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Compressive and tensile failures in vertical wells
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* Importance

Wellbore stability
Observation from the wellbore provide much information — including in situ stress

Borehole breakout

| Stress orientation, and (to some extent) magnitude

Drilling induced tensile fracture
] Shmin is the minimum principal stress
] Large difference between SHmax and Shmin
] High mud weight
¥ Cooling effect

Hydraulic fracturing
5 different from drilling induced tensile fracture

| Away from the borehole
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o Stresses in cylindrical coordinates
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Dusseault, 2012
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* Concept of “Stress Redistribution”

Illlllllllll

| elastic rocks have r|g|d|ty (stiffness)

These guys may “yield”
if they are overstressed

Dusseault, 2012



Stress concentration
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Loading condition in (reservoir) geomechanics
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-

Shmin

Figure 6.1. Principal stress trajectories around a cylindrical opening in a bi-axial stress field based
on the Kirsch equations (Kirsch 1898). Note that as the wellbore wall is a free surface, the principal
stress trajectories are parallel and perpendicular to it. Where the trajectories of maximum
compressive stress converge, stresses are more compressive (at the azimuth of Sy, in case of a
vertical well). Where the trajectories diverge, the stresses are less compressive (at the azimuth of
SNmu)-

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press
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 Kirsch solution

— Problem of stress distribution around a circular borehole was
solved by Kirsch (1898)

— Homogeneous, isotropic and elastic rock under plane strain
condition within elastic range
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Kirsch solution

2 r 2 4

o = SH max +Shmin [1_R_22]+ SH maxz_shmin (1_ 4rR2 + 3"R4JC0520

2 _ ) 4
o, = SH max;_Shmin [1_'_'?_2]_ SH max2 Shmm (14_ 3::1 JCOSZQ

2 4
Trp = Stimax ~ Shmin (1+ 2R”_3R Jsin 20

2 r? r4

R: radius of well

r: radial distance from the center
of the well

0: measured from Sy, .

Shmax and Sy pq,: Maximum and \ 1 1 l tsh -
minimum horizontal insitu '

stress

SH,max
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» Kirsch solution - Uniaxial boundary stress
— Stress concentration factor due to uniaxial stress is ‘3.

— Influence of borehole is within 2~3 times of radius

SHmax
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» Kirsch solution - Biaxial boundary stress
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By superimposing two cases,
we can obtain stress
x concentration under biaxial

Y™

stress field.
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_>
In a uniaxial stress field, the _ I
maximum stress concentration — Oy
is 3 (compressive) and —»
minimum is -1 (tensile) EE
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» Kirsch solution - Uniaxial boundary stress
— At boundaries (by putting R=r)

VR PR
St max + Shimi RZ )\ Sy nax — S R
0 /06,:&*42“((“?2],— o 4(1+ }0526’
O-r - \ - 7 - 7

Og = SH max T Shmin - 2(SH max —Shmin)C0320

Trg :O ¢

0=0, Oy =_SHmax +3Shmin

0 =90, Oy = 38H max — Shmin




Stresses concentration around a cylindrical

hole and wellbore failure

SEOUL NATIONAL UNIVERSITY

* |sotropic boundary stress
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tangential stress's;
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Distance from the center
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* Anisotropic boundary stress

Far-field
stresses
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* Increase of internal mud/hydraulic pressure

— Water pressure

— Mud pressure

— Injection pressure

(ciP)

Normalized Stress
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<>
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r: distance from the center
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* Increase of internal mud/hydraulic pressure
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* |sotropic boundary stress + internal pressure (0.9)
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Distance from the center



Stresses concentration around a cylindrical N
hole and wellbore failure

SEOUL NATIONAL UNIVERSITY

* |sotropic boundary stress + internal pressure (0.8)

| | | | |
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Distance from the center



Stresses concentration around a cylindrical
hole and wellbore failure
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* Isotropic boundary stress + internal pressure (2 or 4)

Hydraulic fracturing occur
when internal pressure is
large.

The location of the
initiation of fracture can
be decided depending on
the boundary stress

Stress (MPa)
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o Effect of temperature change - thermal stress

— Thermally induced hoop stress at the wall of cylindrical borehole

o, =0

E
Oy =—a(TW —TO)

1-v T0

Tro =0 @

a: linear thermal expansion coefficient
E: Elastic Modulus

T,: well temperature

T, reservoir temperature

ar _ @EAT

e

1l —v
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Stresses concentration around a cylindrical hole and wellbore
failure

Effect of temperature change - thermalstress """

 Thermal stress due to cold mud/water injection is important
for geothermal project

— EX) Injecting water T = 25°C, reservoir T = 75°C, Elastic modulus

=50 GPa, v=0.25, a = 1x10°/°C - hoop stress = 33 MPa < big
influence!!!
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o Stresses distribution around a borehole with;
— Principal in situ stress boundary
— Internal pore pressure (could be mud pressure)

— Temperature change

2 _ _ 2 4 2
o, = SH max +Shmin [1_R_]+ SH max Shmln [l— 4F\; + 3R JCOSZQ_,_ P R_

2 r2 2 r r* Y op?

2 r 2 4

2 _ _ 4 2
agz—SHmaXJrShmi” [1+R—2}—SHW Shimin (1+3R ]COSZH—PWR—2+—1E a(T,—To)
r r

_ ) 2 4
T,y = SH max Shmln [1+ 2R _ 3R Jsin 20

2 r? r#
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» Some insights

« Stresses distribution around a borehole is
— independent of size of radius
— independent of Elastic modulus of rocks

— Poisson’s ratio has some influence on vertical stress distribution
(in vertical hole)
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borehole breakout vs. hydraulic fracturing
\L Shmin

Borehole

Tensile stress/
hydraulic fracturing

§H max

Tensile stress/
hydraulic fracturing
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» Kirsch solution with pore pressure in porous medium

1
Fep = ; [";Hmuh + H]IJI:'I:II!I — E-Flf]

( 4R 3pRA
= |1 —

r= r

- +—_1)1:m-;3&'+ -

A

R- 1 .
1 — —,,) + E (SHmax — Shmin)

2
APR?

e
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Tag = ; I:":'H:Iﬂiﬂ + =';'.I’r|:||.i|:'| I EFI:J}

( R? 1 1
1+ J'_j) - ; ':"Uf:lnuh - -‘3.Fr|:||_in]

\

IR APR? :
x(1+—4)1:u53t'='— - — gt
r re=

1 ) 2R 3RYYN
Trg = ;{'-:'Hl:'l!lu.l. - '-';'hlfll.il:'l] 1+ T sin 26

Fi ! J"d'
5 Missing in the ebook ‘
' s
G-:_. - Sl‘ _2V(SH mx™= Sh m]n)_200526 —_ _P”
R ——
H,max
where £ 15 measured from the azimuth of Spye, and AP is the difference betwee —-—

mud weight in the wellbore and the pore pressure, Py. o AT represents thermal st
arising from the difference between the mud temperature and formation temper:
(AT). This will be ignored for the moment but is considered below. It can be st

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press
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1 2
Tpp = = { SHmax + Shmin — jpu:} (1 - ]_2) + E (SHmax — Shmin)

S[[mﬂ = 90 MPa
AR 3R APR? Stumax orientation is N90O°E (east—west)
. (1 - )fus 20+ —3 Sy = 88.2 MPa (depth 3213m)
* Shmin =31.5 MPa
Py = Ppua=31.5 MPa

P

L o , : . :
Ty = 3 (S Hmax + Skmin — 2F0) (1 + .1_3) — 3 (S Hmax — Shmin}
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Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press
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Stresses concentration around a cylindrical
hole and wellbore failure
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1 ] R? 1 .
Trr = 3 (SHmax + Shamin — 2P0} [ 1 — f_j + E (SHmax — Shmin)
4R 3pd AP for the stresses acting right at the wellbore wall by substituting - = K. In this case, the
x (1 -2 + r_") cos 26 + p effective hoop stress and radial stress at the wellbore wall are given by the following
. equation:
L . - 1 . '
oo = 35 (SHmax + Shmin — 2Fp) (1 + r_l) —3 (SHmax — Shmin ) T89 = Shnin + SHmax — 2(SHmax — Shnin) €08 26 — 2Py — AP — g7 (6.4)
X 1-I—-—)1:¢_153|5'— — — ot ) _ _
1 r= where AP is the difference between the wellbore pressure (mud weight, Pg,) and the
1 2R 3Rt pore pressure. The effective stress acting parallel to the wellbore axis is:
s = =(8 — Shmin) | 1 +— — —— | sin 2@
& 2 Hmax hunin ( rl i ) Te: = 8y — 20(Shmax — Shmin) €05 28 — Py — ot (6.6)

where v is Poisson’s ratio. At the point of minimum compression around the wellbore
(1e. parallel to Spgig) at & = 0°, 180F, equation (6.4) reduces to

O = 38 in — Sy — 2Py — AP — T (6.7)
whereas at the point of maximum stress concentration around the wellbore (i.e. parallel
Lo SHmax ) at & = 907, 270°,

ﬂ’é’:_;‘hx = 35_]-]“:3_.' -5 in 2P‘L| — AP — ﬂ-l.—lr {ﬁ-x]

himi
such that the difference between the two is

ﬂ-é;';'m - géglli = ‘4{5H_m:uc - Sluni.u} {ﬁ'g]
which corresponds to the amplitude of the sinusoidal variation of hoop stress around the
wellbore shown in Figure 6.3a and helps explain why observations of wellbore failures
so effecuvely indicate far-field stress directions. Fundamentally, the variation of stress

around the wellbore wall amplifies the far-field stress concentration by a factor of 4.

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press
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S[{m = 90 MPa

Stmax orientation is N9O°E (east—west)
D Sy = 88.2 MPa (depth 3213m)
* Shmin = 51.5 MPa

g * Py =Pnua=31.5MPa

§1ou

§ 80 . ~ AT
,% 5 Tpg = Shmin + SHmax — 2(SHmax — Shmin) c0828 — 2P, — AP — o

g 40 g = AP

T = Sy — 20(SHmax — Shmin) 0820 — Py — o af

0 % 180 270 360
Angle around the hole (from south)

ok

Mohr diagram at 0°, 180°
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Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Borehole Breakout
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« Borehole breakout

atr=R

— When stress exceed the rock strength near the borehole

1 . R? 1 .
Opr = 5 (SHmax + Shamin — 2Pp) | 1 — = + 3 (SHmax — Shanin)

4R 3p? APR?
x(l——,+—‘)c0528+ =
r= g r=

1 . R¥™Y 1 .
o0 = 5 (Stmax + Simin = 2P0) | 14 —3 ) = 5 (SHmax = Shimin)
3R APR?
x (1 + —_‘)1:0529— —— —a?T
r r=

1 . IRT 3RYY
Tt = ;{-\Hmu — Shunin) | 1+ s sin 26

2
0. =S, = 20(Siwmem Shm-m)%cosze — Py

compare
+—>

Opp = AP

6 = Stanin + Stmax — 2(Stimax — Shanin) €08 26 — 2Py — AP — g7

Oee = Sy — 20(SHimax — Shain) €08 26 — Py —a®7

U S
S e

Stress at wellbore wall

s
S

0 % 180 270 360
Angle around the hole (from south)

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press
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Borehole Breakout
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Location

— Perpendicular to maximum principal stress

] Occur in pairs in opposite direction
Opening angle of Borehole Breakout: Wg

Comprehensive analysis of borehole
breakout yields profiles of stress orientation

Characterization through logging:

— Ultrasonic image log:

| Fracture in dark area (low amplitude)

| Travel time increase when radius is increase:

— Electrical image log:(e.g., FMI)

| out of focus area (due to poor contact of
electrode at breakout)

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press

Ultrasonic Electrical
televiewer image image

maximum /
principal stress



Borehole Breakout

STRONG ROCK

WEAK ROCK

Shear stress

» Borehole stabilize with mud weight increase

— Zone of failure gets smaller

— Principle of mud weigtht control

= 2
S S

o
o

Stress at wellbore wall (MPa)
=

= Shunin + SHmax — 2(SHmax — Shonin) €08 26 — 2Py — AP — g7
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AP=0 MPa -> AP=10 MPa

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press
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Figure 6.5. (a) Stress concentration at the wellbore wall and (b) zone of compressive failure around
the wellbore (similar to Figure 6.3) when the mud weight has been raised 10 MPa above the
mudweight. Figure 6.3b compares the width of breakouts for the two cases. Note that raising the
mud weight decreases the size of the breakouts considerably. The area in white shows the region
where tensile stresses exist at the wellbore wall.



Borehole Breakout = S+ S o 2r-ar = (I}
N

progression of failure =

« Some observations:

— BB tends to deepen (instead of
widening)

— Good correlation with
theoretical prediction

— Cooling make less BB

— Effect of rock strength
anisotropy

— Effect of mud chemistry

— Penetration of mud into
fractured rock

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press

Oimay (MP2)

Figure 6.15. After the formation of wellbore breakouts, they are expected to increase in depth, but
not width. This is as shown theoretically in (a) after Zoback, Moos et al. (1985) and confirmed by
laboratory studies (Haimson and Herrick 1989). It can be seen photographically that breakouts in
laboratory experiments deepen but do not widen after formation. A shown in (b), measured
breakout widths compare very well with those predicted by the simple thoery presented in Zoback,
Moos et al. (1985) which form the basic for the breakout shapes illustreated in Figures 6.2 and 6.3
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Borehole Breakout
Rock Anisotropy
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* Rock strength anisotropy ot ..E,,,: '

can affect the shape of BB

— Due to the weak planes - E
double lobes are observed

Depth (meters)

,,,, o

BOTTOM
OF WELL

» Situation of importance

ANISOTROPIC
BREAKOUT FAILURE

— Vertical drilling through
steep bedding plane

— Highly deviated well through
near-horizontal bedding

Figure 6.16. (a) Ultrasonic televiewer image of breakouts influenced by rock strength anisotropy
associated with the presence of weak bedding planes cutting across a wellbore at a high angle.
Note that there are four vertical bands of low reflectivity rather than two as shown in Figure 6.4
(b) Cross-sectional view of a breakout influenced by the presence of weak bedding planes shows a
distinctive four-lobed shape. (c) This can be modeled by slip on bedding planes as the stress
trajectories bend around the well. (d) When mud weight is increased, the size of the breakouts
decreases.

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press
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Borehole Breakout 3
Elastic vs. Elasto-plastic analysis

+ Elastic analysis with [ om

borehole breakoutis a =t _n e
simplification o o

— Elasto-plastic analysisis = 05 1
more ideal N

1.0 1.2 1.4 1.6 1.8 2.0

— Nevertheless, elastic Radus. 12
analysis is still fairly good -
simple theory is still
powerful

Normal stress
&

3

T

Q

[e]

Figure 6.17. The area in which wellbore breakouts form around a cylindrical well can be modeled
using a total plastic strain criterion rather than a stress criterion. These finite element calculations
indicate the zone of expected breakouts assuming a critical strain level at which failure occurs
(courtesy S. Willson). (a) Strain around a wellbore assuming a strain softening model of rock
deformation (red indicates high strain). (b) Failure zone predicted using a strength of materials
approach and Mohr—Coulomb failure criterion.

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Determination of breakout orientation
from caliper log

* Caliper log

— continuous measurement of the size and shape of a borehole along its depth

— Borehole break has to be distinguished from keyseat.

] Keyset: grooves in the side of the well caused by the rubbing of pipe (asymmetrical). When there
is rapid turn of well trajectory

| Washout: enlargement of the entire wellbore (complete failure)
b.

2 Breakout Azimuth (deg) Calipers (inches)
N E ] w (1] 5 10 15 N

T
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Rider M and Kennedy M, 2011, The geological interpretation of well logs, 3 ed., Rider French
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https://www.glossary.oilfield.slb.com/
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Determination of breakout orientation from caliper Iog ty
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Example: Consistent stress direction mapped from caliper log

"~ X-STRUCTURE

%]Lf*%;

/‘ ZamioTyny

-~
o

10 mi
J

o

5 10 km
J

1

Figure 6.10. A detailed stress map of an oil field in an area of active faulting as determined with
four-arm caliper data. The length of the arrow corresponds to the quality of the data as explained in
the text. Note that while the stress field shows many local variations due to the processes associated
with active faulting and folding, these variations are straightforwardly mappable (courtesy

D. Castillo).

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Determination of breakout orientation from
caliper log
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Comparison of different methods:

Borehole televiewer, six arm caliper and

electrical imaging
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Drilling induced tensile fracture (i

SEOUL NATIONAL UNIVERSITY

* Drilling induced tensile fracture T = 3Sumin — Sy — 2P0 — AP — o7

— Local tension at the wellbore wall during drilling | =

o
o

— Will not lead to hydraulic fracturing unless mud
weights exceed the least principal stress

[
o

Stress at wellbore wall (MPa)

— Wellbore image log is the only way to identify

" 160

140

120

AP=0 MPa -> AP=10 MPa

MPa)

© 100

ore wall

Ew S S
Drilling
2
£, induced Borehole
o R breakout
Tensile -

/

fracture

0 50
Required Cy

0 50 100 150

Required Gy

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Pe’és =
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Drilling induced tensile fracture

« Examples

— Drilling induced tensile fractures
by electrical image log

— Symax Measured by drilling
induced tensile frature matches
with S, by borehole break

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press
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Drilling induced |
tensile fracture |
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Drilling induced tensile fracture
Observation at strike-slip faulting regime

SEOUL NATIONAL UNIVERSITY

* Tensile fracture and strike-slip faulting
— At M= 0.6 H:w;ﬁ+l+m3=1l

which can be simplified 1o

thll.i.l.:a =3 l:".Hl:l:ull —2.1 lFI|:-

and, for reasons that will soon be evident, rewritten as

HH.IIIJJ.. = 35I|.|:|:|||| - IPp + 0. “"l;’.ll.tlllll - Ppl"l

— Minimum hoop stress

ar

'HH.IIIJL = R‘I':;ll.tlllll - 2-FI|I

(6.16)

(6.17)

(6.18)

(6.19)

— In, strike-slip faulting stress regime, wellbore wall will go into
tension at the azimuth of SHmax even without high wellbore

pressure or cooling effect
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Drilling induced tensile fracture
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Condition of tensile failure in relation to stress regime

'ﬂ-!’:'::"IJJ“ = E'Hlun:u!l - Hlim - E-Fu — AP — I':F'ﬂ'-lI

b.
who b ey || e e A
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o
65
il LIS 720 Y00 L O N 10 W 73 0 748 N WO W
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Quality ranking system for stress indicators 4
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* Four types of stress indicators (indicated at depths)
— Earthquake focal mechanism:  3~15 km
— Stress-induced wellbore breakout: 1~4 km
— Drilling-induced tensile fracture

— Open hole hydraulic fracturing — usually at shallow depth (not in
petroleum/geothermal)

* Quality of stress indicators: A, B, C & D (D is not acceptable)

— The greater the depth interval where wellbore observations are
made

— The larger the number of observation

— The smaller the standard deviation



Quality ranking system for stress indicators
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Table 6.1. (uality ranking system

B

C

D

Earthquake focal

mechamsms

Average P-axis or formal

Well-consirained single-event
solution (M = 4.5) or average
of two well-consirained
single-event solutions (M =
3.5) determined from first
motions and other methods
€.g. moment tensor
wave-form modeling. or
inversion)

inversion of four or more
single-event solutions in
close geographic
proximity(al least one event
M = 4.0, other evenis M =
3.0)

Single-event solution
(constrained by first motions
only, ofien based on
author squality assignment)
(M = 2.5). Average of several
well-constrained composites
(M= 2.0)

Single composite solution.
Poorly constrained
single-event solution.
Single-event solution for
M = 2.5 event

Wellbore breakouts

Drilling-induced
tensile fraciures

Ten or more distinet breakout

Ten or more distinet ensile

At least six distinct breakout
zones in a single well with
sd = 207 andfor combined
length = 100 m

zones in a single well with
sd < 12* andfor combined
length =300 m. Average of
breakouts in two or more
wells in close geographic
proximity with combined
length =300 m and sd = 12°

Al least six distinct rensile
fraciures in a single well with
sd = 12* and encompassing a
vertical depth of 300 m, or
more

fractures in a single well with
sd = 20° and encompassing a
combined length = 100 m

At least four distinet breakouts
with sd = 25* and/or
combined length = 30 m

Al least four distinet tensile
fractures with sd = 25* and
encompassing a combined
length = 30m

Less than four consistently
oriented breakout or =30 m
combined length in a single
well. Breakouts in a single
well with sd = 25*

AN

Less than four consistently
oriented tensile fraciures
with =30 m combined length
in a single well. Tensile
fracture orientalions in a
single well with sd = 25"

Hydraulic fractures

Four or more hydrostatic

Three or more hydrofrac
orientations in a single well
with sd - 20°. Hydrofrac
orientations in a single well
with 20° = sd = 25°

orientalions in a single well
with sd < 12* depth =300 m.
Average of hydrofrac
orientations for two or more
wells in close geographic
proximity, sd < 12°

Hydrofac orientations in a single  Single hydrofrac measuremeny

well with 20° = sd = 25°
Dhistinet hydrofrac orientation
change with depth, deepest
measirements assumed valid.
One or two hydrofrac
orientations in a single well

at = 100 m depth

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press
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Quality ranking system for stress indicators
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« Mean borehole breakout direction

— Use cosine & sine (instead of direction directly, why?)

To calculate the mean breakout direction, &, and the standard deviation, sd. of a
set of breakouts on a given side of a well, we utilize Fisher statistics and let &, (1 =

1. ... N)denote the observed breakout directions in the range 0=360°. First, we define

Iy =cosd;, and m; = sin b, (610

Yy 3 omy
| = i=1 i=l1

and m = (6.11)
R R

R’= Z.: I+ JZ;m, (6.12)

The mean breakout direction 1s given by

m
B = tan™" | — 6.13)
(7) {

We define
N =1

k= (6.14)
N—R

such that the standard deviation 1s given by
81°

sd = — (6.15)
W k

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Thermal effect
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» Can be important when wellbore fluid is at a significantly different than

the rock

 Cooler mud pressure generate tensile stress at the wall

Transient solution
[, EAT 1 1 1 1
oo = | — — ———Inp | I ==+ — (6.20)
| 1= 2p 2 2 2p
Ca EAT 1 1 1 1
o, = | 2 o —Inp | I = (2 - — (6.21)
| 1= 20 2 2 2p
0+
1 J[41: /a2 ]
7= — f - dz
21 zlnz
Once steady state has been reached, the change in the hoop stress is given by
At G EAT .
%0 =T, * Steady state solution (6.22)

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Thermal effect
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o Effect of temperature change - thermal stress

— Thermally induced hoop stress at the wall of cylindrical borehole

o, =0

E
GHZEQ(TW—TO) .
0

Tro =0 @

a: linear thermal expansion coefficient
E: Elastic Modulus
T,: well temperature

T,: reservoir temperature

o, EAT

1l — v

AT _
el

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press

Silica content is critical for thermal
expansion coefficient

12x10°°
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Figure 3.14. Measurements of the coefficient of linear thermal expansion for a variety of rocks as a
function of the percentage of silica (data from Griffith 1936). As the coefficient of thermal
expansion of silica (~10~% °C~") is an order of magnitude higher than that of most other rock
forming minerals (~10~¢ °C~!), the coefficient of thermal expansion ranges between those two
amounts, depending on the percentage of silica.
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Thermal effect
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Multiple Mode of compressive NG
wellbore failure B %=y

g,
« Assumption in wellbore breakout about the % O
principal stress: X ‘
— (hoop stress is the maximum principal stress, o
radial stress is the least principal stress).
. T Ot
» Other modes can cause compressive wellbore |
failure Z ‘
Table 6.2. Multiple modes of compressive wellbore failure g,
Fjaer E et al., 2008
Mode o, o 03 Comment
B ogg ©0.. o,  Conventional breakout
X oc.. o, 0y Forms on opposite side of well as a conventional breakout but the
failed rock will not fall into the wellbore as o, = o>
Z O - ogg 0,  Results in failure all the way around the wellbore —, washout
X2 Oag O O-- Requires high mud weights. Failed rock will not fall into the wellbore
as o, =0,
R1 o, 0.. 04 Requires unreasonably high mud weights
R2 o, Ogs 0,  Requires unreasonably high mud weights

Fjaer E et al., 2008, Petroleum-related Rock Mechanics, 2nd Ed., Elsevier



