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Prospects for Gas-Fracturing in Unconventional Reservoirs  

Principal Issues in Shale Gas Production - Motivation 
 Energy Outlook: Security, Independence and Environment 
 Water-related issues 
 Waterless fracturing and gas displacement (ESGR) 

Gas-fracturing Observations 
 Breakdown Pressures 
  PMMA/Granite/Bluestone and Structure 
   Key Observations 
   Hypotheses 
 Fracture Complexity 
   Key Observations 
   Hypotheses 

Methods of Analysis 
 Mechanisms for Gas/Rock Interaction 
 Damage Mechanics 

Summary 
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Implications for Energy Independence, Energy Security and 
for Climate Change? 
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US Shale Plays 
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World Shale Plays and Reserves 
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World Shale 
Plays and 
Reserves 

[http://www.eia.gov/analysis/studies/worldshalegas/] 
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Consumption –versus- Reserve/Resource 

United States World 

Source Consumption Reserve/ 
Resource 

Consumption Reserve/ 
Resource 

Unit 

Coalbed ~2 ~20/160 Tcf 

Gas Shale ~2 ~32/5000 Tcf 

Conventional ~237/- ~6,300/- Tcf 

TOTAL ~21 ~289/- ~100 Tcf 

Hydrates 
 

- - 0 -/105-106 Tcf 

Oil ~180 Tcf equiv. 

Elec. (Coal?) ~70 Tcf equiv. 
 

TOTAL ~350 Tcf equiv. 
 

[International Energy Outlook 2010, US EIA, 2010] 

Natural Gas and Other Fossil 

Global energy capacity ~15TW x 105s x 365 d = 500x1018J/y = 500 EJ/y 
1 Tcf ~ 1 EJ ~ 1 Quad 
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Projected Growth and Opportunities 

Natural Gas Utilization 

[Science, Oct 18, 2012] 

Downstream 

Upstream 

[Nature, 2011] 

17Tcf 
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Industrialization of Rural Landscape 

Issues – Rural Industrialization 
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Induced Seismicity 

[Zoback, Kitasei, Copithorne, 2010, Worldwatch Institute] 

Observations of Events 
in Barnett Shale (TX) 
•  Small <-1.4 
•  Clustered close to 

fracs 
•  No obvious events 

distant from fracs 
•  Cease after the 

stimulation 
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Induced Seismicity 

[Ellsworth, Science, 2013] 
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Groundwater 

[Zoback, Kitasei, Copithorne, 2010, Worldwatch Institute] 
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Groundwater Near-Wellbore 

[Osborne, Vengosh, Warner, Jackson, 2011, PNAS] 
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[Osborne, Vengosh, Warner, Jackson, 2011, PNAS] 

Groundwater Near-Wellbore 
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Life-Cycle Loadings 

[Howarth, Santoro, Ingraffea, 2011, Climatic Change] 

Principally direct m
ethane 

em
ission during flowback 
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Impacts of Abundant Gas Supply 

Role of abundant 
natural gas 
supply… impact on 
reducing use of 
coal …….but also 
of decreasing the 
penetration of 
renewables   

[McJeon et al., Nature, 2015] 



Permeability Evolution – Implications for Gas 
Recovery? 

Coal 

He & N2 

CO2  as permeant 

Constant Mean Stress  
Gas Shale (Marcellus) 

CO2  as permeant - Analogous to CH4 

Various Mean Stresses  
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Capacity Needs – Socolow Wedges 

[Rationale in: Pacala & Socolow, Science, 2004, 
www.stabilisation2005.com/day3/Socolow.pdf] 
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Capacity Needs – Socolow Wedges 

[Rationale in: Pacala & Socolow, Science, 2004, 
www.stabilisation2005.com/day3/Socolow.pdf] 
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Capacity Needs – Socolow Wedges 

[Rationale in: Pacala & Socolow, Science, 2004, 
www.stabilisation2005.com/day3/Socolow.pdf] 
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Capacity Needs – Socolow Wedges 

[Rationale in: Pacala & Socolow, Science, 2004, 
www.stabilisation2005.com/day3/Socolow.pdf] 

2 billion cars at 60 mpg 
instead of 30 mpg 

Low carbon: 1600 GW 
(~80 tcf/yr) 

Zero carbon: 800 GW 
(~40 tcf/yr) 

Zero carbon: 700 GW 
(~40 tcf/yr) 

Zero carbon: 800 GW 
(~40 tcf/yr) 
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Motivation 

Gas Recovery (Improved production) 
 Energetic fracturing – reducing diffusion lengths 

Incidental Benefits (Improved environmental protection) 
 Decrease water usage 
  Resource usage 
  Induced seismicity 
  Reduce surface transportation/disruption 
 Minimize effect on sensitive reservoir rocks 
  Avoid pore occlusion with fluids 
  Avoid swelling of clays 
  Avoid recovery of NORMS 
 Reduce life-cycle equivalent CO2 costs 
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 Waterless fracturing and gas displacement (ESGR) 

Key Coupled Processes Related to Gas-Fracturing in Unconventional 
Reservoirs  



Fluid Delivery





Borehole Fracture in PMMA  
(Polymethyl methacrylate ���

aka: Lucite, Plexiglas, 
Perspex, Acrylic)





Stress State



s3

s1 > s2 > s3
s1

s2



Hydrofracture, view below is 
in the s3 direction



p3006; water 

s1 = s2 = 10 MPa ( ≈1500 psi)


Pp fail = 43.3 MPa  (≈ 6200 psi) 



PMMA: N2 hydrofrac 





PMMA: 







N2 hydrofrac 

 

 

 

 

H2O hydrofrac
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Observations 

 Breakdown Pressures 
  PMMA/Granite/Bluestone and Structure 
   Key Observations 
   Hypotheses 
 Fracture Complexity 
  PMMA 
   Key Observations 
   Hypotheses 
 Fracture Propagation Velocities 

                             

Prospects for Gas-Fracturing in Unconventional Reservoirs  
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Pb is fluid/fluid-state dependent 
 

Sh=Sv=5 MPa 

All Data 

5 MPa 

5 MPa 

CO2 Upper Bound - Tensile Strength ~ 70 MPa 



 

g3.ems.psu.edu 32

Pb for CO2:N2 are ~2:1 for PMMA/Bluestone 
 

PMMA Rock 

Pb
CO2 ~ 2Pb

N2
Pb
CO2 ~ 2Pb

N2
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Fracturing Fluid Properties 

He 

N2 CO2 

H2O 

1.  Ar, N2 and He are supercritical (no interfacial 
tension) 

2.  Water, CO2 and SF6 are liquids (interfacial 
tension) 

[Source: http://en.wikipedia.org/wiki/Critical_point_(thermodynamics)] 

SF6 [   46C;    3.6MPa] 

SF6 
Ar 
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Complexity – N2 

Front Side 
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Complexity – Ar 

Front Side 
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Complexity – CO2 

Front Side 
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Complexity – He 
Front Side 
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Fracture Complexity 

38 

Nitrogen, N2 

Carbon Dioxide, CO2 Sulfur Hexafluoride, SF6 

Argon, Ar 

Water, H2O 

Helium, He 
Super-critical Fluids 

Sub-critical Fluids 
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Fracture  
Complexity 
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Methods of Analysis 
 Mechanisms for Gas/Rock Interaction 
 Damage Mechanics 

Summary 
                             

Prospects for Gas-Fracturing in Unconventional Reservoirs  
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Fluid Pressures Around Borehole 

σ p
θ = −P0

a2

r2 r/a 
a

Pressure,P0

With and without borehole “membrane” 

−P0

p(3D) = −P0
a
r
; p(2D) = −P0

ln(r)
ln(a)

p = −P0

Steady flow (3D,2D) 

Unperforated membrane 
No fluid invasion 

σθ = +SH
a2

r2
(SH = Sh ) Perforated or Unperforated 
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Fluid Pressures Around Borehole 

σ p
θ = −P0

a2

r2 r/a 
a

Pressure,P0

With and without borehole “membrane” 

−P0

p(3D) = −P0
a
r
; p(2D) = −P0

ln(r)
ln(a)

p = −P0 Static invasion (no flow) 

Steady flow (3D,2D) 

Unperforated membrane 
No fluid invasion 

σθ = +SH
a2

r2
(SH = Sh ) Perforated or Unperforated 
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Fracture Breakdown Pressure for fracture along borehole (plane strain) 

  
η = ν

1−ν
α thereforeη[0→α ]
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  PMMA :ν = 0.36;α = 1?
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Entry Pressures into Borehole Wall 

Pb (impermeable)

Pb (permeable)

Pc(capillary entry pressure)

Water Saturation, Sw
Time

Supercritical

Subcritical

Supercritical: scale 
with tensile strength 

Subcritical: scale with 
capillary entry pressure 

If Pb (impermeable) > Pc > Pb (permeable) :
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breakdown pressure vs critical temperature 
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breakdown pressure/interfacial tension vs 
temperature 

CO2 

H2O 

SF6 

Argon 

N2 

He 

Quantify breakdown pressure relationship with interfacial tension 

ζ

  
ς =

Pb

σ
= MPa

mN / m
= 106 N / m2

10−3 N / m
= 109

m

Fluid Invasion – SubCrit/SuperCrit 

Invasion pressure scales with, J :

J = Pc
σ

k
n

~ σ T

2

Super-critical (invasion): 
1.  Pb dependent on tensile 

strength 
2.  Pb independent of 

interfacial tension 

Sub-critical (no-invasion): 
 
 
 
 
 
 
 
Therfore: 
1.  Pb independent of 

tensile strength 
2.  Pb dependent on 

interfacial tension 
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Schematic Response 

Pb (impermeable)

Pb (permeable)

Pc
Time

Supercritical

Subcritical

Pb (imperm) > Pc > Pb (perm)

Time

Supercritical

Subcritical

Time

Supercritical
Subcritical

Pc

Pc

Pc < Pb (perm) Pc > Pb (imperm)

Low Pc High Pc 
Intermediate Pc 

(these data) 

Pb ~ 1
2σ T

Pb ~σ T

Response for various capillary pressure magnitudes relative to tensile strength 
of the  borehole wall – low stress regime. 
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Modeling – Damage Mechanics 

!

!

     
 

Microscopic-macroscopic model 

Specimen geometry 

[Lu et al., Computers and Geotechnics, 2013] 



2014.10.10 

Water fracturing vs. gas fracturing 
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  al.,	
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  2014]	
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Modeling – Fracture Propagation  

Driven by fluid pressure 

Microcrack growth Macrocrack growth 



2014.09.25 

Modeling - Hydraulic fracturing with ideal gas 

Gas fracturing 
(Compressible)	


Water fracturing 
(Incompressible) 

with the same 
material parameters 
of rock and 
pressurization rate	


Confining stress ratio of 6:1	
 Confining stress ratio of 1:1	
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Summary 
Shale gas is a significant resource and offers: 

 Energy: Security, Independence and Environment 
 Has a variety of water-related issues 
 Waterless fracturing offers some advantages if understood 

Advantages of gas fracturing 
 Reduced water use 
 Potential sequestration if GHG 
 Generation of complex fracture networks 
 Enhanced Shale Gas Recovery if CO2 

Experiments indicate some promise with behavior related to: 
 Breakdown pressures related to gas state/type 
 Fracture complexity related to gas state/type 
  Supercritical N2 more complex, He less complex… why? 

Improved mechanistic understanding needed to fully utilize the promise of these 
observations  
 Integrated program across scales – Observation – Expt. - Analysis  
 Determine benefits: 
  Feasibility/productivity/longevity 
  Environment: Water consumption/protection and induced seismicity….                           


