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In situ Geological Stresses
* Normal Assumption — Vertical and Horizontal stress orientations
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Normal Faults and Fractures
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e If there has been no tectonic activity, o, is less than o,

* In sands, the ratio K’ (defined as the ratio of horizontal to
vertical stress, 6',/c’,), can be as low as 0.3, usually 0.4 —

e Shales have a low angle of friction, usually K’_ is 0.6 — 0.8,
even as high as 0.95 in muds
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Hydraulic Fracturing Test (HF)
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bottomhole pressure

The Basic HF C\/clleD
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P.-Pgp - Break-down pressure

P, - Fracture propagation pressurel
P._p;sip - Instantaneous shut-in pressur
PcL - Fracture closure pressure

Pr —a, Ap from flow effects
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_Stop pumping__ Y
& shut-in
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| Initial pressure in the borehole (>p,):

time (constant pumpingf)
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P, - Fracture Reopening pressure
pPisie- Instantaneous shut-in pressure
pcL- Fracture closure pressure

T, - Tensile resistance to fracture

The Basic HF Cycle
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Hydraulic Test On Pre-existing Fractures (HTPF)
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Hydraulic Fracturing (HF)
Enhanced oil / gas recovery technique
1)  Fluid flow inside the fracture
2)  Mechanical deformation of the surrounding rock
3) Exchange of fluid between the fracture and porous medium (infiltration or leak-off)

4)  Propagation of fracture (HF is a moving boundary problem)

R

Dr. Hasan Ghasemzadeh 28
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Hydraulic Fracturing (HF)
Enhanced oil / gas recovery technique

HF proved to be successful in stimulating hydrocarbon reservoirs.
Currently used for all types of reservoirs from unconventional (very low
permeability) oil-shale or gas-shale to high permeability sandstones.

*60% of the newly drilled wells are hydraulically fractured.

* environmental effects such as:
* contamination of underground fresh-water reservoirs
* increasing the level of regional seismicity.

Dr. Hasan Ghasemzadeh

29
29

Hydraulic Fracturing (HF)
Enhanced oil / gas recovery technique

Typical HF operations at the field require:

* Perforating Gun (detonation)

* Injecting Fluid

* Proppants (sand)

* Other fluid additives (gelling agents, breakers)

* Injection pumps
Perforating Cement
Gun |

Detonation
Cord

/ Dr. Hasar‘Gh_asemzadeh
30 Charge Casing Formation

Petroleum GeoMechanics 15
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Hydraulic Fracturing (HF)
Enhanced oil / gas recovery technique

Dr. Hasan Ghasemzadeh 31

Hydraulic Fracturing — Stress Effect

Stress regime is the dominant factor controlling direction and
height growth of hydraulic fractures.

Reverse Stress Regime

G = O pimax G2 = Ohmin

Hydraulic fracture

The hydraulic fracture is horizontal.

Dr. Hasan Ghasemzadeh
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Fracture Growth is Complex!

Poor fluid

Horlzontal
diversion fractures Out-of-
zone
b ' growth

.,
Upward 2 — .
&frzcture‘./ .‘ Twisting
Pay
?

fractures
growth
?
“Perfect” T~
fracture
Multiple fractures T-shaped
dipping from vertical fractures

Pinnacle Tech. Ltd.
Fracture models cannot predict highly complex behavior

. . .. Dr.Hasan Ghasemzadeh ) i 33
Pay: A reservoir or portion of a reservoir that contains economically producible hydrocarbons.

Where to Frac?

* In brittle rocks hydrofracture is more likely to be
long enough to connect the highest amount of rock
volume to the parent wellbore.

*Thus, it is very important to find intervals that are
brittle, in order to maximize hydraulic stimulation.

Dr. Hasan Ghasemzadeh
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Brittleness determining Mineralogy
Approach

* Q-C-C (Quartz-Clay-Carbonate)

Quartz
BRITTLENESS % =

Quartz + Carbonates + Clays

Quartz (Jarvie et al. 2007)
/ Most
/ Brittle
3
a
>
H
g
8
>
Carbonat d L Clay
X for Ternary Plot
Dr. Hasan Ghasemza: deh

Brittleness determining
Anisotropy Method

Laminated Shale is More Ductile and
Non-laminated Shale is More Brittle

Eagle Ford éhale
{ E; 1 ‘g Laminated
é_ = g E23 Shale
el %- 7 Er (More Ductile)
] AN
i ] 114
AR
HER Non-laminated
(? ? 5 Shale
i,/ i ?.{ B % (More Brittle)
L i 1413
{ £ .'--"f {
h\ - - i; -U asan ascmza.c
(SPE 125525, SPE 132990, Schon et
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Brittleness determining
Dynamic Elastic Constants Method

Brittle rocks have higher Young’s Modulus (YM) and lower Poisson’s Ratio (PR)

Young's Modulus vs. Poisson's Ratio

10

v, =T M 00
BRITT (YMMGX - YMMm) .

PR — PRy
PR = = Max
BRI (PRyyy — PRy

_ YMpgprr + PRggprr :
- 2 Ductile Region

= _
«100 > 8

BRIT,,,

8]

0 0.25 0.5

Dr, Hasan Ghasemzadeh
(SPE 106623)

Brittleness determining
Laboratory Methods
* Punch penetration test (Saffet, 2009)

* Compressive and tensile strengths
measurement:

* Bl = (o o)/(oc+ o) (Hunca & Das, 1974)

* Bl =(o.xc,)/2

(Altindag, 2002)

Rock brittleness classes (Goktan & Yilmaz, 2005)

Class Bl Description

1 >25 Very brittle |, Bestrock to
2 15<Bl<25 Brittle 7 frac

3 10<Bl<15 Moderately brittle

4 Bl<10 Low brittleness

Petroleum GeoMechanics 19
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Hydraulic Fracturing (HF)
Enhanced oil / gas recovery technique
Fundamental Complexities of HF:

* In its simplest form,
* HF is a coupled Hydro Mechanical (HM) problem
equations of "equilibrium" and "mass conservation of fluid” .

e Thermal treatments: Thermo-Hydro-Mechanical (THM) problem
with equations of "energy"

* Chemical treatments: Chemical-Hydro-Mechanical (CHM) problem
with equations of “chemical reactions"

* Thermal and Chemical treatments: Thermo-Hydro-Mechanical &
Chemical- (THMC)

* Usually more than one P.D.E's are involved due to different nature of the
injecting fluid and the fluids inside the reservoir

39

Other Types of Complexities in HF analysis:

1- Fracture propagation criteria: Stress-based, Strain-based,
Energy-based

2- Leak-off models: 1D, 2D, filter cake

3-Proppant Movement: Non-Newtonian (dilatant) Fluid, 2-
phase flow (sedimentation), Proppant crushing

4- Single versus Multiple induced Fractures in horizontal wells

or Vertical wells

5- Change in the stress field inside the reservoir due to

depletion, existence of natural cracks, non-homogeneities, etc.

6- Crack tip issues: e.g. fluid-lag or invaded zone

Dr. Hasan Ghasemza deh 40

40
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Design Sequence of HF Operations:

Selection of the well and depth of HF operations.

2. Estimating the Volume of the injecting fluid and the sand (proppant),

and pump capacity.

3. Design of the fluid and the additives.

Simulating the geometry of the hydraulically-induced crack(s) and HF
propagation pattern.

5. Estimating the production and productivity index of the well after the HF

operations.
Generally no software can handle all the issues mentioned
above without different levels of simplifications.

The focus of this presentation is on the simulation of the
geometry and propagation pattern of the hydraulic
fractures.

Dr. Hasan Ghasemzadeh 41

Simulation of Hydraulic Fracturing:

Classical closed form models:

In deeply-seated reservoir, because of the normal stress regime S >

Sy>Sy, , thus, it is expected that the induced HF is a vertical plane

extended at two sides of the well. This simple assumption was the origin

of two classical HF simulation models.

The first model was proposed by Khristianovic & Zheltov (1955), which
was later amended by Geertsma & deKlerk (1969).

This model is currently called KGD. KGD is a two-dimensional model based

on plane strain assumption in which the height of the fracture is known as a

priori.

Dr. Hasan Ghasemzadeh 42

42
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Fracture Tip
‘/.

Fluid Flow

KGD model provides equations for calculating length of the HF, opening

(aperture) of HF, and fluid pressure inside the fracture.

Dr. Hasan Ghasemzadeh 43

43

Simulation of Hydraulic Fracturing:

Classical closed form models:

* The second classical model was proposed Perkins and kern (1961) which
was later completed by Nordgren (1972) and now is called PKN model.

* In PKN model the initial height of the crack is known which is

assumed that it decreases gradually as the crack propagates.
However, the oval shape of the cross section of the crack remains
unchanged.

Dr. Hasan Ghasemzadeh 44

44
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PKN Model:

Fluid Flow

Length and opening of the HF and fluid pressure inside
the crack can be calculated using PKN model equations

Dr. Hasan Ghasemzadeh 45

45

Simulation of Hydraulic Fracturing:

Classical closed form models:

If the reservoir is shallow, the assumption of normal stress regime may

no longer hold.

For HF in these reservoirs, occurring a Radial (Penny-shaped) fracture

plane is quite common.

The fracture plane in this model is axially symmetric and the height of

the crack at the location of the well is considered to be known.

Dr. Hasan Ghasemzadeh 46
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Radial (Penny-shaped) Model:

QO Wellbore

-
-
_.__-——"'

Dr. Hasan Ghasemza deh 47
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Model Perkins and Kern Geertsma and deKlerk Radial
Fracture xp =t xp =t R, =

Classical o o
Models’ o~ 5] o= 4]
Closed Form Go(22) os -(£5) om0 geosm

Relations: Width W, =cat'? w,, =e, ' W,y =0t
s 16

s
=[—25f’"] —3.04 c =(—53;’(] =236 =365
2 n
W= W W= yw,, W=
¥=0.628 ¥=0.785 ¥ =0.533
Net Prw =cyt'™ P =cy™? Pow = eyt ™
Pressure
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Asymptotic Analytical Approach:

* In recent years, a scaling and asymptotic framework is built to determine
the effect of the physical processes involved in HF (Detournay 2004).

* Two competing asymptotic energy dissipation mechanisms are hi-
lighted: Energy dissipated by fracture propagation and Energy dissipated
by fluid viscous flow in the fracture.

* Also, two fluid storage processes are considered: fluid leak-off in the
porous solid and fluid storage inside the crack

Dr. Hasan Ghasemzadeh 49

49

Asymptotic Analytical Approach:

The two sets of energy dissipation mechanisms in conjunction with two

fluid storage processes are associated with the following 4 asymptotic

regimes:
* Storage- toughness dominated
* Storage-viscosity dominated
* Leak off-toughness dominated

* Leak off-viscosity dominated

Dr. Hasan Ghasemzadeh 50

50

Petroleum GeoMechanics 25



K.N. Toosi University of Technology

Asymptotic Analytical Approach

* Dimensionless toughness: K k' _ 4k /N7

CEwq)t GEuQ)

E"Q,
K 14

* Dimensionless viscosity: M=y

* Dimensionless Leak-off coefficient:
1

C= 2CL ( E'.t 3 ]6
(124Q°)

51

Asymptotic Analytical Approach

Where:

* K¢ : Fracture toughness

* E‘: Plane strain plastic modulus
* W: Fluid viscosity

* Q0 :injection rate

o

C =

xR
Q

3

* K : intrinsic permeability
* C: diffusion coefficient
* 0 : confining stress
*t:time

52
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Asymptotic Analytical Approach:
After Bunger, Detournay, and Garagash (2005)

L]

Cx
58 leak-off dominated
M K
viscosity ¢ toughness
dominated ' dominated
M K|
0 storage dominated  ~ C

53

Asymptotic Analytical Approach:

Governing Equations:
Fluid continuity equation is as follows

dpw oW

+ =0
dt a5
* w:local Fracture opening

* p:Fluid density

* W: Fluid mass flow rate

*S: longitudinal coordinate (along the fracture length)
*t: time

Dr. Hasan Ghasemzadeh 54
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Asymptotic Analytical Approach:

Governing Equations (1):

Using the cubic law for fracture permeability, one obtains the
“lubrication equation”.

dpw 6(pw3 an')_
at ' as 12u 0S|

* K; :fluid pressure inside the fracture
* W :fluid viscosity

Dr. Hasan Ghasemzadeh 55
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Asymptotic Analytical Approach:

Governing Equations (2):
The "elasticity equation" is used to calculate the fracture width due to the net
pressure (local fluid pressure minus local confining stress):
C W:K(X,y,t)-p(x,y,t)-

The nonlocal Kernel function of C contains all the information about the
elastic domain. o.(x,y)

Asymptotic analytical solutions are difficult to construct because of the non-
linearity of the equation governing the flow of fluid inside the fracture and the
non-local character of the elastic response of the fracture.
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Asymptotic Analytical Approach assumptions:

* Fluid lag is Zero (high confining stresses)

* Gravity effect is neglected

* 1D. Leak-off model is valid

* Rock behavior is linear elastic

* Injecting fluid is Newtonian (constant viscosity)

* Reservoir is homogeneous.

* Coupled HM effects are neglected.

* Surrounding rock is impermeable
Although the above assumptions look unrealistic, the
asymptotic analytical solutions provide valuable insight into the

complicated and interacting phenomena of HF. They are also
useful for verification of HF numerical tools.
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Are Hydraulic Fractures always planar?

HF may not be planar when the reservoir is:

- nonhomogeneous

-anisotropic

-naturally fractured

-uncemented

-stress field changes in the reservoir

-pay zone is very different from top and bottom layer

Therefore, we cannot stop at the classical planar fracture models
or asymptotic solutions.

Pak and Chan (2009) has provided a conceptual framework for HF
geometry.
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z Multiple fractures

=
=
i

One or a few
planar fracture(s)

(a4, 0.0 Clay)

A dominant
planar fracture

(eg. Rocks)

Tensile

Low

Very slow or None

Multiple fractures
or fracture zone
[ Oilsand, Sty

Transition
area

Rough
planar fracture

tared Rocks)

Medium

Slow

Zone of tiny
interconnected cracks

(e, sand)

Oriented (clustered)
fracture zone
ly Clay,

smured Clayh

Very rough /irregular
fracture plane

(e, Meatily Fractur

Rock)

High
Medium

No Fracture

Very high

Instant drainage

Rate of dissipation of pore pressure (Consolidation)

Traction only | Traction + infiltration of injected Muid
Effect of Hydraulic Fracturing on the medium
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