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Importance

g«(t

 Many boreholes are horizontal, highly deviated from vertical or have complex
trajectories

 Difficulties
— Four-arm calipers track key seats in deviated borehole
— Breakout/DITF direction different from vertical well

— Pattern of DITF occur in en echelon at an angle to the wellbore axis. Hard to distinguish
with natural fractures

* Extend the theory developed in vertical well to arbitrary orientation
— Dborehole breakout and drilling induced tensile fracture (DITF)

— Assume S1, S2, S3 are in horizontal and vertical direction
(however, this condition can be relaxed)

https://www.netwasgroup.us/engineering-4/workbook.html
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Principal stresses are not aligned with the wellbore axis
— Geographic coordinate: X, Y and Z
— Stress coordinate: X, Y, and z,
— Wellbore coordinate: x,, y, and z,
Oumin & Oymin: PriNCipal stresses acting in a plane tangential to the wellbore wall
— w: angle between the axis of the wellbore and plane normal to 0,

— O: measured from the bottom in clockwise direction
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State of stress surrounding an arbitrarily
deviated well
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 Orientation of deviated borehole in stereonet

— Vertical, horizontal and arbitrarily oriented borehole

d.
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to the r)!ﬂ':’)_ — Vertical Well Lower hemisphere projection
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» Borehole breakout and DITF location and pattern is more
complex in deviated well

— Position of BB:

— magnitude and orientation of principal stresses + borehole
orientation

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



State of stress surrounding an arbitrarily {f
deviated well [

(b)

» Transformation from stress coordinate system (X, Y, and z ) Global
coordinate system (X, Y and Z)—> wellbore coordinate system (x,, Y,
and z,)

§ 0 0 WS (x ', ) wsC '>\/ Y) 'wﬂ G- Sul9
S.=|0 % o0 &.1) D) i 9wt
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To rotate these stresses into a wellbore coordinate system we first need to know how to

transform the stress field first inlo a geographic coordinate system using the angles o,
B, ¥ (Figure 8.1¢). This is done using Wt Smi >
X
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To transform the stress field from the geographic coordinate system to the borehole

system. we use Nsg
', X Ys )
wl|=R|¥ (8.4) Ts
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With R, and R, defined, we can define the stress first in a geographic, §,. and then in ‘j b = Ay — g b — R L S’ " RJ
a wellbore, 8, coordinate system using the following transformations 7

T — 5 75 0
S =R.S.A, (8.6) C 8.4) =RuRs S5 Rs' Ry

.RTS.R, e — e
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State of stress surrounding an arbitrarily
deviated well
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« Stresses acting at the borehole wall

e = 33 — 20 (01| — o) CO8 260 — dverp s1n 26

Oag = 0 + 0 — 2oy —on)cos 28 — 4oz sm 28 — AP
Tg. = 2 {0y CcO8H — gy 510 8)

O = AP

and Loback (1995). The principal effecuve stresses around the wellbore are given

by

] IlI & -
Timax = ; T + Ogp + 1|r" {J:_' — Oga )~ + 41-.-::

; a.
Timax = ; (J:: + gga — 'h"ll{'ﬂ-:: — g8 F + 41—3:)
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Failure of arbitrarily deviated wells @@
* Tendency for the initiation of wellbore breakout in wells of different

orientations for normal, strike-slip and reverse faulting stress regimes

(3.2 km)

 Normal faulting stress regime
— Deviated holes in Sy, are more likely for BB initiation Most 20b

— Wells highly deviated in S, ;, are more stable than vertical well

Most unstable/

N

%

Rock strength required to
prevent breakout initiation

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press
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Required Cy

SHmax =67 MPa

Shmin = 45 MPa

S, =70 MPa

P, = 32 MPa

Pmud = 32 MPa
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Failure of arbitrarily deviated wells
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Tendency for the initiation of wellbore breakout in wells of different

orientations for normal, strike-slip and reverse faulting stress regimes
(3.2 km)

Strike-slip faulting stress regime

— Vertical holes are more likely for BB initiation b.  Strike-Slip

— Horizontal wells drilled in Sy, direction are most stable

s i
100 120 140 160 180
Required Cy
SHmax =105 MPa
Shmin = 55 MPa

Rock strength required to Sv =70 MPa
prevent breakout initiation Pp = 32 MPa
Pmud =32 MPa

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press
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Failure of arbitrarily deviated wells
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* Tendency for the initiation of wellbore breakout in wells of different

orientations for normal, strike-slip and reverse faulting stress regimes
(3.2 km)

* Reverse faulting stress regime

— Horizontal wells drilled in S, direction are most unstable S

Most unstable

— Subhorizontal holes in S, direction are more stable

Most stable "

220 240 260 280 300

Required Gy
SHmax = 145 MPa

_ Sy =70 MPa
Rock strength req.w.r(.adlto Pp = 32 MPa
prevent breakout initiation
Pmud = 32 MPa

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press
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Failure of arbitrarily deviated wells ()
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» General observation

— Stability: reverse faulting(least stable) < strike-slip < normal faulting (most stable)

| Simply because stresses are highest in reverse faulting

— Although stable well is not necessarily to prevent borehole breakout

Most stab

b. Strike-Slip c. Reverse

Most unstable —

AN

Rock strength required to

prevent breakout initiation —— 75 80 8 90 95 100 100 120 140 160 180 220 240 260 280 300
Required Cy Required Cy Required Cy
Shmax = 67 MPa SHmax = 105 MPa SHmax = 145 MPa
Shmin = 45 MPa Shmin = 55 MPa Shmin = 125 MPa
S, =70 MPa Sv =70 MPa Sy =70 MPa
Pp = 32 MPa Pp = 32 MPa Pp = 32 MPa
Pmug = 32 MPa Prmud = 32 MPa Pmud = 32 MPa

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press
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Failure of arbitrarily deviated wells %:g
Tensile fractures e

SEOUL NATIONAL UNIVERSITY

* Tendency for the initiation of tensile fractures in wells of different
orientations for normal, strike-slip and reverse faulting stress regimes

— In normal faulting & strike slip, extremely high mud weight is required for tensile fracture.
May cause lost circulation

— Strike-slip: wells deviated <30° are expected to cause tensile fractures
- NF/RF: tensile fractures expected in highly deviated wells_ /

Strike-Slip ) Reverse

Mud weight required to induce |

50 55 60 65

tensile fractures Reqfived £, Sices ;Equig g % o anffu;,;sp WA
=0 67 o oy wied 7,

Shhax =}(5 MPa Shmax =/105 MPa Shmax = 145 MPa

Shmin = 45 MPa Shmin = 55 MPa Shmin = 125 MPa
S, =70 MPa S,= 70 MPa S, = 70 MPa
Pp = 32 MPa By 3 MER P, = 32 MPa

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press
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Borehole breakout & tensile fractures (traces)
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« Borehole breakout

— Deviation to the NE or SW - BB on top and bottom of the well
— Deviation to the NW or SE - BB on sides of the well

— Looking-down-the-well convention. posBO: orientation of BB

a.
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- "Looks g9 down the hole® “Borehole image” ‘,
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.
WY Saah ¢ > | / \ o
2°\, ] 7 | I | 2
4 ! & ’ \ J [=
d \, % / / \, /
\ K A A T :
/ . “'.‘ l'\ : ," / / . 1\ Bottom
,/ N AN\ VY S 7 v posSBO « 26 posk
NI\t L /s |
,’ ~ ‘,_/ \\\I2- 7 3, |
T = S 7 \
1 s sk f—_j_'f‘f—'_"’"‘““‘"“"" I
Y OO e 4 )
\ -y 7, SIS ~ /
[ ValwaAAY” / > '.,,’
\ o S AANN K
\ AW S Ve K,
7 AN
AN O A N :
\ S S | A
N FERIDVAY XAt
SA / FRESIeSI%
Symax (NE-SW)
| ' -
- : ~Hmax !

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Failure of arbitrarily deviated wells
Borehole breakout & tensile fractures (traces)
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* Drilling induced tensile fractures (DITF)

posTF: position of tensile fracture around the borehole circumference

INCTF: orientation of fracture trace wrt borehole axis

DITF in deviated well occur as en echelon pairs of fractures inclined to the
wellbore wall at the angle w

Relationship with hydraulic fracturing propagation? — eventually become

perpendicular to the least principal stress

Ib.

."/"

Orientation of fractures "

7

“Looking down the hole®
Azi = 0; Dév » 60

~~trace

/)

en echelon: Describing parallel or subparallel,
closely-spaced, overlapping or step-like minor
structural features in rock, such as faults and
tension fractures, that are oblique to the overall
structural trend (Schlumberger oilfield dictionary)
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Borehole breakout & tensile fractures (traces)
* Borehole breakout and DITF : I
— Strike slip fault, UCS=45MPa, y = 1.0, 1 /,/7, \\\\\\ {
SH=90 MPa, Sv=88.2 Mpa, AR TSRS
Sh=51.5MPa, Pp=31.5 MPa aad) ‘u""“‘n' o
| l
— Breakout width oy \\'J‘p:n;",'; o
NGV Yo A
5 Vertical: ~90° APy o
| Horizontal in N-S: ~180° (very T ——
unstable=> wash out) sl
- DITF _— i Edag

— Are likely awide range of ¢ ¢
orientations —

e
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— Fractures are significantly inclined
wrt wellbore axis — en echelon

40 60 80 100 120 140
Required P,
To=0

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press




Q. Figure 8.5a, how do we understand it?
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This is expressed for vertical well, but
we can adjust to horizontal well
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In situ stress & pore pressure

S} Imax = 90 MPa g2
Stmax orientation is N9O°E (east—west)
S, = 88.2 MPa (depth 3213m)

* |s this correct? .

A Tendency for breakouts b
. Shmin = 51.5 MPa
* Pp = Ppuwa=31.5 MPa
SHmax SHmax
<+_

120 140 160 180
Breakout width (wgg)

hoop stress around the borehole
vertical, horizontal (drilled to Shmin), and horizontal (drilled to

. ax) wglls
180 3) horizontal well (aE Hmax 1) vertical well

oL ’/ a\qgle of brea’}(out \.‘

" 2) horizontal well (at S,y
C,=45 MPa
-/ angle of breakout, /" angle of breakout,

Stress distribution around the borehole

1 X .
Trr = E (SHmax + Shmin — 2F0) (1 - 1‘_2) + E (SHmax — Shmin)

4R*  3R! APR?
% (1— —+T)t052ﬁ+
-

2
2

2
1 . R? 1 ,
Tap = 5 (SHmax + Shenin — 2P0) | 1+ =)~3 (S Hmax — Shmin)
IR APR? r
x(1+—4)c0526‘— 5 — gt
r r=

086 = Shunin + Stmax — 2(SHmax — Stanin) 0526 — 2Py — AP — o7

(6.4)
o — A (6.5)
LCalcw|atian st madimun T@Vg{’/vﬁ:lwe Streeo
M Veakt ol we L C -E'\aop Streco )

fra g 3
666 = = % S‘HVM* S hwim 2 Po

= 3% 6.2 =55 -3 x B 5= 5,5 MER

A Cdrilied ot the diredrion of Qi S
i S e = 2 Po

0
88 2 —2431.5 = 13 ¢ ¥Pa

Hoyigentel W
= 9) S H ma ¢

@
VRaX
Qoo

= 3 % ‘3 0. ¢ —
Ho Y'\\’)ov\‘\‘qu w2 QL CC{/\P)”*LA ot Hhe cftrection 0{ gHmN>L—*W

3 Sv —
2x 832 5I1.5 —2x31.8 = 150, Mf’t\’

WNACR -
600 = S Ih wmit —2 PO

“Max hoop stress” & “Widest breakout angles” has to be evaluated
differently!!
Q. What will be the angles of borehole breakout when we increased P, 4

Zoback MD, 2007, Reservoir Geomechanics, Cambridge Universiff@s31.5 MPa to 33.5 MPa?
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Failure of arbitrarily deviated wells §id
Tensile fractures (traces) ot s
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« Example at KTB borehole (Germany)

— Even in vertical borehole, inclined tensile fractures are found when stress field is
locally perturbed by slip on active faults

a. Conductivity b. Conductivity
High Low High
N N

180 270 360 0 90 180 270 360

32132 [l
e 32133 R K
o ]
D
£
£ "y
& . ‘
S 32134 e ;
32135 i

3213.6

Induged Induced Induced T

Axial tensile fractures inclined tensile fractures when
Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press stress field were perturbed
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Failure of arbitrarily deviated wells
Tensile fractures (traces)

ST
=
N (‘&

SEOUL NATIONAL UNIVERSITY

 Minimum principal stress and orientation of tensile fracture

— En echelon type tensile fracture is formed when minimum principal stress is
tensile

— Effect of mud pressure — wider angular span (6t) with bigger mud pressure

a. 60 b c
. 180-
1800 1 o AP = 15MPa
140 s AP=0
120 “’/ \ d \ /
T g
| S
1004 g \ /
[12]
) o | N
£ 60 4 = () 2 Omin - g
G =
404 \ / (-); \ /
[qv
20 - \ l / /g \ /
0 \V// Wik
20 - 0- 4 ‘H l l
0 %0 g, 180 270 360 6, 8,

Figure 8.7. Theoretical illustration of the manner of formation of en echelon drilling-induced
tensile fractures in a deviated well. (a) The fracture forms when o ,;, is tensile. The angle the
fracture makes with the axis of the wellbore is defined by w, which, like o,;, varies around the
wellbore. (b) The en echelon fractures form over the angular span #,, where the wellbore wall is in
tension. (c) Raising the mud weight causes the fractures to propagate over a wider range of angles
because o iy 1s reduced around the wellbore’s circumference.

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press
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Confirming S, and S, ., are prinicipal axis e
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» Understanding on deviated well enhances the understanding
on the determined in situ stress in vertical well

— Near vertical drilling induced tensile fractures (KTB, Germany;

~7km, Siljan, Sweden) confirms that “S,,.., and S, ., are principal
stresses)

— Assumption that “principal stresses in situ are vertical and
horizontal is generally valid”
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Estimating S, from breakouts and tensile iy
fractures in deviated wells
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Shmax aNd Sy, determination from observation in deviated boreholes

— Presence of tensile fractures
— Position of the fractures, 6
— Their deviation wrt borehole axis, w

— LOT/mini frac results?

* Bottom Top Bottom
)

Il
I b

1075.25 - RS

Depth

Examples in geothermal
well in Japan

l
I

0 9 180 270 360

Figure 8.8. (a) Drilling-induced tensile fractures in a geothermal well in Japan make an angle @
with the axis of the wellbore and are located at position indicated by the angle 6 from the bottom of
the wellbore. (b) Theoretical model of the observed fractures in (a) replicate both w and 6 for the

. . . propriate value of the magnitude and orientation of Syy.
Zoback MD, 2007, Reservoir Geomechanics, Cambridge ffnlversny ress !
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Estimating S, from breakouts and tensile (B
fractures in deviated wells

« Example in Visund field (northern North Sea)

— Numerous drilling induced tensile fractures at near vertical section but it abruptly stopped
at a measured depth of ~2,860m when deviation of the well reached ~35°.

— Quality of electrical image data was good, drilling conditions were the same.
— ECD was ~ 6 MPa during drilling.

a. Horizontal distance west (m) Deviation from vertical (deg) Stress (MPa)
500 400 300 200 100 O 03 1025202730404 50 od ? i 5 5 P 2
r T T T T —2 ‘2 T T T : T ‘
;%2600% ! I O Spmin (LOT)
3 ¢ : S a n Pore Pressure (RFT)
1 f 27007 | ¢ ! oo
g 8 : .
: I \
2800 !
R FEF I RO e — 2000 | L
a8 \
2900 [ '\
x v ¢
[ !
(S \
5 L O
3000 & o ] 3
3125 mMD) '
Loom o
3225 mM 194 H10_p |- 5 ‘:
l oo
3300 mM 3900 4000 | o
3375 mM S,
HYDROSTATIC . \\
PORE PRESSURE v
3475 mM 4 3300 ¢ | s
5000 |
TVD (m) . ) ' P
Figure 7.4, Least principal stress as a function of depth determined from extended leak off tests in

the Visund field (after Wiprut, Zoback ef al. 2000). The least principal stress is slightly below the
overburden stress (determined from integration of density logs). The pore pressure is somewhat
above hydrostatic (shown by the dashed line for reference). Reprinted with permission of Elsevier.

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Estimating S, from breakouts and tensile
fractures in deviated wells

 Example in Visund field (northern North Sea)

Shmax VS- Shmin relationships for tensile and
breakout can be used.

At around 35° deviation, Ap~9MPa: more or les

explains the stop of tensile fractures
b.

g
£
&
3
L N
25 MPa e
75 20 MP,
70
120
i
65 TENSILE
» FRACTURES;
l/)g Ed
60
i -
55 k s,
1 -~
1
50 - o
v 53.2 MP:
45 T ; {
T T T T T T T T 5 1 0 1 5 20
45 50 55 60 65 70 75 80
S AP (MPa)
S, =551 SliFric = 0.6 Azi = 280 IntFric = 1 Delta T=-26
Py=429 PoisRat = 0.2 Dev = 36 Wag = 45 Alpha=2.4e-0.6
Pr=49 Shmin = 53.2 aziSH = 100 YoungMod = 1.9¢ + 04

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press
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Estimating S, from breakouts and tensile 0,
fractures in deviated wells ~
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« Example (Gulf of Mexico)

— lteration of SHmax

— Issue about caliper log in deviated well: key seat problem

a.
180 3 : 3 - 1
J 160
£
o
7))
5 140
=
=
=
ii 120
100
40 441 42
Siimax (MPa)
24 31
Critical strength (MPa)

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press
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Distinguishing drilling-induced tensile )
ﬁ‘é}(&b'
fractures from natural fractures
A . . FMI data BHTVampliude data
* Natural fractures vs. drilling induced tensile NN e 5 W
akd o RS
fractures (example at Geothermal well, Soultz, \ida] R
France) Sl B
— Poor quality data, small aperture, ... : BET B
« Natural fractures EST
— Sinusoidal trace , &
— Can be partially seen £
ambiguous @) o ) )
— Partial sinusoid tends to occur at the same Geotherma well at Soultz, France
azimuth I :
of tensile fractures. Drilling enhanced /! i\
fractures :o | 5
» Drilling induced tensile fractures oql/\ﬂ'
‘I \ ;
— Curvature changes but not sinusoidal (fish- 0 0
hook or J-fractures) DITF ]

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Distinguishing drilling-induced tensile gﬁ::"g
fractures from natural fractures e

 Examples (Argentina & Soultz)

— N E S w N
180 ‘» s
o 12 | & o ’
/| \ o
50 | | \ w 4 § 2900.3
| / 0 29005
] o | Pl e Z
E,;: 30 | | g 29007
= 20 | Oimin <@ 29009
£ o)
© N | % 29011
0| | -
0 ﬂ:alr -% 20013
10 | / ﬁ -.g 20015
y | =
0 80 180 270 360 Ll
6 6 2901.9

e i
SR AR

DRILLING INDUCED

TENSILE WALL FRACTURE

Theoretical illustration of curved Image log of DITF (Argentina)  |mage log of DITF (Geothermal, Soultz)
drilling induced tensile fracture

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Determination of S, ., orientation from shear vmﬁv
velocity anisotropy in deviated wells

* Dipole sonic logs in vertical wells
— Fast shear polarization direction = Sy..,
— This can be used for determining orientation of S, .,

— Additional factor for deviated borehole

b.
ear velocity anisotrpy S\imax Stress from wellbore failure

\by breakout

s | by fast shear
direction in
dipole sonic log

An oilfield in SE Asia

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press

North Sea



