


George E. King, P.E. – CV Highlights
• 49-year veteran of the upstream Oil & Gas Industry
• Degrees in Chemistry (OSU) , Chem. Eng. & Petroleum Eng. (U of Tulsa)
• 28 Years with Amoco Production Research – field research on 

workovers, fracturing, underbalance perforating, acidizing, coiled 
tubing, foam fluids, sand control, water sensitive formations, 
training.

• 9 years with BP-Amoco and BP – Distinguished Advisor, annular 
pressure control, innovation trainer, sand control reliability for deep 
water

• 1 year with Rimrock – startup company in Barnett Shale – refining 
shale fracturing in multi-fractured horizontal wells

• 9 years with Apache – shale completions, fracturing, training
• 2 years consulting: DOE Geo-Thermal, well integrity, sand control, 

shale completions, well control, frac hits, failure analysis.



Technical Accomplishments

• Technical accomplishments include 95 technical papers, 
• Advances in sand control, underbalance perforating, foam fluids, shale 

fracturing, well Integrity during fracturing 
• Industry and Academia

• 1985 - SPE Distinguished Lecturer on foam, 
• 1999 - SPE Completions Course Lecturer on horizontal wells
• 1992 SPE Technical Chairman of Annual Meeting, 
• 1988-98 - adjunct professor at U of Tulsa (completions & fracturing) 

• Awards:
• 2015 SPE Distinguished member, 
• 2012 Engineer of the Year from Society of Professional Engineers – Houston Region, 
• 2004 Society of Petroleum Engineers’ Production Operations Award 
• 1997 Amoco Vice President’s Award for technology.
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Outline of the Talk

1. Ductile shale description
2. Where is the oil and gas in ductile shales
3. How do oil and gas move through shales
4. Impact of net pressure changes and stress
5. Fracturing Ductile Shale
6. Completion Methods
7. Production
8. Ductile Shale Development overview
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Effect of hydraulic fracturing on gas production in shale?

Thompson, J., Fan, L., Grant, D., Martin, R. B., Kanneganti, K. T., & Lindsay, G. J. (2011, June 1). An Overview of Horizontal-Well Completions in the 
Haynesville Shale. Society of Petroleum Engineers. doi:10.2118/136875-PA

Three Curves:
• Red – Historical gas 

production from a MFHW 
well in core area of 
Haynesville.

• Blue – Simulated gas 
production rate from 
Model with 400 nano-
Darcy matrix (no frac)

• Green - Simulated gas 
production rate from 
Model with 100 nano-
Darcy matrix (no frac)

MFHW

400nD Matrix, 
no fractures 100nD Matrix, 

no fractures



Decline over time – Multiple Shales with Same Decline 
Shape – Flush Production & Slow Recharge or Flaw Paths 
Closing With Pressure Reduction?

Impacting Factors
• Matrix Perm
• Fluid Viscosity
• Reservoir Pressure
• Drawdown Speed
• Brittle or Ductile
• Proppant type/vol
• Nat. Fracs



Well Known North American Ductile Shales

• Haynesville (gas) ~700 TCF, northern Louisiana & East Texas. Depth 
10,000 ft), BHT is 175 C, 350 F, and high pressure ~0.9 psi/ft. IP (24 hr) 
to 20+ mmscf/d. Gas requires treating to remove CO2 and H2S. 

• Fayetteville (gas) ~13 bcf, central Arkansas, Depths 1400 to >4000 ft. 
Pressure ~ 0.4 psi/ft, 

• EagleFord (deep gas & shallow oil) – 400 mile long x 50+ miles wide 
from northeast Mexico to NE Tx.  Much higher carbonate percentage, 
( to~70% in S. Texas, becoming shallower & more shaly to NW. High% 
carbonate creates mixed brittle and ductile sections.

• Caney – southeastern Oklahoma along a common shale belt with 
Fayetteville, Woodford and Caney



Sweetspot fairway of North American shale plays - with total 
estimated (red) and producible (white) hydrocarbons in place.



Shale Components – one view

• Brittle shales – easier initiation/propagation of hydraulic 
fracture - require little or no plastic deformation. 

• Ductile shales tend to oppose fracture propagation –
fracture closure (& healing) more likely.  

• Silica and carbonate-rich shales exhibit brittle behavior 
while clay-rich shales “tend” to be ductile. 

• Organic shale Petrophysical studies assume lithology is 
dominated by a few minerals, however, well logs are 
affected by mineral & pore structure variation. 

Adiguna, H., & Torres-Verdin, C. (2013, September 30). Comparative Study for the Interpretation of Mineral Concentrations, Total Porosity, 
and TOC in Hydrocarbon-Bearing Shale from Conventional Well Logs. Society of Petroleum Engineers. doi:10.2118/166139-MS



What causes ductility?  Mostly soft materials in the 
formation – clays, chalks, weak sands, etc.

• “The clay content has to be less than 40% for a successful shale play  
(DMITRE, 2012b; Mckeon, 2011).

• However, evaluation criteria in China refer to clay contents less than 
30% (Zou, 2013). 

• Increasing clay content leads to increasing ductility of shale, which is 
beneficial in terms of forming a better seal to trap the gas within the 
reservoir, but not in terms of hydraulic fracturing, as the shale will 
tend to self-heal. 

• As the hydraulic fluid is injected, the permeability will be further 
reduced due to clay content as the coherence of the matter is high, 
leading to a reduction in the extraction potential.”

Yuan, Y., Jin, Z., Zhou, Y. et al. Burial depth interval of the shale brittle–ductile transition zone and its implications in shale gas exploration 
and production. Pet. Sci. 14, 637–647 (2017). https://doi.org/10.1007/s12182-017-0189-7



Shales – Ductility and Brittleness
• Shear failure occurs when loading creates shear stresses that exceed shear 

strength. 
• Fracturing is controlled by the ductility or brittleness of the material. 
• Deformation can be brittle or ductile depending on shale properties and 

effective confining stress. 
• Brittle deformation is characterized by dilation (becoming larger or wider) 

with sudden failure at a well-defined peak shear strength, followed by strain 
softening reduction to a residual shear strength. 

• Brittle response can be accompanied by formation of distinct shear failure 
surfaces. 

• Ductile response usually produces less defined peak shear 
strength (and strain softening), with more diffused and large 
deformations and less distinct shear failure surface.

Gutierrez, M., & Nygard, R. (2008, January 1). Shear Failure and Brittle to Ductile Transition in Shales from P-Wave Velocity. American Rock Mechanics Association.



Where do the UC Reservoirs fit?



Clay Impacts



Minerals Present (Haynesville & Barnett)

Adiguna, H., & Torres-Verdin, C. (2013, September 30). Comparative Study for the Interpretation of Mineral Concentrations, Total Porosity, 
and TOC in Hydrocarbon-Bearing Shale from Conventional Well Logs. Society of Petroleum Engineers. doi:10.2118/166139-MS



Thompson, J., Fan, L., Grant, D., Martin, R. B., Kanneganti, K. T., & Lindsay, G. J. (2011, June 1). An Overview of Horizontal-Well Completions in the 
Haynesville Shale. Society of Petroleum Engineers. doi:10.2118/136875-PA



Where to spot Frac Stages – one opinion

Thompson, J., Fan, L., Grant, D., Martin, R. B., Kanneganti, K. T., & Lindsay, G. J. (2011, June 1). An Overview of Horizontal-Well Completions in the 
Haynesville Shale. Society of Petroleum Engineers. doi:10.2118/136875-PA



Drawdown Production Control
• In the early phase of cleanup, flow measurement and production in 

the ductile Haynesville wells, many wells were severely damaged or 
lost altogether by excessive drawdown during early production. 

• The drawdown induced damage was directly correlated to high 
drawdown pressure differential, softness of the rock, and the very 
high initial reservoir pressures. 

• Diligent control of cleanup and production drawdown is absolutely 
essential to preserve natural fracture and hydraulic fracture networks.

• Common damage of excessive drawdown include unpropped fracture 
closing, proppant embedment, proppant crushing & fines migration.

Thompson, J., Fan, L., Grant, D., Martin, R. B., Kanneganti, K. T., & Lindsay, G. J. (2011, June 1). An Overview of Horizontal-Well Completions in the 
Haynesville Shale. Society of Petroleum Engineers. doi:10.2118/136875-PA



Brittle and Ductile Behaviors Under Stress

Safari, R., Gandikota, R., Mutlu, O., Ji, M., Glanville, J., & Abass, H. (2015, December 1). Pulse Fracturing in Shale Reservoirs: Geomechanical Aspects, Ductile/Brittle 
Transition, and Field Implications. Society of Petroleum Engineers. doi:10.2118/168759-PA.



Flow Path – Matrix

The fabric of 
productive 
shales does have 
channels of 
higher 
permeability 
than the very 
fine-grained 
material of the 
matrix.

The key to 
production is 
maximizing 
contact with 
these flow 
channels. 



Look for the Gas Shows

•Gas Show
•Quantity
•Ratio of gasses
•Corresponding GR

•Other logs (CNL, Density) to     help 
assess TOC
•Density for Brittleness
•Resistivity for water saturation and 
salinity
•ROP (rate of penetration)
•Is it a hot shale or a natural fracture?

The objective is to align the 
perf clusters with natural 
fractures.



Mineralogy Effects on Porosity
Clay has ultra-low 
porosity.  Thermally 
mature organic 
material often has a 
high porosity and may 
be surrounded by 
higher porosity and 
permeability rock.

Bed-parallel 
microfractures may be 
found, and some 
researchers believe 
that microfractures 
are created by volume 
expansion. 



Relative Adsorption of Gases



Free and Adsorbed Gas
Remember – these are average numbers

Patterson, XTO, 200925

Variation in Marcellus due 
to depth, maturity, 
thickness and TOC.



Rock Creep with Time

Montgomery, C. T., Smith, M. B., An, Z., Klein, H. H., Strobel, W., & Myers, R. R. (2020, January 28). Utilizing Discrete Fracture Modeling and Microproppant to Predict and Sustain Production 
Improvements in Micro Darcy Rock. Society of Petroleum Engineers. doi:10.2118/199741-MS

Rock fabric deformation 
– creep may be several 
hundredths to several 
tenths of an inch of 
borehole diameter over a 
few months. 

Hiroki Sone, ; Mark D. Zoback (2013), Mechanical properties of shale-gas reservoir rocks — Part 1: Static and dynamic 
elastic properties and anisotropy, Geophysics (2013) 78 (5): D381–D392. https://doi.org/10.1190/geo2013-0050.1

https://doi.org/10.1190/geo2013-0050.1


Stress Changes Along the Wellbore
3D seismic interpretation by Rich and 
Ammerman, illustrating significant 
differences in seismic attributes between 
toe and heel of the lateral. 

In their analysis, the natural fractures are 
parallel to fracture propagation in the toe.
In the heel, the natural fractures are 
oriented perpendicular to hydraulic 
fracture direction.

An alternate interpretation is that the 
differences between σmin and σmax are 
decreasing in the heel and are in the range 
that both fracture sets could grow and 
complexity is developed. 



Clay Damage
• Will clay create a problem?  Depends on clay type, 

form, location, what fluids are flowing and Insitu 
stresses.

Suggested reference -Koteeswaran, S., Habibpour, M., Puckette, J., Pashin, J., Clark, P., (2018), Characterization of shale–
fuid interaction through a series of immersion tests and rheological studies, Journal of Petroleum Exploration and 
Production Technology, 8:1273–1286 https://doi.org/10.1007/s13202-018-0444-5

Suggested Reference -Conway, M. W., Himes, R. E., & Gray, R. (2000, January 1). Minimising Clay Sensitivity to Fresh 
Water Following Brine Influx. Society of Petroleum Engineers. doi:10.2118/58748-MS 

https://doi.org/10.1007/s13202-018-0444-5


Reactivity of Clays
Biggest factors are contact area & location.

Mineral Typical Area 
(M2/g)

Cation Exchange 
Capacity 
(Meq/100 g)

Sand (up to 60 
microns)

0.000015 0.6

Kaolinite 22 3 - 15

Chlorite 60 10 - 40

Illite 113 10 - 40

Smectite 82 80 - 150
Size ranges for clays depend on deposit configuration. 
CEC’s affected by coatings and configurations.



How Does Oil Move Through Shale?





How Many Fractures 
are Contributing?

Catlett, R. D., Spencer, J. D., Lolon, E., & Bucior, D. (2013, February 4). Evaluation of Two Horizontal Wells in the Eagle Ford Using Oil-Based 
Chemical Tracer Technology to Optimize Stimulation Design. Society of Petroleum Engineers. doi:10.2118/163846-MS

Production 
highest from 
frac stages in 
areas of 
faulting –
stress changes 
– natural fracs 
open?



Effect on Proppant Packed Fracture Flow 
Capacity in Ductile Chalk Core as Net Pressure 
Increases – (soft  elements affect structure)

Simon, D. E., Coulter, G. R., King, G., & Holman, G. (1982, November 1). North Sea Chalk Completions- A Laboratory Study. Society of Petroleum Engineers. 
doi:10.2118/10395-PA

All tests used 20/40 mesh sand proppant.

Note that the fracture with 0.1” thickness of 
proppant declined much faster as net 
pressure was increased.

Approx. embedment in soft chalks is ½ of a 
proppant grain, so embedment reduced flow 
space in the 0.1” pack by 1/3rd , while one 
proppant layer loss for the 0.25” pack  is 
~1/7th of capacity and the loss in the 0.4” 
pack is about 1/10th over the pressure range 
in the tests. 



From Where Does the Production Come? 
(Kinetix-Intersect Modeling)

• Variable recovery after 30 years of production,
• 8.9% - near-wellbore dynamic nano-darcy region, 
• 2% - inter-hydraulic fracture,
• 1.7 %  external feeder regions for shale oil producer 
• ~ 2/3 total hydrocarbons from near-wellbore & fracs, 
• Remaining 1/3 by external feeder region. 
• Variable recovery factor & press depletion are basis for 

Enhanced Oil Recovery (EOR) techniques.

Rodriguez, A. (2019, October 30). Inferences of Two Dynamic Processes on Recovery Factor and Well Spacing for a Shale Oil 
Reservoir. Society of Petroleum Engineers. doi:10.2118/197089-MS



Hydraulic Fracture Simulations by Modeling

• Classic hydraulic fracturing simulators based on Linear-Elastic Fracture 
Mechanics (LEFM):

• Convenient to use, (but limited in shales)
• Provide reasonable predictions for brittle formations,
• Fail to predict fracturing pressures (e.g., breakdown, 

extension) and geometry (e.g., frac width and length), in 
formations that undergo plastic failures (e.g., ductile shales, 
soft chalks and poorly consolidated sands). 

Wang, H., Marongiu-Porcu, M., & Economides, M. J. (2016, February 1). Poroelastic and Poroplastic Modeling of Hydraulic Fracturing in Brittle and Ductile 
Formations. Society of Petroleum Engineers. doi:10.2118/168600-PA



Fracture Initiation and Propagation

• Fracture propagation in ductile 
formations can introduce a 
significant plastic deformation 
around the fracture due to shar 
failure.

• A fracture will propagate when the 
energy-release rate in the “process 
zone” reaches a critical value. 

Wang, H., Marongiu-Porcu, M., & Economides, M. J. (2016, February 1). Poroelastic and Poroplastic Modeling of Hydraulic Fracturing in Brittle and Ductile 
Formations. Society of Petroleum Engineers. doi:10.2118/168600-PA

The cohesive zone is a region ahead of the crack tip that can be characterized by microcracks 
that are the result of damage evolution created by changing stress (pressure, tensile failure or shear).



Fracture Extension in Ductile Formations

Wang, H., Marongiu-Porcu, M., & Economides, M. J. (2016, February 1). Poroelastic and Poroplastic Modeling of Hydraulic Fracturing in Brittle and Ductile 
Formations. Society of Petroleum Engineers. doi:10.2118/168600-PA



Jacobi, D. J., Breig, J. J., LeCompte, B., Kopal, M., Hursan, G., Mendez, F. E., … 
Longo, J. (2009, January 1). Effective Geochemical and Geomechanical
Characterization of Shale Gas Reservoirs From the Wellbore Environment: Caney 
and the Woodford Shale. Society of Petroleum Engineers. doi:10.2118/124231-MS

Potential Frac 
Barrier (Mayes)



Jacobi, D. J., Breig, J. J., 
LeCompte, B., Kopal, M., 
Hursan, G., Mendez, F. E., … 
Longo, J. (2009, January 1). 
Effective Geochemical and 
Geomechanical
Characterization of Shale Gas 
Reservoirs From the 
Wellbore Environment: 
Caney and the Woodford 
Shale. Society of Petroleum 
Engineers. 
doi:10.2118/124231-MS

Lower Caney 
barriers to 
downward 
frac growth



An Opinion on Comparison of MFHW Completion Types

Source: George King, MFHW School Slides



Plug and Perf – Cemented Casing

60 to 100 fractures along one wellbore create rock 
contact areas over 700,000 square feet each, + 
opening natural fractures about 10 million+ 
square feet of contact. 



Packer and Sleeve – Open Hole



Karen Olson: SPE Unconventional Summit II



A recent high importance change - Hydraulic Diversion & 
Extreme Limited Entry (XLE)

• Number of perfs controls amount of hydraulic diversion when 
full injection rate reached.

• Achieving diversion while inj. rate is building to design rate 
requires diversion by other methods.

• Diversion by perforations involves number, diameter and flow 
efficiency of perfs 

• Perf friction first seen when ratio of rate to perfs > 0.5 bpm/perf, 
but diversion begins when rate reaches at least 1.0 bpm/perf.  
Common today - effective diversion at 2.0 to 2.5+ bpm/perf? 

• XLE - New data suggests hydraulic diversion with 100 mesh 
sands at 8 bbl/min/perf – resembles pin-point injection.

44



Effect of Proppant Embedment



A Bakken comparison of sand and ceramic proppant 
performance over time (no other controls)

Besler, M. R., Steele, J. W., Egan, T., & Wagner, J. (2007, January 1). Improving Well Productivity and Profitability in the Bakken--A Summary 
of Our Experiences Drilling, Stimulating, and Operating Horizontal Wells. Society of Petroleum Engineers. doi:10.2118/110679-MS

What is the difference?
• Larger/consistant prop size
• Better stability of ceramics
• Better strength of ceramics

What is the problem?
Cost
• sand $0.06 to $0.10 per lb.
• Ceramics ~$0.35 to ~$0.50/lb



Montgomery, C. T., Smith, M. B., An, Z., Klein, H. H., Strobel, W., & Myers, R. R. (2020, January 28). Utilizing Discrete Fracture Modeling and Microproppant to Predict and Sustain Production 
Improvements in Micro Darcy Rock. Society of Petroleum Engineers. doi:10.2118/199741-MS

Average Cumulative BOE per 1000 ft. of Lateral – Micro-proppant



Srinivasan, K., Ajisafe, F., Alimahomed, F., Panjaitan, M., Makarychev-Mikhailov, S., & Mackay, B. (2018, August 28). Is There Anything Called Too Much Proppant? 
Society of Petroleum Engineers. doi:10.2118/191800-MS



Bazan, L. W., Larkin, S. D., Lattibeaudiere, M. G., & Palisch, T. T. (2010, January 1). Improving Production in the Eagle Ford Shale With Fracture Modeling, 
Increased Fracture Conductivity, and Optimized Stage and Cluster Spacing Along the Horizontal Wellbore. Society of Petroleum Engineers. 
doi:10.2118/138425-MS

Fracture Modeling – “All Models are Wrong, But 
Some are Useful” - British statistician George E. P. Box



Bazan, L. W., Larkin, S. D., Lattibeaudiere, M. G., & Palisch, T. T. (2010, January 1). Improving Production in the Eagle Ford Shale With Fracture Modeling, 
Increased Fracture Conductivity, and Optimized Stage and Cluster Spacing Along the Horizontal Wellbore. Society of Petroleum Engineers. 
doi:10.2118/138425-MS

Where is the Proppant & is it Effective?



Elsarawy, A. M., & Nasr-El-Din, H. A. (2018, August 16). Propped Fracture Conductivity in Shale Reservoirs: A Review of Its Importance and 
Roles in Fracturing Fluid Engineering. Society of Petroleum Engineers. doi:10.2118/192451-MS

Proppant Conductivity – Not What We Think

Bazan, L. W., Larkin, S. D., Lattibeaudiere, M. G., & Palisch, T. T. (2010, January 1). Improving Production in the Eagle Ford Shale With Fracture Modeling, 
Increased Fracture Conductivity, and Optimized Stage and Cluster Spacing Along the Horizontal Wellbore. Society of Petroleum Engineers. 
doi:10.2118/138425-MS



Effect of More Proppant – best 3 months and 
best 12 months – Eagle Ford – Gas Window

Srinivasan, K., Ajisafe, F., Alimahomed, F., Panjaitan, M., Makarychev-Mikhailov, S., & Mackay, B. (2018, August 28). Is There Anything Called Too Much Proppant? 
Society of Petroleum Engineers. doi:10.2118/191800-MS



Proppant – Eagle Ford - Oil Window Results

Srinivasan, K., Ajisafe, F., Alimahomed, F., Panjaitan, M., Makarychev-Mikhailov, S., & Mackay, B. (2018, August 28). Is There Anything Called Too Much Proppant? 
Society of Petroleum Engineers. doi:10.2118/191800-MS



Haynesville – More Prop – More Gas

Srinivasan, K., Ajisafe, F., Alimahomed, F., Panjaitan, M., Makarychev-Mikhailov, S., & Mackay, B. (2018, August 28). Is There Anything Called Too Much Proppant? 
Society of Petroleum Engineers. doi:10.2118/191800-MS



Frac Fluid Change

Srinivasan, K., Ajisafe, F., Alimahomed, F., Panjaitan, M., Makarychev-Mikhailov, S., & Mackay, B. (2018, August 28). Is There Anything Called Too Much Proppant? 
Society of Petroleum Engineers. doi:10.2118/191800-MS



Is the fracture half empty or half full? Yes. 
And that is the problem.

“Because of the combination of near-well saturation and inertial flow, the pressure gradient 
increases to more than 2 psi/ft at the wellbore, but is less than 0.02 psi/ft ten feet beyond the 
well, where velocity and inertial effects are very low.” (Barree, et.al., 2014) 



Production vs. 
stage count

and

Production 
per stage vs 
stage count.

Does adding more 
frac stages really 
help? 

Is it a case of 
diminishing returns?



Choices of Frac Fluids
• The choice of frac fluid is set by the formation. 
• Considerations: 

• Formation Sensitivity
• Ability to breakdown & initiate a fracture,
• Need to penetrate & open natural fracture system,
• Ability to place the proppant,
• Need to build a very large frac contact area,
• Efficiency of load fluid recovery & minimum damage,
• Fluid recycling and disposal where necessary,
• Economics 
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Pumping the Frac



Parts of the Frac

Rate, usually held constant

Surface Pressure –
need to calculate net 
pressure (corrected 
for friction and 
proppant) may rise of 
fall.  BHP much better.

Proppant loading – usually 
0.25 lb/gal to 3 lb/gal

Lost a Pump 
for a few 
seconds

Press rise 
during the flush 
due to cutting 
proppant

Fricti
on 
Effec
t

ISI
P

Leakoff

Stepping 
Rate up by 
small steps

Frac 
Breakdown 

Wellhead 
Shut-in

Shut-in at 
end of flush

Pad Slurry
Flush



Conclusions from Literature & Experience

• Knowledge of Rock Fabric and Stresses are critical Information.
• Even Ductile rocks have a high variance.
• Land the lateral in the highest quality formation.
• Variance in mineralogy & stress along the laterals must set frac points. 
• Use the best frac technology for the stimulation (Fluids and Proppant)
• Control the drawdown on cleanup and production.



Questions?
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