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Introduction

Ithaca, NY lies in the heart of
the Finger Lakes region



Geological history

 Outcrops in the Finger Lakes region are part of the
Devonian Catskill Delta Complex

Euramerica continent before
the Alleghanian orogeny
(collision with Africa)

http://www.mdgekko.com



Catskill Delta Complex

 Clastic (sediment) wedge
that is more than 2 km thick

e Deposited on a continental
shelf with a sea to the south

 Layers of black and gray
shales, silstones, sandstones,
and limestone

 Uplift during the Acadian orogeny provided sediment
» Deposition rates up to 170m per Ma (with organic rich zones)

e Alleghanian orogeny (collision with Africa) during the
Pennsylvanian and Permian caused widespread folding, faulting
and jointing (Appalachian Mountains)



Hydraulic fractures occur in nature

AN

e Range in size from km as magmatic
dike intrusions down to cm as stylolites

http://volcano.und.nodak.edu



Intermediate scale natural hydraulic
fractures occur in the Finger Lakes region
 Glaciation and erosion have led

to outcrops of middle and upper
Devonian clastic rocks.

* These rocks have experienced
major orogenic events in addition
to uplift and erosion.

© http://www.cayugaimages.com



Evidence of Natural Hydraulic Fracturing

e Crack surface morphology indicates periodic crack growth
and arrest.

 Many closely spaced multiple cracks initiate and propagate
from a single source.

 Fractures initiate in the siltstone first, followed by fracturing
of the shale.

» Organic rich sediments (black shales) are capable of
producing natural gas or fluids.

* Presence of a paleo-pressure seal could induce
abnormally high pressure.

« Shear displacement of joint surfaces occurs without shear
deformation surface features.



Joint surface morphology

e Stress is concentrated at fossils,
concretions, ripples, groove casts,
etc., which act as fracture initiation
sites.

e Barbs radiate from the
plume axis and indicate the
direction of fracture growth.
Arrest lines mark the
termination of crack
propagation increments.

e Natural hydraulic fractures
generally do not have a
steady supply of fluid.



Sequence of fracturing

e Jointing In the siltstone occurs before jointing in the shale; horizontal
stress is lower in the siltstone because the shale compacts more.

e Joints act as conduits for the pore fluid.

e Joints in the shale are in plane with the siltstone joints unless the
stress field rotates, which leads to en-echelon crack patterns.

sltstone

siltstone

shale

rotated fracture



Multiple fracture initiation and propagation

Many small, closely spaced

cracks at the siltstone/shale

interface reduce to a few I
large, widely spaced cracks

during propagation.

Cracks in the shale start at the
Interface and propagate downwards.
The fracture plane is rotated
clockwise, which is consistent with
the Alleghanian orogeny.



Hydraulic Fracturing Software

« OSM — create Initial geometric models

« FRANC3D - fracture analysis with meshing and crack growth
* HYFRANC3D - fluid flow module added to FRANC3D

 BES — linear elastic boundary element code that also relates
pressures at the crack nodes to the elastic displacement

http://www.cfg.cornell.edu

Hydraulic fracture simulations proceed as
a series of crack advance increments,
requiring an elastic solution and coupled
flow analysis at each step of crack growth.

Flow analysis provides crack fluid
pressure, crack surface displacements,
and crack front velocity given the crack
mouth flow rate and the time.



Fluid flow analysis module

 Fluid flow is based on the elasticity, lubrication, and continuity
equations.

 This results in a singular pressure and stress field at the crack front;
the order is 1/3.

 Since a singular stress is physically impossible, the solution implies
that a fluid lag develops.

 The finite element implementation uses an analytical solution at the
crack front to capture the lag with regular shell elements elsewhere.

collapsed solid element

p — pressure S; — closure stress
w — crack opening displacement X — local coordinate axis
V — crack front velocity

crack front element
Q(t) — flow rate
G- boundary of tip elements



Numerical Simulations

* Provide additional evidence to support the theory that the
fractures are natural hydraulic fractures.
* Provide insight into the natural hydraulic fracture processes.

1.

Hydraulic fracture propagation from a stress concentration:
e assume a tensile stress at a groove cast
e capture the crack shape as it grows

e using a constant crack mouth flow rate

Multiple hydraulic fracture propagation:

 simplified model of 3 cracks

o  fluid pressure from 3D simulations applied to 2D model
e  crack growth stability monitored

Hydraulic fracture propagation in a rotated stress field:
e Initial crack subjected to a single large rotation of the stress field
 effect of mode Ill stress intensity factor cannot be included yet



Hydraulic fracturing from a groove cast

 Crack mouth flow rate equals 1.0e-6 m3/s with far-field
compressive loading (S,,,,=100, S, .,,=50, S,=75 MPa).

e The prescribed flow rate means that the fracturing time and the
surface features (barbs and arrest lines) are not captured.

groove cast

Plane strain analysis
Indicates that tensile
stress concentrations
occur if slip is allowed
at the siltstone/shale
Interface (including
tension perpendicular
to the fracture plane).



Hydraulic fracturing from a groove cast

- one stage of pressure buildup

16 steps of crack growth
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Shape of the fracture up to this stage is comparable to that seen in the field.



Numerical Simulations

Hydraulic fracture propagation from a stress concentration:
 assume a tensile stress at a groove cast

e  capture the crack shape as it grows

e using a constant crack mouth flow rate

Multiple hydraulic fracture propagation:

 simplified model of 3 cracks

o fluid pressure from 3D simulations applied to 2D model
e crack growth stability monitored

Hydraulic fracture propagation in a rotated stress field:
e Initial crack subjected to a single large rotation of the stress field
 effect of mode Il stress intensity factor cannot be included yet



Multiple hydraulic fracture propagation

* Multiple crack growth stability is governed by relative rates of
energy release rates.

 Length to spacing ratio is 1.0 for a stable system of cracks
(Hwang, 1999, PhD Thesis, Cornell University)

 but, hydraulic pressure was not considered.

Cracks in the shale are
roughly 1 m in length in
this figure and the length
to spacing ratio is about 4.

Does hydraulic

pressure in the crack
N affect the length to

spacing ratio?




Multiple hydraulic fracture propagation

 Crack mouth flow rate equals 1.0e-6 m3/s with far-field
displacements fixed to provide symmetry.

* Only the shale is modeled.
* Three initial cracks are 1 mm long with 6.35 mm spacing.
3D fluid flow simulations are performed to provide pressures

for the 2D model. | .
Typical pressure profilein the cracks
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Multiple hydraulic fracture propagation

« FRANC2D computes rates of energy release rates.
 Stable crack growth stops when this rate becomes positive.

o 0 0.5 1 1.5 2
FRANC2D: 3 cracks at 6.35 mm spacing. = 0 ‘ ‘ ‘ 5
o -0.01 B
3 .0.02 13
< ///
> -0.04 77
o -0.05 VA
c
o -0.06 2/
© -0.07
1 2 -0.08
2 s
3 crack length/spacing

The rates of energy release rate for 1 mm
cracks (1, 2 and 3) under far field tension that
IS comparable to the hydraulic pressure are
+0.084, +0.078, +0.084, respectively.
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Numerical Simulations

Hydraulic fracture propagation from a stress concentration:
e assume a tensile stress at a groove cast

e  capture the crack shape as it grows

e using a constant crack mouth flow rate

Multiple hydraulic fracture propagation:

 simplified model of 3 cracks

o  fluid pressure from 3D simulations applied to 2D model
e  crack growth stability monitored

Hydraulic fracture propagation in a rotated stress field:

« Initial crack subjected to a single large rotation of the
stress field

o effect of mode Il stress intensity factor cannot be
Included yet



Hydraulic fracturing in a rotated stress field

The Alleghanian orogeny
produced a clockwise
rotation of the horizontal
stress field. This induced
mixed mode (I, I, and IlI)
crack growth resulting in:




Hydraulic fracturing in a rotated stress field

 Crack mouth flow rate equals 1.0e-6 m3/s with far-field
compressive loading (Sy,,,,=62, S,in=48, S,=69 MPa).

 The maximum compressive stress is rotated 70 degrees from
the initial fracture plane.

e The initial crack is 9.14 m long and 0.3 m deep.
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Hydraulic fracturing in a rotated stress field
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n )
o 30 Mode | S 30
g = wawm g 2
> 20 > 20
% 15 = 15
c c

10 - 10 -
2 Mode ]I 2
= 5 A A Ak £ 5
0 om&mﬁ:ﬁ 2 0 :’iwv"-"\ﬁ:ﬁ
g s Mode | O 5
@ 0 0.2 0.4 0.6 0.8 1 N 0 0.2 0.4 0.6 0.8 1

normalized crack length normalized crack length

 Relatively high mode Ill SIF increases as the crack grows.
 Mode | and Il SIF remain relatively constant.
* Mode Il SIF should cause the crack front to break up.




Hydraulic fracturing in a rotated stress field

/

Mode lll SIF leads to an Can we model the crack

en-echelon pattern as the front break up in FRANC3D?
crack front breaks up.



Hydraulic fracturing in a rotated stress field

Start with a simple model of 1 petal !

petal crack orientation
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BES does not capture the singularity
at the edges where the crack
branches and breaks up; we will use
finite elements in the near future.



Conclusions

* The indirect evidence for natural hydraulic fractures is
abundant in the Ithaca, NY region.

* The proof might depend upon the interpretation.

 Numerical hydraulic fracture simulations lend additional
Insight to the natural fracturing processes.

e Simulations indicate that hydraulic fracturing is a plausible
mechanism for describing the joints seen in these rocks.

 Further study Is required.



