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Abstract 

 
While the geomechanics of hydraulic fracture stimulation in shale gas and shale oil reservoirs can be complicated, there are (at least!) two 
critical issues to remember. First, hydraulic fracturing – particularly in naturally fractured formations like shale – is a fully coupled, 
hydrothermo-mechanical process. In essence, this means that we cannot solve for the mechanical effects of opening a mode 1 hydraulic fracture 
and/or natural fractures and then separately evaluate for flow effects, like leakoff, without the potential for significant errors. Secondly, and not 
divorced from the first issue, is that generated microseismicity during hydraulic fracturing is a manifestation of rock failure – itself a coupled 
hydrothermo-mechanical process. 
 
During this presentation, the focus will be on a discussion of the critical geomechanical concepts and ‘accepted’ knowledge about hydraulic 
fracturing in shales as related to: 

 natural fracture behavior,  
 stress shadows and the geomechanical effects from multi-stage horizontal well stimulations,  
 stress shadow effects from multi-well completions,  
 relationship between geomechanics and microseismicity in shale stimulations. 
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Hydraulic Fracturing (HF) Basics 
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Multi-Fracture Completions 
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If one HF is 
good…then 
multiple HFs 
must be even 
better. 
Right?!? 
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Geomechanical Effect of Hydraulic 
Fractures - In-situ Stress Changes 
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What is Microseismicity?? 

AAPG Wksp: Geomechanics of Shales and Carbonates 

5-Intro July 16, 2013 

Microseismicity is the acoustic representation of 
the energy release from rock failure 
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Fault/Fracture Slip Failure 

AAPG Wksp: Geomechanics of Shales and Carbonates 

6-Intro July 16, 2013 

Mode I

Mode II

Mode III

ENERGY 
 

Low 
 
 

High 
 

 
High 



Understanding Natural Fractures 

P

1. Variable Size - Natural fractures can range from isolated 
microscopic fissures to kilometer-wide collections (fracture 
corridors).  

2. Complex Flow Paths - These fractures create complex 
paths for fluid movement. 

3. Deformability - These fractures deform (may close, open, 
shear) as pressure and stresses change. 

4. Variable Mechanical Properties - These fractures have 
highly heterogeneous mechanical behavior (stiffness, 
cohesion, friction angle, etc.). 
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1. Variable Size - Natural fractures can range from isolated 
microscopic fissures to kilometer-wide collections (fracture 
corridors).  

2. Complex Flow Paths - These fractures create complex 
paths for fluid movement. 

3. Deformability - These fractures deform (may close, open, 
shear) as pressure and stresses change. 

4. Variable Mechanical Properties - These fractures have 
highly heterogeneous mechanical behavior (stiffness, 
cohesion, friction angle, etc.). 

 

After Olsen, 2010 



Natural Fracture Mechanical Behavior 
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Natural Fracture Mechanical Behavior 
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Flow and Deformation of Natural Fractures 
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Flow and Deformation of Natural Fractures 
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Aperture can be created by: 
Opening (tensile) 
  Shear along the natural fracture plane  

Relationship between fluid flow and fracture aperture 

Aperture cubed 

20%    a = 50%    Q 

40%    a  = 75%    Q 



Completion Engineer For A Day 
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A completion engineer essentially makes four (4) 
major decisions about his shale well:  

 Stage spacing (# and distance between fracs)  

 Stage volume (fluid and proppant)   

 Stage rate 

 Fluid viscosity 

Landing location and well spacing are also key!! 

How does MS data help?? 



Shmin ~f(height) – Single Stage 
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H=40m 
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H=80m 

(Net pressure=200psi/1.4MPa) 
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SHmax ~f(height) – Single Stage 
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(Net pressure=200psi/1.4MPa) 
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Sv ~f(height) – Single Stage 
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(Net pressure=200psi/1.4MPa) 
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Stress Change Around Hydraulic 
Fractures 
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Stress Change Around Hydraulic 
Fractures 

AAPG Wksp: Geomechanics of Shales and Carbonates 

17-Stress July 16, 2013 

200-1500 psi 
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Conditions 
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Stress Change Around Hydraulic 
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Shmin – Dual Frac, Sp=154m 
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(Net pressure=200psi/1.4MPa) 
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Shmin – Dual Frac, Sp=70m 
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Shmin – Dual Frac, Sp=56m 
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(Net pressure=200psi/1.4MPa) 

s=333 psi 
(67% increase) 
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Shmin: 18 Stage Irregular Spacing 
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2D Hydraulic Fracture Simulations 
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1. DEMs can handle the hydro-mechanical behavior of natural 
fractures and faults directly including frictional behavior, 
opening behavior/closing behavior and contacts. No 
simplifications, correlations, or ‘rules’ for behavior.  

2. DEMs can handle the hydro-mechanical behavior of the 
matrix rock – essentially mimicking continuum mechanics 
within the matrix. 

3. DEMs allow for: 1) finite displacements; 2) body rotations; 
and 3) complete detachment. 

4. DEMs also track the loss and generation of new contacts 
automatically. 

Why DEM? 
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Coupled DEM – Pressure Change 
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Coupled DEM – Mech. Only vs. Coupled 
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Mechanical Only Hydro-Mechanical Coupled Nagel, et al., SPE 159791 
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NF Behavior: Coupled Effects 
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3D Modeling of HF in a Fractured 
Reservoir 
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~350 natural fractures 
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Influence of Fracture Network 
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“Interface” Crossing Types (2D) 
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Crossing Simulations 
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Simulation of the influence of rock fracture toughness… 
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Influence of Fracture Network 
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Influence of Fracture Network 
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• The Dense DFN had as much as a 5.2 x DFN stimulated area to HF area.... 

• The Dense DFN had as much as 70% of the fluid go to stimulate the DFN.... 
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Sparse vs. Dense – HF Plane Aperture 

July 16, 2013 
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Sparse DFN Dense DFN 

X-section view (at injection pt) of HF aperture 

Proppant Transport????? 

Injection pt Injection pt 

Zhang, et al., ISRM Australia HF2013 
Zhang, et al., ARMA 13-199 



Rock Failure – aka Microseismicity 

AAPG Wksp: Geomechanics of Shales and Carbonates 
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Nagel, et al., SPE 140480 
Nagel, et al., SPE 159791 

../Documents/Itasca-Personal/Marketing/Statoil/movies/Pp_Failure_Movie_Viscosity 100cP.wmv


Low viscosity fluids promote more shear 
failure. Is this good or bad? Does this 
confirm the Barnett results? 

 Tensile failure 
 Shear failure 
(microseismic) 

Fluid Visc = 100 cP 
T inj = 57.80 sec 

Base case (Fluid Visc = 1 cP) 
T inj = 27.83 sec 

Fluid Visc = 10,000 cP 
T inj = 133.5 sec 

Influence of Viscosity 
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Nagel, et al., SPE 140480 & Nagel, et al., SPE 159791 



51-Coupled 

Effect of Injection Rate 

July 16, 2013 
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Plan view (at injection pt) of pressure & MS events 
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Q=0.05m3/s, t=15min Q=0.025m3/s , t=30min 

Zhang, et al., ISRM Australia HF2013 
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Effect of Injection Rate 

July 16, 2013 
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• Injection rate ↓; ratio of stimulated DFN area to HF area ↑. 

• Injection rate ↓; leakoff ratio ↑. 

• Dense DFN was more sensitive to the change of injection rate. 

Sparse 

Dense 
(+30%) 

Sparse 

Dense 
(+20%) 

Decrease Q 

Zhang, et al., ISRM Australia HF2013 
Zhang, et al., ARMA 13-199 



Multi-Well Completion Evaluations 

AAPG Wksp: Geomechanics of Shales and Carbonates 

53-Completions July 16, 2013 

Multi-well completions are now being used to increase complexity. Numerical 
simulations can provide a means to evaluate well and stage spacing in order to 
optimize complexity. 
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Zipper Frac: Stg#4-Shmin 
A four stage Zipper 
frac is shown. The 
fourth frac has 
been pumped. 

dShmin has 
increased both 
towards the Toe 
(left) and the Heel 
(right) of both 
wells. dShmin is 
higher in the 
overlap region of 
the fractures, but 
there is little effect 
of the combined 
wells. Planview along mid-height of fractures 
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Rios, et al., ARMA 13-200 



Zipper Frac: Stg#4-Max Shear 
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A four stage, multi-
well completion is 
shown. The fourth 
frac has been 
pumped. 

With the exception 
of minor, very near 
fracture effects, the 
Max Shear stress is 
significantly 
reduced 
throughout the 
region of the two 
wells. 

Planview along mid-height of fractures 
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Complexity: Multi-Well Completion 
Design 

AAPG Wksp: Geomechanics of Shales and Carbonates 

56-Completions July 16, 2013 

Planview: 
HF: Red horizontal 
Sheared NF: Blue 
Open NF: Red 

Multi-well completions are now being used to increase complexity. Numerical 
simulations can provide a means to evaluate well and stage spacing in order to 
optimize complexity. 
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Nagel, et al., ISRM Australia HF2013 



What is Microseismicity?? 
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57-MS July 16, 2013 

Microseismicity is the acoustic representation of 
the energy release from rock failure 

Generating 
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Geomechanics 



NF Behavior: Coupled Effects 
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Understanding SRV: ‘Dry’/’Wet’ Event 
Ratio as a Function of Fluid Viscosity 

AAPG Wksp: Geomechanics of Shales and Carbonates 

59-MS July 16, 2013 

10,000 cP dry/wet ratio = 0.87 

100 cP dry/wet ratio = 0.29 

5 cP dry/wet ratio = 0.09 

Increasing fluid 
viscosity 
significantly 
increases the ratio 
of ‘dry’ to ‘wet’ 
microseismic events 
during the 
numerical 
simulation of 
hydraulic fracturing 
in fractured shale. 
‘Dry’ events are 
likely not in 
hydraulic 
communication 
with the wellbore. Nagel, et al., SPE 159791 



Microseismicity & Stress Shadows 
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1000m

Inter-fracture stress increase due to 
multiple hydraulic fractures. Fracture Plane 

Fracture Plane 

The displacement of the hydraulic fracture alters the stress field – creating 
the stress shadow effect. 

Increase in Shmin 
Increase in Shmin 

Nagel, et al., SPE 147363 
Nagel, et al., SPE 147363 



Single Stage Stress Effect 

July 16, 2013 
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Rios, et al., ARMA 13-200 



Stress Shadows: Influence on 
Stimulation Design – HF Rotation 
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Optimum Stage Distance 

‘Lattice’ DEM 

Model 
Case History 

When the stage spacing is large enough, there is little stress shadow effect from 
stage to stage; however, when stages are small enough, successive HFs will grow 

away (towards lower stress) and take on curved or conical shapes. In the extreme, 
they may rotate 90° 
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Stress Shadows – Extreme Rotations 
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