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Motivation

The advances in hydraulic fracturing technology
have been astonishing. The impact on the
national and world economies and geopolitical

situation is amazing.

Although many aspects of the technology are
well understood, the fracture mechanics is not.

Progress should increase the gas extraction
percentage above current 5—15 %. This would
also reduce the environmental footprint.
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Apergu of
Hydraulic Fracturing
Technology

(aka “Fracking’)



Where do we get our energy?
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U.S. Natural Gas Production, 1990-2035
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Source: U.S. Energy Information Administration, AEO2012
Early Release Overview, January 23, 2012.
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Gas Shale Distribution
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Source: Energy Information Administration based on data from various published studies.
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Provenance of Natural Gas

* Formed by organic matter (marine
organisms, plants) trapped in sedimentary
rocks

e “Conventional” natural gas is trapped in
porous rock—sandstone domes

* “Unconventional” natural gas is trapped in
micropores of tighter rocks and in
nanopores of shale




Schematic of Natural Gas Resources
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History: 1947, Hugoton, Texas: Hydraulic
Fracturing with Sand Proppant




1949: Halliburton conducts fracking in
Archer County, Texas




1955 Mass production of truck-mounted
fracking pumps of 1475 HP remotely controlled




Development and Features of Fracking

* Has been developed gradually since 1947,
without government support (except recently,
after success became obvious).

* Fracking involves:
— Drilling a well, to reach shale layer typically 3 km down
— Turning drill to horizontal, extending it for a few km

— Injecting fluid under pressures up to about 25 MPa at
pump—cca 2 mil. gal., which equals 1.7 mm of rain
over lease area, per stage. The fluid is 99% water, plus
chemicals and proppant (fine sand, < 1mm dia.). Only
about 15% returns to the surface.

— Extracting the gas, reinjecting contaminated water



Overall Scheme of Gas Extraction
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trucks deliver water for mix of sand. water and r—-'----------'---'--—-'--—--"---ﬁ trucked 1o 2

the fracturing process. chemicals into the well Recovered water i3 stored in open
: ™1 pis, then taken Lo & treatment

avar

n i gjlh—-'-—-- ...}

5 00— . DO™ O OF
P ~ LA e

Horizontal hydraulic hydrofracturing. Courtesy www.propublica_org/special/hydraulic-fracturing



Horizontal Drilling
(Marcellus Shale)

* vastly enlarges gas extraction
zone

» vastly reduces devastation on
earth surface

 The well bore is turned to
horizontal with a radius big
enough for the high-
strength steel pipe to
remain elastic (typical pipe

dia. 3.5in.). ——>
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Source: Geology.com




Horizontal Well-Bore vs.
Tectonic Principal Stress
Directions
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Drilling and Fracking Operations

* How to defeat low flow connectivity rreatabie Groundwater Aquiters Private Well
from nanopores to the well-bore? | Municipal Water Well

—— <1,000 ft
* How to produce long closely spaced ; —
cracks? | 1
| ‘ Additional steel

e Multi-stage hydraulic fracturing - Aol ted
how to optimize it? to protect

groundwater
* Proppant settling (viscosity first
increased by elevating pH of gellant,
to prevent settling at pipe bend and
crack mouths; later decreased to

Protective Steel
Casing

penetrate Shale Fratues ‘
deeper).  PAREEEZ
* etc. .
Z.P. Bazant ' N : '

At depth 2.5 km: Water p = 25 MPa, Rock (density ~2.5) : gravity pressufe S =68 MPa, '/
Tectonic pressures = 55 and 42 MPa, Pump: 25 MPa, Pump + water pressure = 25+25 MPa
(more with drilling mud). Shale density = 2 to 2.7, typical 2.5. (cf. granite 2.75)



TYPICAL SHALE-GAS WELL DIAGRAM
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Undesirable Side Effects of Proppant

Congregation of proppant in the opened crack

creates a steep pressure gradient.

If that happens at the crack tip, an event
called in industry the “screen out”, hydraulic

fracturing “locks up” and pressure rises
dramatically, leading to shut-down.

To avoid it, water without propant is injected

initially.







Fracking Fluid

Often a small amount of
polymer is added as a
friction reducer.

Usually a gellant
(viscosifier) is added to 1 =
limit proppant settling. It ivery Truck
: : r . f N

can be polymerized and its 2 ﬁfwt“
viscosity can be adjusted i
by changing the pH with
borate or zirconium ions.
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Vertical Joints in Devonian Shale
(Marcellus)

Drill core

(3.5 in. dia.) of
Marcellus shale from
West Virginia, with a

Surface outcrop N joint filled by calcite )
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Natural
Fractures in
Shale Cores,
Sealed with

Calcite

Gale et al. (2007),
Am. Assoc. of
Petroleum Engrs.
Bulletin

Z.P. Bazant

From depth 2640 m

.’ )
——En echelon

/ fractures

(@) *




Weak horizontal bedding planes,
subjected to large overburden pressure

- they cause material orthotropy, much
more pronounced in strength and fracture
properties than in elasticity

Z.P. Bazant 24



Microseismic sources in Marcellus
shale reveal extent of fracturing

Plan view
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Volume (SRV)
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Source: Rimrock Energy, SPE 119896

One segment
with

12 stages
(eachina
different
color), each
stage having
5 to 8 clusters,
each cluster
having about
5 pipe
perforations
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stages

One segment with
5 — 8 fracturing

Main Features of the Well

-0m

One stage with
_ 5-8 pipe perforation
" clusters

along pipe
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Perforation of High Strength Steel Pipe

Perg:[zarn]ting Cen'llent @The Shaped Charge

IS detonated and a
jet of very hot,
high-pressure gas
vaporizes the steel
pipe, cement, and
rock formation in its
Jet path

Charge Casing Formation

Detonation
Cord

Common method:
jet-perforating guns
with explosive

shaped charges. l

Casing Formation

Cement  Tynnel Created by Perforating @

Result: Atunnel,
Isolated by cement
mortar, from production
casing (or pipe) to

rock formation.

27



Fracking works.
But why?
And why not well enough?

Usually, only 5% to 15% of gas gets extracted.
How to increase it?

1) Increase the fracked volume fraction
above 15%.

2) Achieve finer crack spacing.



What is the spacing
of hydraulic cracks in shale?



Shale permeability is extremely low

Conventional gas Shale gas

sandstone

Micro-pores
(few, contain
little gas)

= Nano-pores
X ~0.5-10 nm
) diameter
(contam
most gas)

PERMEABILITY, b, in mD (miliDarcy)

Sandstones: 1—10? (conventional gas)
Tight gas: 103 — 107
Concrete: 10*— 103
Shale: 10— 10




The crack spacing can be deduced from:

1. Known percentage of gas extracted from the
shale stratum — 15 %.

2. Time to reach maximum gas flux on the drillpad.

3. Halftime of flux rate decay on the drillpad.

4. Known permeability of shale.

RESULT: Crack spacing = 10 cm (Fayetteville shale).

31
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Crack Topolo
pology

Branching at crack tips? Nucleation from weak
joints, faults, defects

Possible In statics
(fracking takes many

Impossible days)
by LEFM
(except In “
dynamic
propagation,
at close to
Raleigh
wave speed)

o masant IDEALIZED (PLANE VIEWS) v



Gas Diffusion from Nanopores to Adjacent Cracks

Diffusion equation — nonlinear, compressible gas:

dp
ot

0%p
" o2

k Op
1 ox

1/p = ¢, = gas compressibility
cy = shale compressibility
¢ = shale porosity
k = shale permeability
|4 = gas Viscosity

1
%(C¢‘|‘ )

Darcy
gas flux:

+10 cm
70lm

2 .
1 /Op Profiles of gas
p \ Oz pressure p
at subsequent times
- / —
Crack Crack
- —
- —
-— —
- —
- 0 / “’._’ o— -
- 4_;_. «0 O . ®— —
-« Shale“" P o— —
-0 -0 o>
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Volume of all cracks

Hydraulic
Crack
= expansion of | System
fracking zone (approx. Original
an elliptical cylinder) i ) Ellipse
in infinite space | e NF R : L
:‘\u__-/’_'\_l\\:\\\z
. . . Shrunken
+ elastic contraction | Ellipse
of shale between Y N
cracks <  Expanded
Ellipse
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Calculation of Volume of All Hydr. Cracks in Fracking Stage

To find an analytical formula, consider the fracking stage
to be an elliptical cylinder in plane strain, in infinite
space

Elliptical coordinates:
Infinite Space « Expanded 2 = ccosh ( (=&+1n

Ellipse Complex potentials (Stevenson 1945):

Y(z) = % (sinh ¢ — cosh ()

Original™
Ellipse

2
x(2) = ==L cosh 2y

Displacement field:

ug + iy = 1/2G[(3 — ) /(1 + v)9(2) — 20(2) - X (2)]
(e.g., Timoshenko -Goodier1970)
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Calculation of Volume Expansion of Elliptic Cylinder

_ presinh§cosny 1I(E,n) — (1 —v)coth§

2G(1 + v) cosh 2& — cos 27
prccoshésinny II(&,n) — (1 —v)tanh§
[ _—
Y 2G(1+v) cosh 2& — cos 27

I1(&,m) = (1 — v)cosh 26 + (1 + v) cosh 2y — 2 cos 2n

Curvilinear displacement components: ¢ + tu,; = e~ (uy + iuy)
u, sinh £ cosn + u, cosh  sinn
Ue —
: \v/1/2(cosh 2¢ — cos 2n)

Expansion (exploiting symmetry of the problem):

/2
AV =4L, / ue (n)c cosh Epdn
0
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Transport of Gas from Shale to Surface
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Gas Transport Model

Diffusion of Gas Through the Shale Toward the Hydraulic Cracks

Darcy’s law: Shale P\orosity Gas Dynamic Viscosity
__kop ~ op 10 [ 0
v 1 Ox "‘ gbu (C’+ ) p — __(p_p)
Mass conservation: k Vs p ot pdzr \" Or
(dp)  Oev) _ V4
ot dx - Shale Compressibility
Transport of Gas from Crack System to Surface
Gas flux from shale surface ~ shale permeability
into cracks: I k [@]
o dp. n Pe pczz —pi _ Alk ap
Hagen-Poiseuille law for gas ‘ dt T p2 — p e
. . a xr=0
flow in pj}pe; b (pg _pg) |
g L Da PTT
Mass balance condition: T = L‘/c/u/blpa= characteristic time
dm. dpc
= Jy— Aud = pVCy—s —
dt "d Ay /AC/ Ve Total Crack Volume
Gas CompreSS|b|I|ty J Surface Area of Cracks 7P Bazant 38



ayetteville shale. Wells: ~Boy Scout=Black +Brown « Guinn<=Bryant
Sopt = 0.1m
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Fayetteville shale Wells: ~Boy ScoutIBIack Brown « Guinn =Bryant
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Effect of 10-fold change of permeability, k

1'1 Fayetevilleshale. Wells: ~Boy Scout =Black +Brown « Guinn <Bryant 1'1
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Conclusion from Diffusion Analysis

* |f the gas flux peak occurs in about 2.5 months and
50% flux reduction in about 16 months, the spacing
of hydraulic cracks and open joints in Fayetteville
shale must be about 10 cm.

 For 1 m spacing (a 10-fold increase), the 50% flux
reduction occurs in about 125 years.

e For a3 m spacing, about 12,000 years.
e Fora 10 m spacing, about 125,000 years.
e Foralcmspacing, about 4 days.



How to Achieve Small
Enough Crack Spacing
over a Large Zone?



Concept of the Unsuccessful 1970s Hot
Dry Rock Geothermal Energy Scheme!

LASL drilled

a well in Valles
Caldera, Jemez
Mountains and
created a large
fracture

Z.P. Bazant

INU-LASL
Collaborative
Project 1974-77.

NU investigators:
J Weertman, PI
JD Achenbach
/P Bazant

J Dundurs

LM Keer

T Mura

S Nemat-Nasser
a4



1970s
NU-LASL
Hot Dry
Rock

Geothermal {i{i PaT
h e

HHHHHHH

Energy
Project

Hydro-crack
diameter 1 km.
Granite,

T = 300°C.

Water out:
initially
T, =210°C.

After 116 days: |

90°C.

I'th.l-\_‘-\.‘n.

ppppp

= 930 Ry e gt

Bazant & H Ohtsubo: Int. J. of Numer. & Anal. Meth. In Engrg. 2, p. 317

(1978)



Localization Instability of Crack System
NU-LASL Hot Dry Rock Geothermal Energy Project, 1976

Evolution of Cooling (or Drying) Cracks

/P Bazant,
H Ohtsubo,
Mech.

Res. Comm.
4 (5), 353-
366 (1977);
and

Int. J. of
Fracture 15,
443—456
(1979)
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Max. Crack Depth vs. Penetration Front
Depth in Localizing Parallel Crack System

1976 NU-LASL Geothermal Energy Project

a- I ® crit states of N
L crack arrest
Zh @ cril slales of
crack clasing ) "
Key: How to ;
prevent these
| bifurcations? —.
- | ‘ _I
f a4
———— slable
== — - unslable D/2h mﬂmmm
Z.P. Bazant a7

ZP Bazant, AB Wahab, J. Eng. Mech. ASCE 105, 873—889, 1979



Stability of Crack System

Helmholtz Free Energy of Crack System:

Array of parallel N
cracks F:U(al,ag,...,aN;p)JrZ/Fdai
i=1
2 a; = i-th crack length ' = fracture energy
T p = loading parameter: crack pressure or AT

U = strain energy of the elastic body

Taylor's series expansion: AF = §F + §°F + ...

For m growing cracks and n-m shortening ones:
oa; >0 ¢=1,..m OF = Z ( ) oa; + i (8_U) 0a;
0a; <0 i:m+1, 0a; j= m+1 aaj
5(,17; =0 1=n-+ 1,

Z.P. Bazant 62F - Z Z (aa oa; ) 04;00; = Z Z F%J(SGJ@(S@J

1=1 7=1 1131



Equilibrium condition: oF >0

for 0a; > 0 : —a—U:F or K; = Ky,
(90,1-

for 0a; < 0 : —a—U:O or K; =0
80,@-

Stability conditions: AF >0 for all 6a, ...positive definite

If 0F =0, stability will be ensured if:

20°F = Z Z F;0a;0a; > 0 for any admissible oa;

i=1 j=1
For 2 aternating crack lengths:

E11:E22>Oand ’ ! > ()
N\ F,21 F,zz _
ZP Bazant, H Ohtsubo (1977), Mech. Res. Comm. 4 (5), 353-366; & IJF 15, 443-456 (1979),,
S Nemat-Nasser, LM Keer, A Parihar(1978), 1JSS.




Front Steepness: Key to Prevent Localization

Leading Cracl|< Length

1976 NU-LASL Geothermal Energy PrOJect

I ’ | ) | | ;
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For a
steep
front,
cracks
don’t

|localize!

Df2h .
Depth of Penetration Front

ZP Bazant, AB Wahab, J. Eng. Mech. ASCE 105, 873—889, 1979
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Lesson from the 1970s project

 Stability of crack system is an essential
part of hydraulic fracturing analysis
(ignored so far)

* Localization can be prevented and a
parallel crack system can be produced if
and only if the pressure profile is nearly
uniform over a long enough portion of
the crack.



Hydro-Thermal Analogy for Periodic LEFM Cracks

Cooled, — . Cooled, but + II. Cracks unglued,

cracks open cracks glued faces loaded by o7 ()
111 op(<0) T 11777 0y L1 1 1 1oy

E— K? = '\l\l- K; =0 + E Kf:K}T

AT (z)(<0 |
ELi s »
Oh
G A N A I T T T 1 On
ﬁJT(m,y) +0on = [wEaAT(x)+ op) + |0p(x,y) + o)

€T K? = 0 + K?
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Circular Crack Localization
a) To avoid b) Needed

....................



Localization Instability of Fluid-Pressurized Circular
Cracks a) Needed

w0 M

o1l
1E $3

AAAAAAA

PAAt bt td

Cracks, initially
quasi-circular
(later quasi-
rectangular)
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Cracks that have closed

p, = borehole pressure
0y, = minimum horiz. stress -



Effect of Front Steepness of Pressure Profile
n=1/2

Ap(z) a1 — o0 ho bifurcation!

3.50

=
87 3.00
@D
-
(&)
S :
O -
— 2.00
g’ 2h -
O
O
D
S 100 |
&)
Z.P. Bazant
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1.50

Applied pressure

Ap(sc’){ n=2/3 Ap(:c:'>”\:3/4
0.50:"""'Inluu.i....i.
2 4 6 8 10
Ap(z' = 0) [MPa




Summary of Four Omitted Slides on
Ongoing Research in Bazant’s Group

Crack band model is used for a smeared
continuum model of evolution of a fracking stage
with millions of existing or potential cohesive
cracks.

The continuum model is dicretized by finite
elements.

Viscous pressurized compressible fluid flows
through a 3D system of cracks in shale.

Cracks interact with each other through the rock.
with each other.

Crack localization affects the flow of fluid.



Microplane — a Semi-Multiscale Model

.
X221 microplanes normal
to circled directions

(per hemisphere)

Subscale interactions en_ €
among orientation are
captured (lumped into a
continuum point) but
Interactions at distance
are not

Microplane strain components .,

Z.P. Bazant



General Algorithm in Microplane Model

2

Kinematic constraint

y Strai Micro-Strains
acro-Stain - s Eur Eor 610
ij

on each plane

Classical Micr Ol_)la’_’ €
tensorial constitutive
models relation A O micr

Micro-Stresses

Macro-Stress
o Oy, Oy, 0p, 0,0y
! on each plane

Principle of virtual work
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Microplane Model for
Anisotropic Shale*

Ao, = K, Ae
K, =transversely isotropic elasticity tensor
Acf =nT - Ao, -n; Acf =n'- Ao, — Aogn

gy = max (0",’ + o5; min(af; of + Aaﬁ))

o, = min(a?; a? + Ac?); o, = 0, cos(a); oy = o, sin(a)

2 2 2
- Ny ny n,
ov= |\ t\ =) T\
Oyx Oyt Oyt
2 2 2 e
b J— nx ny nz MICE= ===
o=\ ) t\ ) T\ 5 2
Opx Opt Opt .
|
2 2 2 !
n n n ' >
0'1\9 — (_bx> + (_g) + <_bz> 0 Efm'c €mic + Demic Emic
o o o
Nx Nt Nt (C) (d)

x = direction normal to the bedding plane
y,z,t = directions in the bedding plane

*By FC Caner, 1 1
& ZP Bazant O-ij = j <0an-nj + O'ME (nimj + leml‘) + O'LE (Tlilj + leli) dQ
Q
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120

| | |
Calibration of
Microplane Model _ =
& 60
by Test Data : "l
é:'. 40 7
W | 20 [
% Hydrostatlc Compressmn 4
i H ]
normal to bedding plane "% Deviatoric compression in bedding plane
40 t 20 . . . .
~ 0 0.01 002 003 004 005
g 307 .
% 120 .
20t
10t 100 |
0 8¢t
o]
S ,
10 ' ' ' ' ' ' 2 60t _ :
0 0002 0.004 0006 0008 001 0012 0014 = Ot «—P=10MPa
© 40 F 4 : OD <—P=5|V|Pa ]
€11 4/ 4
Test data: Niandou H, Shao JF, Henry JP and 20 t Deviatoric Comprei;sion
Fourmaintraux D (1997), “Laboratory ) | normal to bedding|plane
investigation of the mechanical behavior of 0 0005 001 0015 002 0025 003 0.035 0.04
Tournemire Shale”, Int. J. Rock Mech. Min. Sci., &)

34(1):3-16.
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SUMMARY: Why Fracking Works

* The known 15% extraction percentage of gas content of
shale implies formation of nonlocalized crack system.

 Preventing localization is crucial. Two ways to achieve It:

1) Steep front of water pressure profile along the cracks,
which can be achieved by appropriate pumping rate
and history, proppant, viscosity control, acids, efc.;

2) Cracking localization instability requires some cracks to
close — prevented if the closing is blocked by proppant.

Z.P. Bazant




ThanRs for listening!

Questions?

Google “Bazant”, download freely:

1) Bazant, Z.P., Salviato, M., Chau, Viet T., Viswanathan, H. and Zubelewicz, A.
(2014). "Why fracking works." ASME J. of Applied Mechanics} 81 (Oct.),
101010-1---101010-10.

Related works:

2) Bazant, ZP, FC Caner (Dec. 2013), PNAS 110 (48), 19291-19294;

3) Bazant, ZP, FC Caner (Feb. 2014), JMPS 139 (12), 714-1735. o



