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In situ Geological Stresses
* Normal Assumption — Vertical and Horizontal stress orientations

Type "A" Stress State Type "B" Stress State
Overburden Stress Greatest Horizontal Stress Greatest

From, S. Bell

From, Mclean et al. 1990

50006 10000 150001

* Inclined Stresses also common, but largely ignored in many analyses
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Normal Faults and Fractures
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Extension: “pull-apart” \
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Reverse Faults and Fractures

/ \HMAX= Gy

cfhmin= Gy
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Strike-Slip Faults & Fractures

|Gv= Gy

%HMAX
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Strike-slip
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e If there has been no tectonic activity, G, is less than G,
* 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 —
0.6

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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S 30 b g (Sl i

Diagenesis effects on the strength

shear stress - 1

chemical cementation 7N

densification
(more interlock) _~~---

riginal
. K . . . sediment
cohesign iagenetic .
SVt --._ strength
“increase

: . normal
' strength stress - o',

O3 o'y increase
\ /
D

Principal stresses — see.inset 16

L -\

Petroleum GeoMechanics 8



K.N. Toosi University of Technology

B 30 > g Gl S
Erosion and Stresses
. . )
’ diagenesis 4©
o, . o~
Q ]
& /N lc v
(o}
~Q° R h
\b p
9
<
£
)
O Elastic behavior governs
o unloading because the rock
is stiff and strong; lateral
stresses increase naturally
/4
Ch
Dr. Hasan Ghasemzadeh 17
Ko 30 > g G S
anticline JSUo e
o Fes K
7 b K
A A’
B B’
u . .
2 Ao 4 Gl 5 s A5
0/ B Gkl A5 S g e (o
S -+ B-B A
, AN S SN )3 L g (g0 Tulha
2 N\ 3% oo Sl (6 e glb AT
1 — //// A — A T
_____ - Dr. Hasan Ghasemzadeh

Petroleum GeoMechanics

12/30/2025



K.N. Toosi University of Technology 12/30/2025

w0 gy o

(Heim Rule) : 468

At (6 glhenn A b il (sla 25 3L 5 Blael 53 056 cpl b
oly 5l 5 0555 (S okl 6855 gla 25 Dl blie 53 Al ad K o3le |5
22 Camds ol bl (o e sl A5 OBl 1Al @ a8 o U s s
D5 e b s e Jeol Ol analy gl SIS Sy ST sbs i
\)JJBﬂwj.xaﬁngwuﬂ(walij&wpotg

b _(litho static) L 5 eSCokaly s
i la Sl 5 s IS gl S e Cnd L5 (51 50 23 pr 0560
.\”—Mﬂ‘ﬁj‘:&j"‘

Dr. Hasan Ghasemzadeh 19

Qw30 > o by i
So3 ey el e el |5 o)l o SEa e sle A5 (6,55 Gl e

;)‘ﬁ“J“fﬁ‘_ﬁiﬂj&d\.&g&li}h;:)‘,ﬁ-ﬁch&fc\.&éi}

20

Petroleum GeoMechanics 10



K.N. Toosi University of Technology

SHIIMD Skl — > g S S
‘ ! Sl S 5l e 55 LS 5 Jles!

Hydraulic Fractures Test (HF) Jd> sl S 5 slowl U

Hydraulic Test On Pre-existing Fractures (HTPF) 3 g2 90 v S 5 0Ad350 L

sFolsdy | - ua;;...‘;.a_;...o&a_ﬁfﬂgl,..,wdﬁfa;ml
— T S S 058 5 ebss (b S obnl 05 @l

wie )3 397 g0 Sbrp sla A5 4 D315 B3

sdal 392 sl S5 Lok 5b 03 shwly (5 amlone 5 odaline

#;09
> _
% ~ S 33k Gee b @3U gle £S5

(J;A}l._»s «U?Oﬁ);bw)'

;:tucdu?j; sl b
T ol sl (BB B glens
Ko 5l 039 = (6 25
Sl (B3 Gas b i O ks
> S

Hydraulic Fracturing Test (HF)

S5 lsk s S pblis g
SLS 51 e 53 55k JS L O Slay baw g K 2SS
5“;\.&;.‘.«!\.3_}&1;-‘5;&5\.;‘1)&3-5

Impression Packers s K8 sl S
Borehole Televiewer g 5W3 05,5 sl o) s0

Tl Cus gl
. L5 b sl
5 (453 Yo r YL Dol esladl 398 s )l > 4 s

- . N i
. - 2SS 5 as d ),
Sy «-*— - s A.ﬂ.ogaj‘_,p %;.:l,rl‘,s:.;‘,a.\:&&,l:é,
» -

OB

Petroleum GeoMechanics

12/30/2025

1"



K.N. Toosi University of Technology

The Basic HF Cycle

Afpc
P.-Psp - Break-down pressure
P, - Fracture propagation pressureL
o P._p;sip - Instantaneous shut-in pressur
5 PcL - Fracture closure pressure
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The Basic HF Cycle
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FPP
P
LT
FCP ¢
= LT = Limittest “'?',:\
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FIT = Formation integrity lest ~ - .
FBP = Farmation break-down pressure N
FPP = Fracture por ion pressure /‘\‘}
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Hydraulic Fracture Cycles

Cycle 1

Cycle 2

Cycle 3

Pep- Break-down pressure

P, - Fracture Reopening pressure

bottomhole pressure

pcL- Fracture closure pressure

pisip- Instantaneous shut-in pressure

T, - Tensile resistance to fracturetime (constant pumping)

R
virgin pore pressure
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The Basic HF Cycle
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Time (Volume of mud pumped in borehole)
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Hydraulic Fracturing Test (HF)
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Hydraulic Fracturing Test (HF)
Fracture direction
\\
— | !
30-4-4 153-4-7 153-6-7 152-7-7
VH=4:1 V:H=1:1 V:H=1:3 V:H=1:6
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Hydraulic Test On Pre-existing Fractures (HTPF)
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Cornet(1986)

Hydraulic Fracturing (HF)

1) Enhanced oil / gas recovery technique

2) In situ recovery of valuable mineral

3) Pr_egonditioning and Blasting in hard rock
mining

4) Geothermal energy

5) Adjust ground stress

Dr. Hasan Ghasemza deh 30

30

Petroleum GeoMechanics

12/30/2025

15



K.N. Toosi University of Technology

1)
2)
3)
4)

Hydraulic Fracturing (HF)
Enhanced oil / gas recovery technique

Fluid flow inside the fracture
Mechanical deformation of the surrounding rock
Exchange of fluid between the fracture and porous medium (infiltration or leak-off)

Propagation of fracture (HF is a moving boundary problem)

Dr. Hasan Ghasemzadeh 31
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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 32

32
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Hydraulic Fracturing (HF)
Enhanced oil / gas recovery technique _

Typical HF operations at the field require:
* Perforating Gun (detonation) I &
elling Agents

* Injecting Fluid —
* Proppants (sand)
* Other fluid additives (gelling agents, breakers)

* Injection pumps
i Perforating. “Cement
Gun ]

Detonation
Cord

Jet
33 Charge Casing Farmation

Dr. Hasarl Ghasemzadeh
I.

Hydraulic Fracturing (HF)
Enhanced oil / gas recovery technique

Dr. Hasan Ghasemzadeh 34

34
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Hydraulic Fracturing (HF)
Enhanced oil / gas recovery technique

e ety gl b

Hydraulic Fracturing — Stress Effect

Stress regime is the dominant factor controlling direction and

height growth of hydraulic fractures.
Reverse Stress Regime

G1 = Otmar G2 = Opmin

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 i 37
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 % =

X for Ternary Plot
Dr. Hasan Ghasemzadeh

Quartz + Carbonates + Clays

Quartz (Jarvie et al. 2007)
Most
Brittle

s

a

Fud

g

kS

>

Carbonat d L Clay

Brittleness determining
Anisotropy Method

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

Resistivity Porosity Slowness

Eagle Ford $hale

i oW gl

o YA

15 ?
ﬁasan EJ hasemza

I

R GuAe Ny

(SPE 125525, SPE 132990, Schén et al. 2006)

A Non-laminated
o [T

Laminated
Shale
(More Ductile)

Shale
(More Brittle)
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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 21
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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

Dr. Hasan Ghasemzadeh 43

43

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 44

44
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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.

Dr. Hasan Ghasemzadeh 45
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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 46

46
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Geometry and propagation pattern of the hydraulic fractures

KGD Model: &~
Sk

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 47
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Geometry and propagation pattern of the hydraulic fractures
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 48

48
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Geometry and propagation pattern of the hydraulic fractures

PKN Model:

Fracture Tip

Fluid Flow

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

Dr. Hasan Ghasemzadeh 49
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Geometry and propagation pattern of the hydraulic fractures

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 50

50
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Geometry and propagation pattern of the hydraulic fractures

Radial (Penny-shaped) Model:

QO Wellbore

Dr. Hasan Ghasemzadeh 51

51

Geometry and propagation pattern of the hydraulic fractures

Model Perkins and Kern Geertsma and deKlerk Radial

T . = p WS P——e-l k] R £l
Fracture Xp=op Xp=eopf R =yt

Classical U ey .
Models’ [wJ [w_J o = ¥
Closed Form < :(5625‘]“5 =054 A :(%]J”’ =0539 ¢ =0572

Relations: Width W, =o' w,, =e, ' W, =t

2560 5376
=[_n: ] —3m ; =( ﬂs’] =236 =365
Wo=pw W=y, W=
¥ =0.628 ¥ =0.785 v =0.533
Net Prge =0t Py =03t ™" P =3t
Pressure
- £ RS TL}
| B K s ey 13 ey )
€3 =¢ BL h;‘ ] £'3=<';(E 'P}I <3="3{_E "“)w
) 80\ R ) a1y i i}
‘of.ﬁLFclas;n&a%ah “ ‘[G:' =109 =251

52
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Geometry and propagation pattern of the hydraulic fractures

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 53
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Geometry and propagation pattern of the hydraulic fractures

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 54

54
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Geometry and propagation pattern of the hydraulic fractures

Asymptotic Analytical Approach

« Dimensionless toughness: K k' _ Ak /T

@)t CE Q)

1 E'3 'Qo
K|4

* Dimensionless viscosity: M=y

* Dimensionless Leak-off coefficient:
1

C= 2CL ( E'.t 3 ]6
(124Q°)

55

Geometry and propagation pattern of the hydraulic fractures

Asymptotic Analytical Approach
Where:

* K¢ : Fracture toughness

* E‘: Plane strain plastic modulus

e W: Fluid viscosity

* Q0 :injection rate

C =

xR

e

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

56
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Geometry and propagation pattern of the hydraulic fractures

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  ~¢ JC
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Geometry and propagation pattern of the hydraulic fractures

Asymptotic Analytical Approach:

Governing Equations:
Fluid continuity equation is as follows

dpw OW

+ =0
ot a5
* w:local Fracture opening

* p:Fluid density

* W: Fluid mass flow rate

*S: longitudinal coordinate (along the fracture length)
*t: time
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Geometry and propagation pattern of the hydraulic fractures

Asymptotic Analytical Approach:

Governing Equations (1):

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

dpw 6(pw3an')_
ot os

as\12u as )

* K; :fluid pressure inside the fracture
* W :fluid viscosity
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Geometry and propagation pattern of the hydraulic fractures

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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Geometry and propagation pattern of the hydraulic fractures
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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Geometry and propagation pattern of the hydraulic fractures

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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Gedmetry and propagation pattern of the hydraulic fractures
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Traction + infiltration of injected fuid

Effect of Hydraulic Fracturing on the medium
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