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Abstract

Hydraulic stimulation in low permeability formations is successful when it generates a large stimulated fracture surface area.
Sweet spots are regions within a play or along a well where production is especially prolific. Sweet spots may be related to
matrix quality such as permeability. Sweet spots may also be related to formation properties that encourage fracture network
quality - the ability to create high stimulated fracture surface area. In the literature, there does not appear to be agreement on the
processes that generate a quality stimulated fracture network. 1 will review different theories and discuss pros and cons of each. |
will also report on results from a sensitivity analysis study that used CFRAC (Complex Fracturing ReseArch Code), a discrete
fracture network simulator that couples fluid flow with fracture propagation, conductivity evolution, and the stresses induced by
fracture deformation. The results suggest that the tendency for shear stimulation - the tendency of natural fractures to slip and
experience irreversible conductivity enhancement in the formation - is one of the most important variables in determining
fracture network quality. | will discuss efforts towards addressing how this variable may be predicted and quantified, and how
this concept might be applied to formation evaluation and sweet spot identification.
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Overview
S

o For identifying "sweet spots,” matrix quality is obviously
critical. But | am going to discuss fracture network quality.

0 | do next generation hydraulic fracture modeling- where | think
the industry is going, but isn't really there yet.
01 Topics for discussion
O Complexity — what is it¢ Good or bad?
O Hydraulic fracture modeling
O Role of unpropped fracture conductivity
O Factors that affect stimulation mechanism

O Application to sweet spot identification and stimulation design

1 What does hydraulic fracturing actually "look like"?



The classical concept of a hydraulic fracture
IS a planar, ellipsoidal feature
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Complexity
—
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From Warpinski and Teufel (1987)
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mine-back of
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Unconventional fracture networks are

complex
-_

After 1 year After 15 years

k (matrix) = 0.0001 md

SRV = 5000 x 10° ft*3

Treatment Horizontal Well Treatment Horizontal Well
[ I I e— . | i e e

Fig. 11—Simulation of horizontal-well fracture network (SRV = 5,000 x 10° {t, frac spacing = 400 ft, lateral length approximately
3,000 ft).
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Unconventional fracture networks are

complex
—
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Is complexity good or bad?
S

1 Classically, complexity considered was bad because
it caused high net pressure

1 Recently we have started to believe that complexity
is good in low permeability formation because it
helps recovery

11 Field evidence suggests either may be true



Barnett Shale case study (Cipolla et al. 2008)
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Sonora Canyon Sands, Sutton County, TX case
study (Cipolla et al. 2008)
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Stages 1 and 2 are mostly linear. Stage 3 is almost absent.
Stage 4 is very wide. What does this mean?
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Comparison of brittleness indices
N
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Fracture network complexity
—

What does fracture network complexity
really mean? It depends on what we think
complex fracture look like and how they
form.

/

The schematic to the right illustrates two /
different conceptual ideas about how /
complexity forms. We don’t know to what

extent these different processes really occur

and impact production.

PFSSL — primary fracturing with shear

stimulation leakoff %

MMS- mixed-mechanism stimulation P FSS L M M S

Others? From McClure (2013)




Stimulation mechanism and complexity

Rogers et al. (2010) Wu et al. (2012)

Primary fracturing with shear stimulation Mixed-mechanism stimulation
leakoff




CFRAC

Full coupling (fully implicit) of fluid flow and stresses

induced by fracture deformation (sliding and opening) in

large, discrete fracture network models
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CFRAC details

o1 Stress induced by opening and sliding of both new and preexisting fractures

1 Can model microseismicity directly (friction evolution) or with a correlation

71 Intended to model the stimulation period, not the subsequent production period
1 Assumes single phase liquid water (isothermal)

o1 Either no flow outside fractures, 1D leakoff model, or full 2D simulation of leakoff
with a conforming mesh of the surrounding area

1 Uses the boundary element method (isotropic, homogeneous, linear elastic material),
can use Olson (2004) to correct for the finite formation height

1 Formation and propagation of new fractures treated with linear fracture mechanics
and the locations of potentially forming fractures must be specified in advance
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Stimulation mechanism and microseismic

From McClure (2012)
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Questions to ask
e

11 Does complexity help recovery?
0 Is our fracture network complex?
0 What causes complexity, how can we predict it¢

1 What does a complex network even look like?

0 These issues touch many of the decision we make --

O Well spacing, formation evaluation, hf design, etc.

0 And much of the analysis we do —

O Microseismic interpretation, fracture modeling, etc.



Unpropped fracture conductivity

71 In my opinion, this is probably the most important
variable that determines whether complexity helps
or hinders production

o Proppant is unlikely to reach far out into a
volumetric, complex network of fractures

1 So for complexity to be useful, the unpropped
fractures need to retain conductivity after fluid
pressure has drawn back down



Unpropped fracture conductivity

Figures from Fredd et al. (2001)
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Unpropped fracture conductivity
N

0 The ability for fractures to experience shear stimulation and to retain
conductivity at elevated normal load is a property of the rock and the
fracture geometry. | think more work is needed on how we might be able
to predict this.
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Tendency for shear stimulation test
N

01 Injection into an open hole
section in a well that has not yet
been stimulated

01 Intentionally maintain the BHP
below the minimum principal
stress

01 Shear stimulation is the only
possible mechanism of
stimulation

1 Does stimulation occur?

Time

11 The obijective is to evaluate the
ability of natural fractures to
shear stimulate and retain
conductivity



Results
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What affects stimulation mechanism?
N

0 Four 3D simulations from my upcoming paper at the
SPE Hydraulic Fracturing Technology Conference in

February

7 McClure, Mark W., Mohsen Babazadeh, Sogo Shiozawa et al. 2015. Fully coupled
hydromechanical simulation of hydraulic fracturing in three-dimensional discrete fracture
networks. Paper SPE 170956 presented at the SPE Hydraulic Fracturing Technology
Conference, The Woodlands, TX.



What affects stimulation mechanism?
N

Initial natural fracture network



What affects stimulation mechanism?
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What affects stimulation mechanism?
—
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What affects stimulation mechanism?
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What affects stimulation mechanism?
N
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What affects stimulation mechanism?
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What affects stimulation mechanism?
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What affects stimulation mechanism?
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Mixed-mechanism stimulation
S

11 The branching mixed-mechanism simulations are
naturally higher net pressure and shorter overall
fracture length — which is more realistic



Fracture properties that relate to

fracture conductivity are ke
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Differences in fluid recovery?

From McClure (2014)
-4
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Differences in fluid recovery?

From McClure (2014)
-4

Branching creates bottlenecks because flow must go through fractures that

OHmax are not oriented perpendicular to the minimum principal stress.

—> €&~ They close at a higher pressure and bear greater normal stress after closure.

Branching may be vertical (bedding planes) or horizontal (natural fractures).

50
Fracture closure stress/  Interface slippage Composite layering /
permeability barrier width decoupling
0
E
@
Q
&
% -50
o
100 I
-150 Figure 2 — Composite lavering and width decoupling

50 0 50 From Cipolla et al. (2008)

Distance (m)



Practical applications
e

0 In settings with high unpropped fracture conductivity, frac
jobs can be designed with greater fluid volume, less
proppant, further spacing

0 With low unpropped fracture conductivity, proppant
placement is key, wells should have lower volume, more
proppant, and closer spacing of both stages and wells.
Higher viscosity may be beneficial- simplify the fracture.

71 The "microseismic” SRV may not be the depleted SRV



Conclusions
S

o1 Fracture "complexity” is often assumed to be good- but let's
keep in mind that's not always true

01 The processes that create complexity are not well-known

o1 The unpropped fracture conductivity is a critical parameter, and
only hydraulic testing can measure directly

01 Formations will tend to create branching networks if there is
more tendency to for termination and height containment

01 Stress anisotropy plays a complicated role
1 Dense, conductive natural fractures obviously help

-1 Concepts about "stimulation mechanism" and hydraulic fracturing
modeling haven't yet reached full potential
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