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Hydraulic Fractures are Complex

All Microseism:
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Ref: Warpinski, N.R. et al, SPE 114173, 2008
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non-planar)
® Fracture networks
(interaction with
natural fractures)

Impact of natural fractures, heterogeneities, poroelasticity,
layering, variation in the in situ confining stresses etc.
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Peridynamics

Unifies the mechanics of continuous and
discontinuous media

Silling S. A., J. Mech. Phys. Solids, 48, 175-209, 2000

Horizon of point
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Material points (particle-based discretization)
Non-local interaction (bonds) inside horizon

» Integral Form
Classical model plxlit[x,t] = V- olx,t] + b[x,t]

Peridynamics  p[x]it[x,t] j (T[x,t)(&) — T[x', t|{(—&))dV,s + b[x, t]

» Any Known Constitutive Model in Classical Theory

Linear elastic body: T[x,t](§) = (ﬁfﬂx - %wed) E
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Peridynamics Based Hydraulic

Fracturing Model

Peridynamics Based Poroelastic Model

Porous Flow
d
= (polxlolx)) = f%x (QE¥I(®) - QIx'—8)) dVys + RIx] +1{x

&if(K[x]—%tr(K[x])I)
u mo? (s

Q[xI(§) = i (P[x'] — P[x]) (for 2D flow)

Ref: Katiyar A., Foster J. T., Ouchi H., and Sharma M. M., J. Comp. Phys., 261, 209-229, 2014.

Solid Mechanics Pl t ?

N
puloelil¥] = | (LExI6) = TL¥1-8))aVse + L]
6/) 30
z[x]<a>{xl{3('< 5)-2 P}@<x>uan+”2ﬁf’6(||n+a||||a||>]ﬁ
- J

Ref: Turner D.Z., arXiv:1206.5901, LE Q.V. et al, Int. J. Numer. Meth. Engng, 2014

Fracture Flow

d
S (o x0mD = |

H

L

Coupling

(Qdx1(8) - Qx'[(—8)) aVyr + Ryfx] — I[x]

Ref: Ouchi, H., Katiyar A., York, J., Foster, John T., Sharma, Mukul M., J. Comp. Mech., 2015.
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Dual Permeabillity Concept

Before fracture propagation After fracture propagation
ﬂl Primary Unknowns : position of \ K‘S Primary Unknowns : position of \
element (X,y,z) and matrix pressure element (x,y,z), matrix pressure, and
fracture pressure
Pore Space
' Pore Space (Pore Pressure)
(Pore Pressure) Fracture Space

\ J \ (Fracture Pressure) J

Sh

min

Injector

I Injector

*
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Model Verification
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z/h

Biot Consolidation Problem
Verification of Poroelastic Model)
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Jaeger J.C et al, Fundamentals of Rock Mechanics, forth edition, 189-P194

8/23/2016

DOE Project Review, Sharma, University of Texas at Austin

10



2-D Single Fracture Propagation

(Comparison with KGD Model)

Shmin

‘ * Young’'s modulus (GPa) = 60

 Poisson’s ratio = 0.25

¢ Shmax (MPa) = 12

Shmax eeter Iy shmax o Shmin (MPa) = 8

16 m * Permeability (nD) = 10

Hydraulic .
fracture ° POI‘OSIty =0.3

» Initial pore pressure (MPa) = 3.2

20
VU 1Tl

1 )

Shmin

A
A\ 4

e Fluid: Water
 Injection rate (m3/min/m)=0.12

Number of elements 200*160
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Results: Fracture Half Length and
Wellbore Pressure

Sim: Bottomhole (Kf = f(width))

Fracture half length (m)

~16
10 KGD DC? —KGD (P@Wellbore = P@Frac. Tip)
9 ——— Our model (kf = function of Wldth) > 14 —Our model (Wellbore)
8 | —— Our model (infinite conductivity) ~ 1o ~--Our model (Frac. Tip)
7 9 —Our model (Infinite Conductivity: P@Wellbore = PC
Sl Sim: Infinite o 10 kéf“\\
5 Conductivity 0 8 | —
|- W’“‘"“"’ﬁ' ,"I'n.r\-’,‘.’-‘;‘,’.‘,:v-",\, \'1~f|,~,|,~—-"..‘l‘,\—\"\)‘,~_-,‘,~ Voo
a : ’ ‘ : ¥
4 G 6
3 o) 4 Sim: Tip (Kf = f(width))
2 2
1 R Sim: Infinite Conductivity
0 = 0
0 20 40 60 80
Time (s) Time (s)

KGD assumes constant pressure mmmmp Nfinite conductivity model

distribution along a fracture. shows good agreement with KGD.
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Results: Stress Distribution around
Fracture (Infinite Conductivity Case)

Effective normal stress in Y direction, Sneddon solution Mpa
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3-D Single Fracture Propagation
(Comparison with PKN Model)

* Young’'s modulus (GPa) = 60

Tz

‘ Injector TV ® Poisson’s ratio = 0.25
20m
*  Svmax (MPa) = 60
————— «  Shmin (MPa) = 40
O — e LT | — * Permeability (nD) =10
| 4m
\ : *  Fluid: Water
fracture The eight elements at the center of the simulation

. : 3/ _
domain are representing injection from the injector Injectlon rate (m /mln/m) 0.12

(dual injection points)

«  Number of elements 100*100*20
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Results: Fracture Half Length, Fracture
Width, and Wellbore Pressure
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Effect of Reservolir
Heterogeneities
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Effect of Multi-Scale Heterogeneities

Different scale heterogeneities _ _
in the reservoir How does this multi-scale
heterogeneity affect fracture

propagation?

layer scale (m order) heterogeneity

sub-layer scale (cm order)
heterogeneity

small scale heterogeneity
(mm order)

J . 1.5 mm N
\

http://www.agilegeoscience.com/journal/2011/
8/18/niobrara-shale-field-trip.html L
n
d 3
3
quartz
v
clay or
kerogen
17
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Effect of Layer Boundary

In most of the hydraulic fracturing simulators, only
“crossing” or “stopping” are simulated due to

planar propagation assumption.

However, in many cases, fractures can show the

” following characteristic propagation behaviors near
‘ the layer interface other than “crossing” or “stopping”.

hydraulic fracture

“turning” “branching” “Kinking”
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Fracture Propagation in Layered Rocks

Extracting a small area near layer boundary

30 cm-—
Oy

A

[
»

DPE AV E 10 cm

| Oh2 i
= E, KIC, Lower Layer | |5cm
‘ L g v

hydraulic fracture

Inject water from the bottom
v Important parameters:

® Horizontal-vertical stress contrast ® Horizontal stress contrast
® Young’'s modulus contrast ® Toughness contrast

® \Weak connection between layers

® Layer Dip
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Fracture toughness contrast

owwerse Effect of Layer Stresses
(0 degrees, E2 = 10 GPa)
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T : Turning
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Published shale data
Rijken and Cooke (2001)

E: 45-61.0GPa
KIC: 0.7 - 2.16 MPa m©%®
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Turning and Branching

« “Turning” Is strongly affected by principal stress
difference and fracture toughness contrast.

* A higher fracture toughness contrast _
o _ More fracture turning
« Asmaller principal stress difference

* Young’s modulus contrast does not have a large influence
on fracture turning along the layer interface.

« “Branching” occurs under the following conditions.
* Very high Young’'s modulus contrast (> 8.0)
* Low fracture toughness contrast (< 1.0)

b e.g. upper layer = calcite vein

(E = 83.8 GPa, KIC = 0.19 MPa m°5)
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Fracture toughness contrast

9.0

8.0

7.0

6.0

5.0

4.0

3.0

2.0

1.0

Effect of Dip Angle

El

P |==wers (15 degrees, E2 = 10 GPa)

100

But, “Kinking” is observed in most of the cases  ping angle cases.
below the turning criteria.

T T T

1Y)

g
T T T A @ 60 =
A g 5, \
T T _gn : \
T A A 3 4.0 2 ! 3 /
A A A @ 30 , s @30 7 /
5 =1 / /4
A A A A E,' 2.0 // = 7 E 20 o P
A A A A W 1.0 7 = 10 | L ”
| -~ 00 N -~
0.0 .
50 10.0 15.0 200 00N o 50 _ =100~ 150 200 00 =~ s = 100 150 200
Principal stress difference {MPa) Principal stress difference (MPa} Principal stress difference {MPa}
(a) E1= 10 GPa (b) E1 =20 GPa (c) E1 =40 GPa

00 T T T T

9.0 T : Turning layer interface layer 1

8.0 o

70 : Kinking

. layer 2
6.0 A : Crossing
5.0
T : Branching
4.0

3.0

Fracture toughness contrast

2.0
/ 0
1.0‘ = > Branching
0.0 N -
0.0 ™= m=5@= =" 100 15.0 200

Principal stress difference (MPa}
(d) E1=80 GPa

8/23/2016 DOE Project Review, Sharma, University of Texas at




Fracture toughness contrast

El

A@ E2=10GPa
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Effect of Dip Angle

(30 degrees, E2 = 10 GPa)
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Mechanism of Kinking

The left side stress becomes higher

The fracture turns to
due to smaller strain of upper layer. the right side.
0em

Sxx distribution E=40GPa ’ E}""m”‘

15 cm e P E

E=10GPa - “ ~as
‘ ¢4 ‘ .z [z.ocouam

(MPa)
damage distribution

lS.DDOe-D]
0.45

=0.3

015

(a) after 0.27 sec

l0.000.=,+no
(b) after 0.47 sec (c) after 0.5 sec (fraction)

The left side of the fracture is difficult to deform due to the high Young’s modulus.

v

The fracture turns as if avoiding the layer interface.
8/23/2016
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Effect of Young’s modulus contrast

on “kinking”

Kinking angle increases with the Young’s modulus contrast.

30cm

E=10GPa
KIC=14MPam

15 cm

FF.=10GPa

KIC=05MPam

(a) EL/E2=10GPa/10GPa

E=20GPa
KIC=1.4MPam

E=10GPa

KIC=0.5MPam

(b) EL/E2=20GPa/10GPa

DAMAGE
ES.DOOe-O]
=0.45

o
w

0.15

E=40GPa E=80GPa

KIC=1.4MPam KIC =1.4 MPam 0.000e+00

(fraction)
" E=10GPa #E=10GPa .
KIC=0.5MPam KIC=0.5MPam
(c) E1/E2=40GPa/10GPa (c) E1/E2=80GPa/10GPa
8/23/2016 DOE Project Review, Sharma, University of Texas at Austin 26



Effect of fracture toughness contrast
on “kinking”

Kinking angle does not depend on the fracture toughness
contrast.

30cm

E=40GPa 05 E=40GPa

KIC=05MPam KIC=1.0MPam '

15cm
==10GPa 05 - E=10GPa 05 DAMASGSOD o
KIC = 0.5 MPam § g KIC = 0.5 MPam E0:45 e
0.5 0.5 é0.3
(a) KICL/KIC2=0.5 MPa m” /0.5 MPam”” (b) KICL/KIC2=1.0 MPam /0.5 MPa m
20.15
E=40GPa 05 E=40GPa E
KIC=14MPam KIC =2.0 MPam 0.0006+00
(fraction)

E=10GPa 05 - E=10GPa 5
IC =0.5 MPam - KIC = 0.5 MPa m

0.5 0.5
(c) KIC1/KIC2=1.4 MPa m™ /0.5 MPa m (d) KIC1/KIC2=2.0 MPa m /0.5 MPam’"
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Effect of principal stress difference
on “kinking”

Kinking angle decreases with increase in stress contrast.

30 cm

E=40GPa
KIC=1.4 MPam

15 cm

K!C=0.5MPam

(a) principal stress difference = 1 MPa

E=40GPa
KIC=1.4 MPam

KIC =0.5MPam

(c) principal stress difference = 10 MPa

E=40GPa
KIC=14MPam

c=10GPa s BARIAGE
KIC = 0.5 MPa m Eg.ggoem

E=40GPa 05 E
KIC=1.4MPam

==10GPa
KIC=05MPam

(d) principal stress difference = 20 MPa
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Effect of layer dip angle on “kinking”

Higher layer dip angle leads to more kinking.

30 cm

E=40GPa _
KIC = 1.4 MPam

15cm

E=10GPa

KIC=0.5MPam '

(a) 15deq (stress difference = 1 MPa)

E=40GPa

KIC=14MPam )

(c) 30deg (stress difference = 1 MPa)

E=40GPa _
KIC = 1.4 MPam

E=10GPa

KIC =0.5MPam Raliace

ES.OOO&O]
0.45

(b) 15deg (stress difference = 10 MPa)

o
w

o
—
o

MH\MHHHH\HHHH

0.000e+00

E=40GPa

KIC=1.4MPam (fraction)

E=10GPa )
KIC = 0.5 MPa m

(d) 30deg (stress difference = 10 MPa)
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Effect of Bed Dip

If the upper layer is thinner?

3 different layer thickness models

/ 30 cm

15¢

~

L 2.4cm

+1.2cm
]» 5.0cm

}» 5.0cm

fracture

O degrees
models

N Y
 — N

0.0 5.0 10.0 15.0 20.0

2 8.0:: : -E
% 7.08
[e} . . LA =
o 601 T : T LT T
15¢ g solri T E -
g 30 SR e
§ 20 r ! r
30 degrees | o i 1 i
models "o 5.0 10.0 15.0 20.0
J Principal stress difference (MPa)
30degree: E1/E2 =40 GPa/ 10 GPa
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Effect of Layer Thickness
(O degrees cases)

(a) Ao =1.0 MPa (E,/E, = 40/10)
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=]
S =

Fracture toughness contrast

£ B & - LB

(b) Ao =10.0 MPa (E,/E, = 40/10)

12

=
[=I—

Fracture toughness contrast

tep B & = e O

layer thickness = 1.2 cm
(fracture toughness contrast =4.0)

layer thickness = 2.4 cm
(fracture toughness contrast = 4.0)

layer thickness = 10.0 cm (reference)
(fracture toughness contrast = 4.0)

layer thickness = 4.8 cm
(fracture toughness contrast = 4.0 )

w reference (layer thickness = 10.0 cm 1-?9

More stress reduction than the
reference case /

sx_normal
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Effect of Layer Thickness
(30 degrees cases)

(a) Ao =1.0 MPa (E,/E, = 40/10)

12

-
=

4
-
E |
-

Fracture toughness contrast
v om ow om @

Layer thickness{tm)

layer thickness = 1.2 cm
(fracture toughness contrast = 4.0)

layer thickness = 2.4 cm
(fracture toughness contrast =4.0)

(b) Ao =10.0 MPa (E,/E, = 40/10)

12

=
=1

e
+
el
-

Fracture toughness contrast

L -y Lo & = o2 i+
/i
e

o 1 2 3 4 5 & 7 & 9§ 1
Layer thickness (cm)

T :turning j : crossing

layer thickness = 4.8 cm
(fracture toughness contrast = 4.0)

—

layer thickness = 10.0 cm (reference)
(fracture toughness contrast = 4.0)

» Turning criteria is strongly
affected by the upper layer
thickness.

» However, the magnitude of
kinking is not affected by
the upper layer thickness.

The kinking angles are
almost same regardless of
the upper layer thickness.

V
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Effect of Weak Surface

If the layer interface is damaged for some reason,
how do the turning criteria change?

v

Investigating the same cases as the previous fully-

bonded cases by setting the following shear failure
criteria

> Shear coefficient = 0.6
» Cohesion = 0.0 MPa

8/23/2016
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Effect of Weak Surface
(O degrees cases)

100 T T T T 100 T T
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(c) E,/ E, = 40 GPa/10 GPa

layer interface

%é};r'\ching region disappear
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Effect of Weak Surface
(30 degrees cases)
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Effect of cm Scale Sub-Layers

> Represented by two different models
with changing layer dip angle

30cm 30cm

12cm iZcm

AN .

30cm
30cm

_30 degree

s
T

(a) 0 degrees model (b) 30 degrees model

Investigating how multiple layers affect
fracture propagation

- . Higher Young’s modulus
Passey, Q.R., et al. (2010) I tower Young’s modulus

Shale reservoirs are filled with
cm scale heterogeneities (sub-

layers)
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Effect of cm Scale Sub-Layers
(Case Settings)

Principal Stress Difference = 20 MPa (Shmin = 40 MPa, Svmax = 60 Mpa)

low_contrast 0.707 1.00 0
middle_contrast 10 40 0.5 1.000 1.00 0
high_contrast 10 80 0.5 1.414 1.00 0
high_contrast 2 10 80 0.5 0.707 0.25 0
low_contrast_dipping 10 20 0.5 0.707 1.00 30
middle_contrast_dipping 10 40 0.5 1.000 1.00 30
high_contrast_dipping 10 80 0.5 1.414 1.00 30
high contrast 2 dipping 10 80 0.5 0.707 0.25 30

The relationship among energy release rate, fracture toughness, Poisson’s ratio,
and Young's modulus in 2-D plane strain condition.

. - K (1-v?)
E
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Effect of cm Scale Sub-Layers
(0 degrees: Low and Middle E Contrast)

E1/E2 = 20/10; KIC1/KIC2 = 0.7/0.5; Dip angle = 0

DAMAGE

Low E Contrast

E 1.000e+00
8.000e+01
E?E
2 =075
E 05
o :0.25
1.000e+01 0.000e+00
’ dul
Young’'s modulus Damage
I DAMAGE
8.000e+01 1.000e+00
I T Es E
I . - “o75
e =
—30 F
I E Egg
0.000e+00

E1/E2 = 40/10; KIC1/KIC2 = 1.0/0.5; Dip angle =0

Sxx (MPa)
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Effect of cm Scale Sub-Layers

(0 degrees: High E Contrast)

E1/E2 = 80/10; KIC1/KIC2 = 1.4/0.5; Dip angle = 0

DAMAGE

High E Contrast

8.000e+01 1.000e+00 —
- ) 75 -
(Gc cons{)‘;. E E_
ééo —;0.75 '
545 05
éso = ;
-0.25
E15 E
1.000e+01 0.0008+00 —
Young’'s modulus Sxx (MPa)
High E Contrast : DAMAGE - -
(Low Kic,contrast) E?f“%*m E =3
"t ?h.l"'. E - M
F =075 b o
: e
—%45 20-5 ﬁ P
X 1, g ; 4‘-;':':'.1
—30 i S,

-0.25
-
15
1.000e+01 0.000e+00

E1/E2 = 80/10; KIC1/KIC2 = 0.7/0.5; Dip angle =0

§%_nomal

|
5.000e+01
l4s

tzd
2.000e+01
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Effect of cm scale sub-layers
(30 degrees: Low and Middle E Contrast

\
E1/E2 = 20/10; KIC1/KIC2 = 0.7/0.5; Dip angle = 30

DAMAGE

Low'E Contrast 1.000e+00 " o
i 5.000e+01
propagating parallel - ldﬁ
to the maximum —075 E
o5 T
—0.25
E 24
2.000e+01
]
0.000e+00
Sxx (MPa)
DAMAGE
E] .000e+00 -
075 {
F N
=08 A%
L

E‘ozs
0.000e+00 -

E1/E2 = 40/10; KIC1/KIGR = 1.0/0.5; Dip angle = 30
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Effect of cm scale sub-layers
(30 degrees: High E Contrast)

E1/E2 = 80/10; KIC1/KIC2 = 1.4/0.5; Dip angle = 30

High E Contrast 50000+
(Gc = const), E’“’

=60
45

30

1.000e+

Young’s modulus

E

8.000e+

=60
45

30

1.000e+

01

01

01

. DAMAGE

. \ E 1.000+00

Overall fracture
propagation
direction is inclined.

=075

=05

E—O.%
0.000e+00

DAMAGE

E 1.000e+00

—a7s

—05

EO.QS
0.000e+00

E1/E2 = 80/10; KIC1/KIC2 = 0.7/0.5; Dip angle = 30

-~
- sx_nomal
T 5.000e+01
| l 8
ant
i E
;F’ -
&% —42
i)
T b E3
1
ol

-y
o 24
3
2.000e+01

¥ .
Sxx (MPa)
T:— ¥ sx_nomal
:i EESDOOE+C1

ar
R
| R -
"‘k
tzd
2.000e+01
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Effect of Pore Scale Heterogeneity

10 cm
1.5 mm

quartz or cIay or

calcite kerogen
=
(6]
3
3

10 cm
Pore scale heterogeneity
Core scale heterogeneity
43
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Effect of Pore Scale Heterogeneity

(Model Construction)

(1) Borrowing the shape of minerals from the original picture

1.5 mm

. mineral groupl

ww g'T

. mineral group2

mineral group3

) [
Carozzi (1993) water injection

(2) Applying one of these properties to each mineral group

Mineral type Fracture
toughness
(MPa m©%3)
Quartz 95.6 44.3 2.40
Calcite 83.8 32.0 0.19
Clay 10.0 4 0.50
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Effect of Pore Scale Heterogeneity

gCase Settlngs)

1.5 mm

E
E1.000e+02
775

£ :

o l§55

— F
=325

1.000e+01
(GPa)
A

Injection

Case 1: Quartz + Clay
(mineral connections : fully bonded)

Case 2: Quartz + Clay
(mineral connections: damaged)

1.5 mm

v

E
1.000e+02

Calcite

577.5

1.5mm

E:55
S5

1.000e+01

(GPa)

Injection
Case 3: Quartz + Calcite + Clay

(mineral connections : fully bonded)

Case 4: Quartz + Calcite + Clay
(mineral connections: damaged)

8/23/2016
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Case 1: Quartz + Clay
No Interface Damage

Fracture initially < 1.5mm
propagates in the 4
maximum principal
stress direction.

v

1.5mm

Fracture bypasses
the turning path, and
the old path closes.

(c) after 0.23 sec (d) after 0.3 sec

Fracture turns along the
minergl interface.

DAMAGE
1.000e+00

o
~
w

o
on

o
[
(&3

0.000e+00

Another case where
bypassing occurs.
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Case 1: Quartz + Clay
No Interface Damage

1.5 mm

DAMAGE
1.000e+00

1.5 mm

=025

I RRARARINRRR
o
an

0.000e+00
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Case 2: Quartz + Clay

SH_max
— Many branches
] Interface damage Ve branches
P 5 mm R mineral interfaces.
Sh_min
E> DAMAGE
E].ooo.emo
075
Fracture basically (b) after 0.18 sec _0.5
propagates along the

mineral interface from

__ Finally the shortest path
the beginning.

remains as the main 025
path (bypassing).

0.000e+00

(c) afterO 20 sec
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Case 2: Quartz + Clay
With Interface damage

1.5 mm

DAMAGE
1.000e+00

1.5 mm

D
o

025

0.000e+00
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Case 3: Quartz + Calcite + Clay
“'No Interface Damage

: 1.5 mm

Sh_min

1.5 mm

»
>

<
<

pre-damage zone inside

the calcite \
W / _

7
(a) after 0.01 sec

pre-damage zone along
the calcite

/"

Main path connec‘ifs

pre-damage zone " %

(c) after 0.08 sec

pre-damage zone inside

the calgite
Main pathgeennects v DAMAGE
pre-damage zone ' E] .000e+00
—0.75
| 1 =
(b) after 0.05 sec E%
pre-damage zone =
inside the calcite \ -
—0.25
Main path connects”’
pre-damage zone 7 —=—
oy
0.000e+00

(d) after 0.1 sec
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Case 3: Quartz + Calcite + Clay
No Interface Damage

1.5 mm

1.5 mm

8/23/2016
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Case 4: Quartz + Calcite + Clay
“m1. Interface Damage

1.5 mm

< &
A

Sh_min g

S
N DAMAGE
— 1.000e+00

o
~
(8}

o
o

I
O
o
o

0.000e+00

(d) after 0.1 sec
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Case 4: Quartz + Calcite + Clay
Interface Damage

1.5 mm

1.5 mm

8/23/2016
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Interaction between Hydraulic
and Natural Fractures
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Comparison with Experimental Results

(Zhou et al. 2008)

Case Parameters

l o Parameters Value

h 30 cm >
; 6 (degree) 30, 60, 90
Natural Fracture
/ A O (MPa) 3,5, 7, 10
o Well Basic Parameters
1
— % 30cm ; / Parameters Value
7
Interaction \ Young’s modulus (GPa) 5.18
Hydraulic Fracture ) .
Poisson’s ratio 0.25
Matrix Permeability (mD) 0.1
Injection rate (m3/s/m) 1.05x10°
Experimental Setting Distance between well 4.0

and natural fracture (cm)
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Results

Simulation O Crossed A Dilated

Experimental [ ] Crossed 4 Dilated @ Arrested MPa 10MPa
Kfz‘\,\ Fracture Crossing Blanton

15 — ., Crossed tendency O‘/ — 15

12 = \\/ Warpinsiki — 12

>
|
®
I

.,
S

n
|

Dilated tendency

Horizontal differential stress, (MPa)
(98] |
| |

\ lﬁl‘/ and Teufel
— 10

*racture D”Tauon N

8MPa

0 10 20 30 40 50 60 70

Angle of interaction, (degree)

80 90

Ref: J. Zhou, M. Chen, Y. Jin, G. Zhang, International of Rock

Mechanics & Mining Science (2008)

8MPa

*Note that Deformation is
exaggerated 150 times.
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Factors Affecting Interaction of HF with
NF Including Poroelastic Effects

Base Case:
| o H:GOdeg 01:8MPa O3 =5MPa
30 cm >
/ Natural Fracture l
Well . .
o Ve Change the following six parameters
T Tg \ for sensitivity analysis:
Interaction _
rvdradicFrace o Rock permeability: Poroelastic effects
 Shear strength of NF (failure criteria)
« NF toughness (NF critical strain)

 Rock toughness and Young’s modulus
 Initial Natural Fracture Permeability
 Injection Rate
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Effect of Permeability

— |

Permeability = 0.001 mD Permeability = 0.01 mD

5.000e-01

04

High leak-off ﬁ Low effective stress

‘> (shear failure)

Fracture turning

Permeability = 0.1 mD
(Base) ~0.000e+00
I: Shear Failure Elements
Pore pressure : Shear failure
distribution elements
(MPa)
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Effect of Shear Strength of
Natural Fracture

5.000e-01

0.4

: : : 0.2
Coefficient = 0.89
Cohesion = 3.2 MPa

(Base)

Coefficient = 0.89
Cohesion = 0.0 MPa

Coefficient = 0.89
Cohesion = 7.0 Mpa

~0.000e+00

[N
i

Shear Failure Criteria

(High)
7=0.890+7.0

=
N

Shear Failure Criteria
(Base)
7=0.890+3.2

=
o

i - Low shear strength of NF
e i 7 promotes HF turning

Normal stress (MPa)
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Effect of Natural Fracture

—

Natural Fracture
Critical Strain
=1.183*103

Toughness

—

Natural Fracture
Critical Strain
= 0.592*10-3(Base)

(Kc=1.74 MPa m-2/2)

Fracture toughness of NF also controls Mode | opening.

Low NF toughness

(K,c=0.87 MPa m172)

Natural Fracture

Critical Strain
=0.0

(K,c=0.0 MPa m172)

> Easier fracture turning

5.000e-01

o
~

o
o

—0.000e+00
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Effect of Matrix Toughness

Assuming K, «+E Inthis case

E

—

= 4.0 GPa

—

E =8.4 GPa
(Base)

e

E =20.0 GPa

5.000e-01

0.4

I Pt
o
5]

~0.000e+00

High matrix toughness :> Encouraging fracture turning
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3-D Interaction Behavior

2-D interaction behavior

Hydraulic fracture

K (a) Crossing

Natural fracture \ /

AN

(b) Turning

\/

Ve

N

(c) Re-initiating

<

/

If the NF fills the entire pay
zone, these 2-D interactions
cover all the patterns of

interaction.

~ However, if

Hydraulic Fracture

pay
zone

Natural Fractures

/\.

§

I~

fracture propagation direction
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3-D interaction Behavior

3-D interaction behaviors

Bahorich et. al (2012)

showed more complicated e

3-D interaction behavior
could appear in the reservoir. N et

b
I

& |
3 i

separation of weakly |/‘< !
o

'i‘ I

bonded interface

(a) Bypassing + Turning

What kind of parameters s
affect these characteristic \ J

fracture propagation R\
behaviors? 7 |

ts |
s O\
diverted fracture /'P E

propagation

(b) Turning + Diverting propagation from side of NF
Bahorich et al (2012)
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Case Settings
(Common Parameters)

Upper and lower boundary were fixed
for mimicking boundary layers.

T, =60 MPa

Injector

Common Case Parameters

Parameters Value
Young’s modulus (GPa) 30.0

¢ =a1mpa Poisson’s ratio 0.25

Shmax (MPa) 41

Shmin (MPa) 40

| NF shear trend 0.5

J? NF cohesion 0.0
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Case Settings
Effect of NF height, Position, and Tensile Strength

Case 1 Case 2 Case 3
(full height) (lower half) (lower half + weak TS)

Hydraulic Fracture Natural Fracture Hydraulic Fracture Natural Fracture Hydraulic Fracture Natural Fracture

i \60deg

pay
zone
(0.6m)

4
fracture propagation direction ; fracture propagation direction > fracture propagation direction

weaker tensile
Case 4 Case 5 strength

(middle half) (lower one-third)

Hydraulic Fracture Natural Fracture Hydraulic Fracture Natural Fracture

pay pay
zone zone
(0.6m) (0.6m)

weaker tensile
strength

. . - fr re pr ion direction
fracture propagation direction acture propagation directio
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Results
(Case 1: Reference)

Injector Turning

/ 1.6 m
\»

FRAC_PRES(MPa)

ES‘ZOOeJrOW
7250

| .
}

vom /)
, :

.................................. :

43
0.64 m :

(a) side-top view (b) front-top view

60 deg ¢\\
———

(c) top view
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Results
(Case 2: Lower Half NF)

wypassing + Turning

1.6m

FRAC_PRES(MPa)
5.200e+01
EE)O

—48

45

43

4.000e+01

'f T

ot (a) side-top view (b) front-top view

4

X

(c) top view (c) top view j
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Growth of Multiple Fractures In
Naturally Fractured Reservoirs

No-NF model NE model

‘ 8265 psia
5 non-competing fractures

The same amougy of water is injected from
the each injectm - Ah
1IN ' )
2600 ft 2600 ft
200 ft

7975 7975
psia psia
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1300 ft

Fracture Growth from 5 Clusters

1300 ft

Later, the center one grows longer with
narrower thickness near wellbore

75 10875 psi
72
-0.75
- 68
0.5
64
0.25 60
0 E 05 __5(7)975 psi
(after 4000 sec) (fraction) (GPa)
Damage Distribution Fracture Pressure Distribution
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Multiple Fracture Growth with NF

Damage Distribution Fracture Pressure
Distribution

75-
E?Q

—68

Eoo
55 =20

(MPa)
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Conclusions

A new peridynamics based hydraulic fracturing model
was developed by modifying the existing elastic
formulation to include poroelasticity and coupling it with
the new peridynamics formulation for fluid flow.

* This model can simulate non-planar, multiple fracture
growth in arbitrarily heterogeneous reservoirs by
solving deformation of the reservoir, fracturing fluid
pressure and pore pressure simultaneously.

* The validity of the model was shown through comparing
model results with analytical solutions (1-D
consolidation problem, the KGD model, the PKN model,
and the Sneddon solution) and experiments.
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Conclusions

* The effects of different types of layer heterogeneity on
fracture propagation were systematically investigated.

* The factors controlling characteristic fracture propagation
behaviors (“turning”, “kinking”, and “branching”) near the
layer interface were quantified.

* In layered systems, the mechanical property contrast
between layers, the dip angle, the stress contrast and
poroelastic effects all play an important role in controlling
the fracture trajectory.

* It was shown that even at the micro-scale, fracture
geometry can be quite complex and is determined by the
geometry and distribution of mineral grains and their
mechanical properties.
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Conclusions

* The principal stress difference, the approach angle, the
fracture toughness of the rock, the fracture toughness of
the natural fracture, and the shear strength of the natural
fracture when hydraulic fractures interact with natural
fractures.

« The 3-D interaction study elucidated that the height of
the NF, the position of the NF, and the opening
resistance of the NF have a huge impact on the three-
dimensional interaction behavior between a HF and a NF.
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Future Work

 Improvement of Computation Efficiency

> Integration of peridynamics models with finite element models

» More efficient solvers, pre-conditioners

« Model Extension/Improvement
» Non-Newtonian fluid
» Proppant transport

o Effect of heterogeneities at different scales

» How smaller scale propagation behavior affects the larger scale
propagation behavior
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Project Schedule and Outcomes
N

Assigned Year 1 | Year 2 Year 3
Resources
Task name / year Qtr4|Qtrl (Qtr2|Qtr3|Qtr4|Qtrl|Qtr2|Qtr3|Qtr4|Qtr1|Qtr2|Qtr3|Qtr4

Task 1 Project Management & Planning 0.5 GRA

Milestones 0.25 PI I

Technology Status Assessment Report é

Task 2 Formulation of the Fracturing

Problem in Peridynamics 1 GRA

Milestones 1 mo PI

Model completed and documented 0.5 PR 'S

Publication #1 o VN

Publication #2 o

Task 3. Development of a New Generation
Hydraulic Fracturing Code: UT-MULTIFRAC 1 GRA

Subtask 3.1
Subtask 3.2
Milestones 1 mo PI

Alpha version of the code delivered 0.5 PR PN

Tested final version of the code delivered

PN
Task 4. Application of the new UT-
MULTIFRAC code to field data
Milestones
Comparison of code with field data, report A
Publication #3

o

o

Task 5. Development of fracturing

guidelines based on new simulation

results

Milestones

Complete guidelines for fracture designs

Publication # 4 A

GRA = Graduate Research Assistant; PR = Postdoctoral Research Associate, PI = Principal Investigator



Project Schedule and Outcomes
N

Planned Actual Comments {Progress toward achieving
Milestone Title/Description Completion = Completion Verification Method milestone, explanation of deviation from plan
Date Date etc.)
Task 1 Project Management & Planning
Milestones
Technology Status Assessment Report 9/30/13 6/28/13 PMP document
Task 2 Formulation of the Fracturing Problem in Peridynamics
Milestones
Model completed and documented 9/30/14 Expected Q2, 2016
Publication #1 11/30/14 1/1/15 Paper publication submitted DOI: 10.1007/s00466-015-1123-8
Publication #2 8/31/15 8/31/15 Paper publication submitted Paper SPE # 173361 presented at HFTC 2015,

DOI 10.2118/173361-MS, and two technical
presentations at the 13th US National Congress
on Computational Mechanics. July 2015.

Task 3. Development of a New Generation Hydraulic Fracturing Code: UT-MULTIFRAC

Milestones
Alpha version of the code delivered 3/31/16 Provide in quarterly report Code will be delivered Q1, 2016
Tested final version of the code delivered 9/30/16 Provide in quarterly report Code will be delivered Q3, 2016

Task 4. Application of the new UT-MULTIFRAC code to field data

Milestones
Comparison of code with field data, report 3/31/16 Provide in quarterly report Currently working on it. Available Q1 2016
Publication #3 6/30/16 Publication available

Task 5. Development of fracturing guidelines based on new simulation results

Milestones
Complete guidelines for fracture designs 6/30/16 Provided in Publication #4 and Final Report
Publication # 4 6/1/16 Publish results/findings in paper publication Provided in Publication #4 and Final Report

Final Report 12/31/16 Final report



Impacts
N

* Both the modeling and the fracturing recommendations from this work are expected to
have an immediate and long-term impact and benefit.

* The developed fracturing model and procedures would be applicable to all shale oil
and gas resources that are more likely to have natural fractures and consequently
result in more complex fracture patterns.

* This realistic model of hydraulic fracture propagation will allow better understanding of
- the effects of fracture design on the stimulated rock volume and
- well performance to potentially improve fracture and well design.

* Both items above should result in significant performance improvements and cost
savings thereby allowing more wells to be drilled for the same annual budget.

* Cost reductions and smaller overall footage drilled will result in more economic wells
and longer economic well lives resulting in a 5 to 10% increase in the recovery of oil
and gas from these unconventional plays.



State-based Peridynamic Formulation
Derivation (1)

: . plx] =
Classical model: V.( p K[x]-VCD[x]) +r[x]=0 lMuItipIied by Test function

Develop its variational problem and infer the quadratic functional
I[x] = j Z[VCD[X]]dVX—fr[x]CD[x]de
B B

Z|vo[x]] = %Vd)[x]. (#K[x]. Vd)[x]).

Remove restrictions on Z

«  Remove Locality:  let Z depend on points x’ finite distance away from x

«  Remove Continuity: let Z admit discontinuities in @

7 =27=2(0kx"), o), x,x) We want to express Z as a
function of potential

Z(®', 0,x',x) difference and position

T - difference instead of
Z((CD ), (x x)) partial differentiation

(g, g) form

Il
N



State-based Peridynamic Formulation
Derivation(2)

Assume peridynamic analogue of the quadratic functional

ilx) = | 2[oplav, - [ rixlelxds,  @lxE = o] - @l
B B
Minimizing this formulation gives us peridynamic fluid flow formulation

The stationary value of I[x] at 6I[x] = 0 leads to peridynamic equation

Fréchet derivative: 62 lg[x]] = [LVZ(§).5D(§)dV,/

arbitrary

51[x] = fB ( fB (~P2[x(8) + V2[x'{~§)) AV, + r[x]) 5c1>/x]dvx =0

QLX) = —72[x1(8)

Peridynamic model: %(p[x](b[x]) = f}[x (Q[x](f) — Q[x’](—f)) dV, + R[x]




f[ (mlflx]?:;tﬁlxl)]ﬁdrlxldﬂ +fr[x]ﬁ¢[.t|d'l.a’x:£].
B B

f[wmn. (%Hlxl?dﬁlxl)] dVy — frlx]ﬁ:#lxldh:ﬂ,
B B

B[s®|x], ®[x]] - I[s@[x]] =0,
5lx) = B[s@[x], ®x]] - I[s®[x]] =0,

1 1
311x] = 5 3B[®[x], P1x]] - Sl[D1x]] = E[EH[:F[:], ®|x]] —r[¢|x]]] =0,

![!]=1f?¢'[xl~('ﬂnH[xl?iﬂlnl)dﬂ—fr[x]:ﬁ[xldh,
. H

=]

EX 1 -I I.-H:I
Ix) = f Z[Veix]] dVy - f Hx@Ix]dV,,  Z[Voix] =3Vl (ZKixvaix).

& ¥ Defining peridynamics way of I[x]

!|:|—fz[¢[.=r|]dh —frm{pmdvx (x| (k) = @[x'] — @[x].

B
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iZ|@[x)]| = Z[@[x) + s x]| - Z[@[x]] = VZ|x] e s@[x]. Same procedure as local
) . mocel with Frechet derivertive
.&E[g[.ﬂ]:ngIxItE:l.’iglxll:Ejdv#-,
B

sitn = [ sz[@im)av, ~ [ riseimavs,
B B

= ffE.i.’[llﬁHf#[x’]dede—ijf[xlqE}5¢|x|de- dVy —fr[xlﬁl:l-'lll]d'l-",.
B B 5 B

B
sita = [ [ (92[¥](-6) - Y20x1(€)) 50114V dVs~ [ rixisoixlavi,
B B B
=f[f{—ii|ul{£} +VZ[x](—&))dV, - le])£¢=|.t|dv,¢.
=

B

f{glx]{ﬁ} — Q[x'](—£))dVy +rix] =0.

B

8/23/2016 DOE Project Review, Sharma, University of Texas at Austin 89



Local Theory

Peridynamics Theory

1 1 2

L:L( . “) T-U —\Epu u’ l{Zﬂ,(gkk) +Ggij(9ij}J <
Y Y

Kinetic Strain Energy Density

> 5[112 Ldt:&j‘zj Ldvdt

_I jv_ Su. +—5g dvdt
J

ou, ou;
-, j -su,dtdV + j j [ [ax ax: Bdth
[ [ _ii ou; bdtdv + [ == ZS: -OU, + Zzl oL -ou. [dvdt
_.[vjt1 dt| oy : L 2 J.V =1 OX;0¢; i J.V i1 0% 08 :

finding stationary value

efa) g a
dt 8u| j=1 axlﬁgij

3 o¢ os;
< —pl. — A0, —% 1 2G6—L |=0

= j
0 A 2Ge. )=0
_57( O + gij)_

i

< —pl;

oy = ﬂgkké‘ij + ZGSij

—»pl=-V-o

j> L=L(u,&)=T-U :jB%pU-UdV -[ w

>5[ " Ldt=0["(s(T

Y (x)(&))av,
I — | J
Kinetic Strain Energy Density
-U))dt=0

[oTdt=—["] pu-sudva o
4 t JB Frechet Derivative

J, oudt=[ [ ¥ (¥ () (&)t
Inserting ™~ a¥ (Y (x)(&)) )(E)+ AY (x)(E)) - (Y (x)(2))

(x
-AY (x )(g)dV§+O(\ Y(X)@)‘Z)

finding stationary value
(Y(9)(E)

YT(X(X)@)):L\/(X( )(g)) (Y(X)@))

8/23/2016
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Local Theory

Peridynamics Theory

1[x] = j Z[Vd?[x]]dVX—Jr[x]d?[x]de <:
B B

Z|volx]] = %vqa[x].(%ff[x]. v-:p[x]).

—» Ol [X]ZO

B F.(%K[x]. FCD[x]) +r[x] =0

iix] = | Z[o[x]lav, — | rlx]®[x]dV,
i) = | Z[alx|av, — | rixiolx
[x](§) = B[] — blx]

57 |lxl] = [, 224860V,

arbitrary

—> silx = | ( [ (~uzix6 + p21xU-0) v + r[x])SfI%x]de =0
‘B B

=2 (ol 0lx]) = f,, (Qlx)(®) - Qlx')l(=£)) dVyr + Rlx]
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Results for a Benchmark Flow Problem

g-spof well paﬁern
() [ o

Steady-State
Pressure contours, (Analytical)
o () MPa
400 . g
® ® ® ® 6
® e e ® ® " )
300/
o o o B '~
: = r 2
() () () ([ ) ) Q
_____ . 4 é o > 200 [0
° ® ® ® ° 2
..... .‘ ’ , , 100¢ 4
PO ® ' e ! e ! ® "
) 0
L Injector 0
X (m)
® Producer
k :100 mD = 10_13 mz
u -0.001 Pa.s
y
N _100
3
0, &) = 00017
S
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Results for a Benchmark Flow Problem

Pressure (MPa)

o 300] \sggggg!! j

. 2

; 200t ?2

Pressure (MPa)

300 5

g 200 '—E 0

100} EEEEEEEEE 5
ﬁ( T

100 200 300
x(m)

Pressure (MPa)

Pressure (MPa)

Steady-State
~ —Classical exact at x=y
5  —Peridynamics at x=y
o —
10 .
0 100 200 300 400
x(m)
3 T
< aty=1L/2
I -
0
-1
-2 |
gl e
0 100 200 300 400
X (m)
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Constitutive Equations

® Porosity equations

Shmin

matrix
Injector V (n+1)
(n+1) _ P'—: (mJq '(n+1)_ (n)
¢ v, é {1 C (R"™-P )}
(1+ Hmlocal |( )){Cr (Pi(nﬂ) - I:)i(n))+(0mloca|_i(n+l) — Hmlocal_i(n))}
fracture
I Matrix Volume =V, v, ()

¢ (n+1) _ fi _ 9 (n+1) _0
. Pore Volume :Vp fi Vbi local _i local @ crit _damage

== Fracture Volume ¥

where,
N | @ X =X i(ml)dvj Ny X Yj y' =[x = xi]Jav;
y - { sl }: S {wn i 5] }
R CETA N {(())}
meal 1= £ Miocar i 4 Miogar _i
e = min(“yj Serit H) ”x - X; H Migcar_i = ;le{w. “Xj =X “2 de}

Fracture ® Fracture Permeability Equation
Wldth\ \ > D L, ¢, |(f =0 (lf d< dcrit)

2
2 (2L,
Initial Element Length =2 = m (if d >d;)
12 12



Constitutive Equations

* Flow between pore and fracture in a element | (x. t)

qi_inner kmi A (Pﬁ _ Pmi )
)=
bi bi HAL;

e Force Scalar State

For bonds not passing through fracture surface

L e L) (MRIL O

yj(n 1) yl(

For bonds passing through fracture surface
yJn+1 yi(n+1)
T[xi,t]<xj—xi>—T[xj,t]<xi—xj>:3Pfk{m - JHX _ H( )

-y

/'
Fracture Surface

» Flow Scalar State

For matrix
Qu % t]{x; %) = Qu [, t]{x —x; ) =

For fracture

TPii ; i _
Qf[xi,t]<xj—xi>—Qf[xj,t]<Xi_ > 2u & (P Pfi)

yo. &(Ky —0.25trace(K ;) 1)g
“ e

(P =)




How to apply constant stress boundary condition?

Constant stress boundary condition is given as a body force in the elements which
distance from the boundary is less than horizon size.

Example case: horizon size = 3 delta (boundary forces are given to three layers from the boundary)

- First layer Bound - Second layer 5
/\ «itia \ oundary Boundary
SANLF 2Rl AN
4 *, e | o L ° + ° / °
o|e|e|e|e|/ T—Bodyforce p oo oo

- Third layer . Nghos: o E
Boundary By = Z {—Brbounary F+— Hx — X HVJ ” ”
; =1 [
/ \ >/ *note that the equation above is for 3D.
R (or 20) vy =525 [ 22 -1
4 o (-} ‘ (-] (-] @ | ] g,
{ o lolele } . Ghost node
el | Actual node
~— —
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Fracture Surface Connection

We want to limit our fracture elements in 15t line even if 2" line damage exceeds a
critical damage. How?

Additional constraints for fracture flow

2" line — >
15t line — I
15t line ——
2" line — >
e Defining which surface has fracture in each element
g . /
* One element cannot have two independent frac. Surface

* New fracture surface must connecting pre existing fracture surface

= 000 X

8/23/2016 DOE Project Review, Sharma, University of Texas at Austin
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Comparison with KGD solution
(Fracture Pressure Distribution after 80 sec)

Permeability as a function of width Infinite Conductivity

Simulation Simulation

*note that Shmin = 8 MPa, Deformation is exaggerated 2000 times.



ervoir rock requires a particular boundary condition
at the tip of the fracture. This condition, for the first
time suggested by Zheltov and Khristianovitch,* and
later clarified by Barenblatt,* states that, in the case
of a fracture in mobile equilibrium propagating in a
brittle solid, the distribution of normal pressure ex-
erted by the fracturing fluid on the fracture walls must
be such that the faces of the fracture clme amooﬂa]y
at the edges. The condition of smooth g

that

dw dw : .
)i = © 1 (577),, = 0 epectivey
Barenblatt proved that this ensures that the normal-
stress component at the tip of the fracture is finite and
equal to the tensile strength of the rock. The tensile
strength can be assumed to be of negligible influence
for large-sized fractures in the practical range of over-
burden pressures (see Perkins and Krech®). Substitu-
tion of the above boundary condition in Egs. 3 and 4
leads to

b df,
V-2

=—2—S,...(S)

for the linear configuration, and

1
frp (fr) d fr

A =S . ... ®

frw

for the circular.
(Mote that if the tensile strength had been taken
into account, Egs. 5 and 6 would have been found

to be
1
fﬂ(fﬂdﬁ —T s K _
J vi—ff 27 viL’
and
1
fapUaddis K
Vi-Te S tyIRe
A
respectively,
S
B D 'ITE n in] ’, AN
in which K = l-—j’ = s o

modulus. In this expression E = Youngs modulus
and a the specific surface energy. Our theory thus

assumes that 2L > %SE and that 2R 2% re-
spectively.)
uations for Fracture Width and Shape
approximate solutions for the
sets of equations (Egs. 1, 3, 5 and Egs. 2, 4, 6) are

derived. For a linearly propagating fracture the maxi-
mum width at the origin amounts approximately to

m;ui’% ...

DECEMBER, 1969

for an average value of Poisson’s ratio, v = 0.25; and
the shape of the fracture, except in a narrow wedge-
like zone near the tip, is more or less elliptical:

wi=wi(l=f . . . . . . (8
Egq. 7 is valid for
106G
JS*D.& <<l,say <005 . . (9

This means that by combining condition (9) with
Eq. 7, the theory is valid at least for w,, < S_é- or¥e

é . For instance if G = 10° kgf/sq cm, at a depth

where § = 200 kg/sq cm, w,, must be smaller than
20mm for L = 10 m.

Under these conditions, it develops that the fluid-
injection pressure with respect to the tectonic stress
perpendicular to the fracture walls, §, is

Pe=5+ 2‘3;;’". N ¢ (1)
Because according to Eq. 7 w,, increases in propor-
tion to \/L, it is found that p,, decreases with increas-
ing fracture length and approaches S for large values
of L. Such pressure behavior is in agreement with
reported field observations. A check for the validity
of the assumption of laminar flow is that the Reynolds
number, Ng,. equals @ p/h p less than 1,000, where p
is the liquid density.

For a radially propagating fracture, the maximum
width at the wellbore, again for » = 0.235, is approxi-
mately

w,=2ULQ—R T 8]

and the shape is parabolic except for a narrow zone
near the tip:

wr=ws(l—f) . . . . . . . (12
Eqg. 1213\'&]16{014’*5?; < < 1, again say
< 0.05, or wy < Sé‘,

The fluid pressure at the entrance of the fracture
(r = R,;) decreases with increasing fracture radius R
according to

pe=5— -2 1n fy.
In terms of the Reynolds number, laminar flow con-
ditions are now fulfilled provided Ng. equals Q p/
2w rp less than 1,000. The fracturing fluid will
usually behave in a laminar fashion, except in a cer-
tain area near the wellbore. As long as this area is
limited to a few well radii, it will hardly invalidate
the theory given.
Effect of Formation Permeability
on Fracture Dimensions
Communication between fracture volume and the

1573

Ref' Geertsma, J., and de Klerk, F. 1969. A rapid method of predicting width and extent of hydraulically

r = radial distance
§ = tectonic stress normal to fracture
plane
S, = spurt loss
t = pumping time
at = time of exposure to fluid loss
u = rate of fluid loss per unit surface
area
= fracture volume
w = fracture width
x = longitudinal distance
§ = penetration depth of fracturing
fluid in formation
= fluid viscosity
v = Poisson’s ratio of formation

p = fluid density
r=1I- Al
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Fracture Width Determination for a

Linear Mode of Propagation

The behavior of a linearly propagating fracture has
been considered in some detail by Khristianovitch and
Zheltov.** A conformal mapping technique was used
for finding the displacement field. We give here a

induced fractures. J. Pet. Tech. 21:1571-1581.

simplified approach that leads to the practical for-
mula, Eq. 7. To this end, we assume a plausible pres-
sure distribution in the fracture and calculate from
Eq. 3 the fracture shape, and from Eq. 1 the pressure
distribution in such a fracture. This will show whether
or not the assumption is acceptable.

Barenblatt's condition that closure must be smooth
implies infinite flow resistance at the very tip of the
fracture, so that pressure here must be zero. Since
with h cl the i width is
more than proportional to the dlstanca from the tip,
the pressure gradient decreases by at least the third

power of the distance (see Eq. 1). It therefore rapidly
becomes very small, and it is plausible to approximate
the pressure distribution in the fracture by the dis-
continuous one*

p=plor0<fi < fr
p=0forfi, <fu <1,

where we suppose, a priori, {1, — 1. Barenblatt's con-
dition equation (Eq. 5) gives, with such a distribution,

(A-1)

The fracture shape resulting from this pressure dis-
tribution follows from Eq. 3

1= (LYY
_2(1-v- fo A1 = fu?) |
w e pL| fuln e i 1—)';_’)'3

f:. 1- i“:
1~ (1=t
~ fe ]nll +%I —I;:?)]hJ

(A-2)

This shows that the maximum fracture width at the
wellbore amounts to

_ 20 -v- (1 = fuot)% + 1
w"'Tpo“"an

For f., — 1 this reduces to
o B B 1 g VTR

whereas a good approximation of the equilibrium
condition (Eq. A-1) is

- 2 - R
P —s)—‘TPhu V1= i
Combining the last two approximations leads to
wem 2020 1 G-,
For a given pressure in the fracture in excess of the
tectonic stress, the Eracﬂ.lm wndth at the origin is thus

to a first app ofh,.ae.n
does not depend on the extent of the region of zero

*This approach to solve the problem, wm.d for lM first time
in Ref. 12 is void near
the tip of the fracture. However, only ih. pressure is nﬂ. at laast
in our theory. The fracturing extends right to the tip of the fracture
with a local stesp pressure gradient,




Parallel Performance
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Biot Consolidation Validation

Stress = 10 MPa

Y Constant pressure boundary
(Pb =0.1 Mpa)
/> X A
¢ Young’'s modulus (GPa) = 30
®  Poisson’s ratio = 0.25
Roller no-flow N
boundary Porosity =0.02

¢ Permeability (mD) = 6
®  Biot coefficient = 0.6667
® Initial pore pressure (MPa) = 3.82

h )

Fluid: Water

Fixed no-flow
boundary

Jaeger J.C et al, Fundamentals of Rock Mechanics, forth edition, 189-P194
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Results: Pressure and Deformation

—> X
PRESSURE(MPQ) PRESSURE(MPa)

38 3.8

time <0 time >0
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Shear Failure Model in Peridynamics

Disassembling original force vector
state into two directions

- Deleting tangential force vector state
once shear failure criteriais satisfied

Natural Fracture
Surface

—”Z"
4”’\nNF HnNF H:l
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Results
(Case 2: Lower Half NF)

4.000e+01

/
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Results
(Case 4: Middle Half NF)

—0.375
0.1875
0.000e+00

FRAC_PRES(MPa)

Lrerrree

aauuaut s (ITIR

FRAC_PRES(MPa)
§.200e+01

4.000e+01
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Investigation of Fracture Propagation
Behavior in 3 Layers

If the layer is sanded by the two different
Young’s modulus layers, the fracture always
propagate more to the softer layer at first.

V

However, after reaching the layer interface
with the low Young’s modulus layer, the
fracture propagation behavior changes with
mechanical properties of each layer.

Which parameter governs the preferential
fracture propagation direction?

oject Review, Sharma, University of Texas at Austin 106



Model Description

Oy |:> 10 cm
O-HZ |:> 10 cm
oo [> 10em E3, KIC3
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Results

Which parameter controls the preferential
propagation direction?

E 40/20/10 GPa, E 20/40/10 GPa, E 40/10/20 GPa, E 40/12/10 GPa,
KIC 0.707/0.5/0.354 MPa m0.5 KIC 0.5/0.707/0.354 MPa m©> KIC 0.707/0.354/ MPa mo5 KIC 0.707/0.5/0.354 MPa m©95
Sxx 40/40/40 MPa Sxx 40/40/40 MPa Sxx 40/40/20 MPa Sxx 40/40/40 MPa
(Ge 11.7/11.7/11.7 J/m?2) (Ge /11.7/11.7 3/m?2) (Ge 11.7/11.7/ Jim2) (Ge 11.7/19.5/11.7 J/m?)

E 40/20/10 GPa, E 40/20/10 GPa, E 40/20/10 GPa, E 40/20/10 GPa,
KIC 1.2/0.5/0.354 MPa m©5 KIC 1.6/0.5/0.354 MPa mO0.5 KIC 0.707/0.5/0.354 MPa m0.5 KIC 0.707/0.5/0.354 MPa m©->
Sxx 40/40/40 MPa Sxx 40/40/40 MPa Sxx 45/40/40 MPa Sxx 50/40/40 MPa
(Gc 23.4/ 111.7) (Gc 33.8/ 111.7) (Gc 11.7/ /11.7 J/m?) (Gc 11.7/ /11.7 J/Im?)
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Theoretical Consideration
(Critical Displacement)

To break a bond, how much deformation is necessary?

¥’

_ch _9KI02 (1_V2) _ “(t'inal) * R . _ £E+47
ST s o = [) T () =T [x\ (-8 dn

ux' 1]
If @.>w., bond will break.
background force vector st

ufx, f]

T pefe) = e a0 :

For the simplicity, here we neglect back ground vector state term and poroelastic effect.

2((K ejgj inserting e’ {£)=e(g)- gx{2)
) =] en(e) e )

_——e(@)=le [

m= J':'[;”@rzrd(pdr = %‘4

- Q{E(m( —SG)9+869HM//
[m(3 & -+

If we assume Poisson's ratio = 0.25 and »=10for the simplicity, the equation above
becomes the function of E and delta.

3
8] 2l +nl-Ie | ts

48E
R S el

[+ 575" &+

(el —[e])
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Theoretical Consideration

o, =Io"(t“"a'){[* [x.t](&)-T"[x"t](-¢ >}an <_§_»
~ paltia) 96E S4m
—IO 505 (||2’; '1” ||§||) ||§+ ”

If we consider the element separation in the same

direction as & ,

o, = [T [t () - T [xt)(-8) )

A
v

tf | 96E +
<[ oy e nl=lel) o
ane The critical displacement for
Il breaking a bond is proportional to
. > o,
48E ” ” 9K,.” (1_V2)
5765° 45°E
15K % (1-v*)5
@nnn>J .
Kie [450
< nl> =256
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K/E and horizontal stress control the
preferential stress direction.

E 40/20/10 GPa, E 20/40/10 GPa, E 40/10/20 GPa, E 40/12/10 GPa,
KIC 0.707/0.5/0.354 MPa m0.5 KIC 0.5/0.707/0.354 MPa m°> KIC 0.707/0.354/0.5 MPa m?5 KIC 0.707/0.5/0.354 MPa m°>
Sx 40K {40 MPa Sxx 4 140/40 MPa Sxx 40/40/40 MPa__ Sxx 40/40/40 MPa
(KIC/EsO 018/ /0.035) (KIC/E ’0 018/0.035) (KIC/E 0.018/0. 035/ ‘ (KIC/E 0.018/0.04[(0.039\

E 40/20/10 GPa, E 40/20/10 GPa, E 40/20/10 GPa, E 40/20/10 GPa,
KIC 1.2/0.5/0.354 MPa m° KIC 1.6/0.5/0.354 MPa m0.5 KIC 0.707/.5/0.354 MPa m0.5 KIC 0.707/0.5/0.354 MPa mo5
SXx.40/0/40 MPa Sxx 40/40/40 MBa ~ Sx 45)40/40 MPa — Sxf 50/410/40 MPa- —
(KIC/E.0.03/.025/0.035) (KIC/E 0.04/0.02/9.035)" (KIC/EQ-018/%.024/0.035) (KiC/E 0:0{8/0.025/0.035)"
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