows negative pressure responses.  

After the transition, the decay of the dynamic pressure transducer begins to show 

unnaturally low pressure values. 

The pressure graphs also give insight to the rate of fracture propagation.  If the 

time of the first peak in wellbore pressure after the initial burn is considered to be the 

formation breakdown time, and the time that the peak pressure is reached at a block 

transducer is the breakdown time at that point, the fracture rate can be determined (times 

take from Figure 4.15).  Table 6.1 shows the breakdown times for the different pressure 

transducers and the calculated fracture propagation rate.  Notice that two times are 
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calculated for Probe 6.  The first time is calculated using the initial peak pressure.  

However, if this time is used it must be assumed that both fracture wings initiated at the 

same time.  If it is assumed that the first breakdown was in the Probe 3 direction (the first 

probe to show pressure response) and the second wellbore breakdown was in the 

opposite, Probe 6, direction the two fracture rates become much closer at the rates of 20.0 

feet per second for Probe 3 and 23.1 feet per second for Probe 6. 

Table 6.1:  Formation Breakdown Pressures and Fracture Propagation Rates 
Breakdown 

Time

(sec)

Distance From 

Wellbore

(ft)

Transit Time

(sec)

Fracture Proppagation 

Speed

(ft/sec)

Wellbore 0.048165 NA NA NA

0.051800 NA NA NA

Probe 3 0.069783 0.5 0.021618 23.1

Probe 6 0.076761 0.5 0.028596 17.5

Probe 6 (alt) 0.076761 0.5 0.024961 20.0  

 

Evaluation of the period of the cyclic trend apparent on the wellbore and probe 

pressure response reveals an insight to what might possibly be occurring.  Table 6.2 

shows the peak pressure times of each cycle for Probe 3, Probe 6, and the dynamic 

wellbore probe.  Also shown is the difference between cycle times, and for the wellbore, 

the difference between two consecutive cycle times.  When the sum of the average cycle 

times for Probe 3 and Probe 6 is compared to the average wellbore two cycle time there is 

a 1.81% difference.  The fact that the cyclic wellbore trend occurs at almost the same rate 

as the sum of the probe cyclic trends leads to the possible conclusion that the 

pressurization of the wellbore only opens and pressurizes one fracture half-length at a 



 

97 

time in an alternating pattern.  This alternating pressurization pattern shows that only one 

half-length can exceed the breakdown pressure at a time.  Because only one side exceeds 

the breakdown pressure at a time, the fracture is only propagating in one direction at a 

time.
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6.4 Comparison of Block Test and Simulation Results 

 While the results between the block tests and the Abaqus model simulations are 

not identical, they do show several interesting similarities.  Some similarities are rather 

trivial, while others reinforce theories.  The most obvious similarity is the generation of 

one primary bi-wing fracture and its orientation.  Both the test and the fracture model 

exhibited large fractures that aligned parallel to the maximum horizontal stress.    Beyond 

the large primary fracture, the one inch scale models showed small secondary fractures 

propagating from the notch tips, as in the propellant test.  In addition to verifying the 

fracture orientation, the model and test both showed fractures of similar length.  In both 

the laboratory test and computer model, the primary fracture extended through the ends 

of the blocks.  In relation to the secondary fractures, the output from the fracture model 

reinforces the theory that the stress concentration factor present at the notch tip is quickly 

dominated by the underlying stress field, effectively halting fracture growth by creating 

only small fractures.  This is demonstrated in both the Abaqus model and confirmed in 

the laboratory test where a small fracture of similar length (~1.5 inches) is generated. 

 In addition to near identical fracture patterns, the wellbore pressure response in 

the field model closely resembles the response generated in the propellant test.  A cyclic 

trend is present in the pressure response of both the Abaqus model and the propellant test.  

The correlation between wellbore pressure drops and fracture extension in the Abaqus 

model correlates to explain the cyclic response seen in the probes of the block tests.  In 

the Abaqus model the fracture wings extend both individually and as a pair, but the 
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pressure drop for the extension is larger when both fracture wings drop simultaneously.  

In the laboratory data the amplitude of the cyclic trend follows a natural decay, indicating 

that only one wing of the fracture is extending at any given time. 

 Due to the previously mentioned limitations of Abaqus, it is impossible to 

compare some of the more intricate details of the laboratory fractures.  The primary 

fractures in the laboratory test show a slight curvature in their path.  This is most likely 

due to small imperfections in the rock samples influencing the formation breakdown.  In 

addition to the curvature, Abaqus is unable to recreate the surface textures generated in 

the laboratory test.  The scoured surface is critical to the creation of self propping 

fractures and is impossible to recreate in the Abaqus model. 

 Finally, the initial 2-3 milliseconds on the laboratory pressure response show very 

erratic fluctuations in pressure.  These erratic spikes in the pressure are most probably 

due to small breakdowns in the near wellbore area causing drops in the wellbore pressure.  

Because Abaqus is only allowed to debond on prespecified planes, and at a given rate 

within the pseudo-static model, it is not possible to achieve the high pressure spikes 

witnessed in the actual lab data. 
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CHAPTER 7 

 

CONCLUSIONS 

 

 The data collected from both the laboratory block tests and the computer 

simulation has provided an opportunity for the development of several conclusions.  

These conclusions can be directly applied to field development.  In addition this study 

provides several opportunities for future work. 

 

7.1 Conclusions 

 The conclusions reached from this thesis are: 

 Laboratory testing confirmed that propellant deflagration is capable of 

generating multiple fractures in a well bore.  The primary fractures will 

generate and propagate parallel to the maximum horizontal stress while 

smaller fractures will terminate once the underlying stress field dominates 

the extension. 

 Laboratory testing showed that small fractures are most likely to generate 

from unconformities in the well bore.  These irregularities create a stress 

concentration factor that allows for the generation and propagation of a 

fracture.  However, the stress concentration factor will only allow limited 

fracture growth. 
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 Finite element modeling showed that propellant driven fractures can 

propagate either simultaneously or individually.  The fracture tip will 

extend when the fracture is adequately pressurized to cause the formation 

to break down.  The fracture will then propagate until the fracture pressure 

is too low to maintain continued extension.  At this point, the fracture will 

halt growth until the pressure is great enough to continue formation 

breakdown. 

 In laboratory testing the rock properties of individual layers are significant 

enough to dominate fracture geometry.  Higher strength formations 

interlayered within lower strength formation will create irregular fracture 

patterns close to and at the fracture tip. 

 Laboratory testing showed that propellant stimulation is capable of 

generating fractures with minimal out-of-zone height growth.  The 

combination of a short burn time and the energy being focused on the 

formation limits height growth and results in fracture length generation. 

 Laboratory testing showed evidence that propellant stimulation is capable 

of generating fractures that may be self propping.  The scouring action of 

the gas flowing down the fracture combined with the texture of the 

fracture faces and the shear forces both in the rocks and the reservoir itself 

will allow for fractures to be generated that are not capable of resealing. 
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7.2 Future Work 

 The amount of data generated by the two block tests conducted for this project is 

enormous.  In addition, the Abaqus computer model that was created and calibrated with 

laboratory data is capable of providing further studies.  The combination of these 

provides several avenues for future research.  Further analysis may begin with an in-

depth study of the rock properties associated with the individual layers of the Mancos 

Shale and their effects on fracturing.  The TerraTek TRA and Scratch Test provide 

detailed rock properties that can be reviewed at a layer-by-layer level.  The fine layering 

of the Mancos shale provides an exceptional opportunity to evaluate the effects of 

layering on fracture generation and propagation.  Due to the unintentional hydraulic 

breakdown during the Mancos Shale test, a complete set of hydraulic fracture data is 

available for comparison to the propellant data set.  The opportunity to have hydraulic 

and propellant fracture data for the same rock sample is very lucrative.  Further analysis 

can be performed on the Colton Sandstone and the differences between the fractures 

generated in the sandstone versus those generated in the shale. 

 The Abaqus computer model can be used to analyze the individual effects of 

various rock properties on fracture propagation.  The model can also be expanded to look 

at the effects of casing and different perforating techniques on the generation of 

fracturing.  Another potential investigation is the effects of multiple propellant 

deflagrations over the same intervals. 
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 The generation of laboratory test results and computer models provides an 

excellent opportunity for field testing.  The computer simulations can be combined with 

field tests to compare the results of the simulation with actual production results.  Further 

field testing may include the effects of the height or fluid properties of the wellbore 

hydrostatic column on the fracture generation mechanism. A combination of field 

testing using the results of the laboratory testing and computer modeling will provide 

operators with the most efficient and effective methods for determining proper 

stimulation applications and techniques. 
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NOMENCLATURE 

 

a = Constant in burn rate equation 

b = Constant in burn rate equation 

d = Depth, ft 

E = Young’s modulus, psi 

l = Length, ft  

MW = Mud weight, lb/gal 

Δovb = Overburden gradient, psi/ft 

P = Pressure, psi 

Ppore = Pore pressure, psi 

ΔPp = Pore pressure gradient, psi/ft 

r = Burn rate, in/sec 

Vgas = Volume of gas, in
3
 

Vpropellant = Volume of propellant, in
3
 

v = Poisson’s ratio 

vp = Velocity of primary wave from dipole sonic log, ft/sec 

vs = Velocity of shear wave from dipole sonic log, ft/sec 

ρacutal = Actual density, gm/cm 

ρb = Bulk density, gm/cm 

ρfl = Fluid density, gm/cm 

ρmat = Matrix density, gm/cm 

σHmax = Maximum horizontal stress, psi 

σHmin = Minimum horizontal stress, psi 

σovb = Overburden stress, psi 

σtec = Tectonic Stress, psi 
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