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*  Geomechanics role
v Weatherford

ATo reduce NPT
ATo deduct costs

ATo reduce risk
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* How?
v Weatherford

A During Exploration

I Reduces exploration risk with Fault Leakage Analysis

A During Drilling
I Provides more accurate Safe Operating Mud Window
A Reduces kicks and lost circulation
I Improves wellbore stability
A Reduces stuck pipe, sidetracks, washing and reaming

I Reveals feasibility of Underbalanced Drilling

A During Production
I Improves production from Natural Fractures
I Predicts and manages Sand Production
I Optimizes Hydraulic Fracturing operation

I Reduces Casing Shear and Collapse




¥ How Much? v

Weatherford
AAMOCO $0.6 to $1 Billion per year
AARCO 17% of total well cost
A ExxonMobil Min. 10% of total well cost

AWestern-Atlas  >$6.4 Billion per year

AHES & SHELL  ~$8 Billion per year & ~30% total
budget

ABP $0.6 1 $1 Billion per year
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W Overall Cost of WBS |
Weatherford

A %41 of non-productive drilling time is caused by wellbore
Instability (GOM study by Dodson, published in 2004)

A Average cost: $8 billion per year
@ Pore Pressure & Wellbore Stability ° Stuck Pipe
Bl Other
*  Kick

59% ®  Lost Circulation
®  Sloughing Shale
®  Flows

L .
41% Wellbore Instability
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»  Geomechanics Applications
v PP Weatherford
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The Geomechanical Model
v Weatherford

A geomechanical model
comprises Six components:

S, = Vertical stress
Sumax = Maximum horizontal stress
Simin = Minimum horizontal stress

: Symax AZi = Stress direction
St 1 Pp P, =Pore pressure
! UCS = Rock strength
b N
UCS Shmm\‘




NV Building a Geomechanical Model: 9
Generic Work Flow Weatherford

Rock Strength (UCS)
Using Core tests,{ogs) cuttings,
wellbore failure analysis

Overburden Stress (S,)
Using density@nd/or sonic log

Pore Pressure (P,)

Min Horizontal_ S_treSS (Shmin) Using MDT/RFET/PWD, drilling
LOT, XLOT, minifracs, losses incidentsGSonic/resistivity/density>
logs & seismic

. =

Wellbore failure analysis (Using Wellbore failure analysis (Using
dmage and/or caliper Togy fault <Image and/or caliper16g),
analysis, world stress map laboratory measurements, sonic
scanner
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* Formation Strength Evaluation @
v J Weatherforu

Parameters:

A Uniaxial Compressive Strength, UCS
A Tick-Wall Cylinder Strength

A Friction Angle

A Cohesion

AYoungdés Modul us

APoi ssonds Rati OSources:
A Rock Mechanics Tests
A Petrophysical logs

A Cuttings analysis




¥ Pros and Cons
Weatherford

Predicted UCS Strength (psi)

ALaboratory Tests e

3740 bm—————tfp—7——7—7—"t+————F—————+F—————

I Direct measurement of strength

T Limited amount of available core 3790 |

I Time consuming

3760

I Costly

I Biased toward stronger intervals a770 |

T Discontinuous

Core Depth (m)

3780

APetrophysical logs

i Available a0 |

T  Continuous

3800

T Provide data for weakest intervals

N el et e I

T Need calibration to lab data

3810




W Dynamic Elastic Constants

v

Weatherford
ARequired logs
RHOB, DTS, DTCO
1 2
. —\Dt /Dt ) -1
Poi ssondns Rat |2( o/ Bt
(I:]:s/[]:c)2 -1
Shear Modulus, G (psi) 1_34x1()10f_b2
[ls rb (g/CC)
Youngos Modul uzg(l+n) Dt (ns/ft)
Bulk Modulus, K, (psi) Lagage, &1 40
e et

No Dipole Sonic:

E :1.34x101°% (Stein & Hilchie)



W UCS Models for Sandstone

v
Weatherford
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T |:| T il T T 1 1 1 1 1 1 1 1
: ® Lama & Vutukuri (1978) ® Lama & Vutikuri (1978) ® Lama & Vutukuri (1978)

® Carmichael (1982)

® Carmichael (1982)
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UCS: Uniaxial compressive strength [MPa]
Dit: Compressional sonic transit time [ns/ft]
E: Young6s modul us [ GPal]
f: Porosity [fraction]
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* Empirical Equations for Sandstone
v P 1 Weatherford

UCS (MPa) Region General comments Reference
. Siliciclastic rocks ranging from clean arenits to )
254 (fg 1T 2.7 - Vernilet al(1993)
wackes

277exp(-10f) - High porosity sandstoneg & 10%) Changpt al(2006)
(254204\) (w21 2.7 - Porosities less than 5% Changet al(2006)
258e9" - Porosities less than 30% Sardeet al(1993)
115e11# Porosities more than 30% Sardeet al(1993)
Onax = 43+8,+0.1021 ¥ROBB AT Norwegian Calibrated against over 200 samples Raaeret al(1996)

fimax = 140 + 12,+0.18,2T 2.1 T 0.008TE21

Norwegian Calibrated against over 200 samples Raaeret al(1996)
0.06Bt T,
0.087 105EK, (0.0087¥+ 0. 00@4)5 (1 T-V - Bruce (1990)
0.035Yy831.5 - Freyburg (1972)

Fine grained, both consolidated and unconsolidated
1200=xp(-0.036X%) _ ) McNally (1987)
sandstones with all porosity range

3.3 1020r 2V, 4[(14)/(2n)(1-2n) [1+ 0.78),] Applicable to sandstones with UCS >30 MPa Fjaeet al(1999)
1.74810°rV,2-21 Low strength sandstones Mooset al(1993)
1.413810Dt3 us Weak unconsolidated sandstone Changpet al(2006)

3.3 104720, A (L4n)/(Em)(1-2m)(1+0.78Y,) - Sandstone with UCS>30 MPa Fjaeet al(1992)
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 UCS Models for Shale
v Weatherford

UCS (MPa)

Vp (m/s)
4000 2000 1000

200 5 | T T T T o® ! T
[ ]

® | ama & Vutukuri (1978) ® [ama & Vutukuri (1978)

150

100

50

® | ama & Vitikuri (1978)
® Carmichael (1982)

.0
0 R TP
300 400 500 600 0
Dt (ms/ft) E (GPa) f

UCS: Uniaxial compressive strength [MPa]
Dit: Compressional sonic transit time [ns/ft]
E: Young6s modul us [ GPal]
f: Porosity [fraction]



W Empirical Equations for Shale v

Weatherford

UCSMPa Region General comments Reference

2.922f 3096 North Sea Mostly high porosity Tertiary sl Horsru@g2001)
10(304.8x 71 1) NortiSea - Lal (1999)
0.43 (304 Bi)32 Pliocene and younger Changpt al(2006)
1.35 (304 Bi)>6 Globally - Changet al(2006)
0.77 (304 Bi)>3 North Sea - Horsru@g2001)

1.00¥ 1143

Lashkaripoand
Dusseau(tl993

Low porosity € 0.1) shales
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 UCS Models for Carbonates
v Weatherford

UCS (MPa)

Vp (m/s)

4000 3000 2000
300 T T T T 1 I I ) I 1 1 1

21 e ® [ ama & Vutukuri (1978) ® | ama & Vutukuri (1978) \
® Carmichael (1982)

250 | [ESEESCECH RS2 ° 1 R ® Lama & Vutukuri (1978) | 7

200

150

100

50

50 100 150 200 0
Dt (1rs/ft) E (GPa) f
UCS: Uniaxial compressive strength [MPa]
Dit: Compressional sonic transit time [ns/ft]
E: Youngo6s modul us [ GPal]
f: Porosity [fraction]
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* Empirical Equations for Carbonates
v P : Weatherford

UCSMPa Region General comments Reference
(768aDt)1-8%/ 145 Global Limestone and dolomite Militzeand Stoll (19)7:
_ _ GolubeandRabinovicl
10244+109.14/ 145 Global Limestone and dolomite
(1976
C (1D} Korobcheyev The coefficient value can vary (2« RzhevskgndNovick
deposit depending on pore shape (1971)
Quick reference for UCS, No
143.8 exp§.95) hydrocarbon and shale effects v Changet al(2006

considered.

Representing low to moderate pc
135.9 expt.&) - (0<f<0.218) and high UCS Unpublished
(10<UCS<300 MPa)
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* Develop Correlations
v ¥ Weatherford

XUCS.UCS vs. XELAN.PIGN Crossplot
Well: THEBE1 THEBE1CH THEBE2 THEBE2CH
USAND to BASE

1800 \:

wl o\ le | Linear Model
Ll UCS = 4107.04 i 11211.78*(PHI)
8 wwof oot
8wl e Quadratic Model
g ol e UCS = 6859.65 1 31747.89%(PHI) +
T R R i R e 36305.22%(PHI)?

Effective Porosity, PIGN (v/v)

Wells: B THEBE1 @ THEBE1CH B THEBE2 O THEBE2CH

Functions:

ucspign:  Regression Logs: XELAN.PIGN, XUCS.UCS, CC: 0.805243
UCS = (4107.042 - 11211.78*(PIGN))

ucspigng : Regression Logs: XELAN.PIGN, XUCS.UCS, CC: 0.878722
UCS = (6859.652 - 31747.89*(PIGN) + 36305.22*(PIGN)**2)




Empirical equations for \ 4

Friction Angle Weatherford
J (deg) General comments Reference
Simt[(V, 6 1)/(y + 1)] For shale Lal (1999)
18.532 V05148
For shale Changet al(2006)
57.80105f . .
For sandstone Weingarten and Perkins (1995)
. UCS1- Sin/ )
Cohesion: Co =

2Coy
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* Rock Strength Histograms
v J J Weatherford
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» Sources of Density Estimates
v Y Weatherford

ADensity Logs

ACalculated pseudo-d ensi ty from sonic/
Method: r = aVb)

ARegional empirical relations
ACuttings, Cavings, Geological Reports

A Core densities from whole core or sidewall coring



¥ Calculation of Overburden Gradient

v
Weatherford

Depth, Feet Below Sea Level

4000

aoon

DDDDD

DDDDD

Density Log with Curve for Extrapolation to Mud Line

Floar {Mug Line)

5

o
N
\\
\\
\\
\\
I

S, :Lﬂ(z)gdz

Correcting for water depth in offshore areas

Depth, Feet Below Sea Lavel

2000

4000

G000

2000

10000

12000

14000

S, = 1,9z, + W(2)gdz

. Vertical stress [Pa]

v
J%

Depth [m]

W Water depth [m]

Earth acceleration [m/s?]

Rock density [kg/m3]

s

w  Water density [kg/m?]
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* What is Pore Pressure? )
v Weatherford

Pore pressure or formation pressure Is defined
as the pressure acting on the fluids in the pore
space of a formation.

3

Pore Pressure at

depth is equivalent

to a hydraulic potential
measured with respect Pore Pressure

to Earth's surface is assumed to be

uniform in a small volume
of interconnected pores




W Pore Pressure Profile

v
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0
1000 4
= 2000 4
=
E 3000 2=
4000 + MNegative OverPressure
Fressure
Abnormal
Subnormal
5000

0 50
Pressure (KPa x 1000)

e Pare Fluid Hydrostatic - P (1.028g/cc)
Chverburden Pressure - 5 (2.31g/cc)

Freshwater Hydrostatic (1.00g/cc)

Hydrostatic pore pressure corresponds to a column of fluid in equilibrium with
the free water level and implies an open and interconnected pore and fracture

network from the depth of interest to the surface.



@ Overpressure Generation
Mechanisms

v
Weatherford

Sand

© 2009 Weatherford. All rights reserved

- Shale

Qverburden
Stress

_____ N _______Overpressure.__

Pore
Pressure

Unloading

During
Burial

Top of

Effective
Stress

Bowers, G.L., 2001

29
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* Pore Pressure Prediction Methods
v Weatherford

AUsing Overpressure Indicators
AField Measurement i DST, RFT, MDT
ANormal Compaction Trend-line Methods

A Effective Stress Methods
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»  Normal Compaction Trends
v P Weatherford

Vg, (ft/s)

Y

Y
A
Y

Rsp (0hmm) dt,, (us/ft) rs, (g/cc)

N Freshwater /
Temperatur
e Effect

Depth

Normal

Trend Normal Normal
Trend Trend

A normal compaction trend is an estimate of the log responsein a
normally pressured environment.



Wireline/LWD Response to v
Overpressure Weatherford

Depth

R., (0hmm)

V, (ft/s)

dtg, (us/ft) r. (g/cc)

X\ Freshwater /
Temperature
Effect

Normal
Trend

Top of
Overpressur
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Ratio Method
v Weatherford

A The difference between observed values and the normal
trend-line extrapolated to the same depth is proportional to
the increase in pressure.

A for sonic logs = AT, = AT,
: Phj,rd

. Phj.rd

A for density logs = Pioe = 0,
C e _ thfd

A for resistivity logs = Riog =R

Where : il , = the value of the normal trend-line at a given depth, P =
the pressure value to be calculated, P, 4 = normal hydrostatic pore

pressure, il |, = log-value value for each curve corresponding to the
required pressure value.
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¥ Eaton Method
Weatherford

A Calculates a pore pressure based on the relationship
between the observed parameter/normal trend-line ratio and

the overburden gradient

2

.
aRsh0 0O
A for resistivity P=S- (S Phyd\lauRl 8 \
G T+ / Eaton

exponent

.0

[o}

DT
A for sonic P=5- (S- Phyd)gegm_—”..

g log =

OO0y,

Where : P = formation pressure, S = overburden, Ry, = resistivity of
shale, DT = sonic transit times, log = observed values of the log at the
given depth, n =value of normal at the given depth, hyd = normal

hydrostatic pressure



< Pore Pressure Prediction: v
Example Weatherford
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¥ World Stress Map Weatherford
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« World Stress Map i Middle East v

Weatherford
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W Near Wellbore Stresses v

Weatherford
Induced Stresses Near Wellbore Stresses
AMax hoop stress
acts in the direction Fracture Propagation Breakout

of 5,

AMin hoop stress
acts perpendicular

to S}, direction

AShear failure
expected along S, if
stresses exceeds
rock compressive
strength



« Borehole failures on Image Logs v ®
Weatherford
(Drilling Induced Sy Electrical Image Acoustic Image

Hydraulic Fracture or

Tensile Failure) N_E S W N
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> Caliper Analysis
v X Y Weatherford

4-arm caliper Apparent Interpreted
b Azimuth of hole drift (HAZI log breakouts breakouts
= 10 15 20 N E 8 W NN E S8 W N

/=7 TR

2550

High side of tool |
Caliper tool
P Relative bearing (RB) i
2600—¢— : =
Deviation Reference pad 1 with ’
(DEVI) ™ azimuth relative to north : ‘ f
(P1AZ)
2650 :
i Caliper 1(C1); pad 1-3 '
i Caliper 2 (C2); pad 2-4
2700

i

(a) In gauge hole (b) Breakout {c) Washout (d) Key seat
2750 ]
__O— : ) : }_ ¥ (2
‘ 2800 < 4|
Caliper Caliper Caliper ‘ *
increase —» increase —» increase —» . .
é% size "' ’E ;’ " "
4
1
l r(c ’ » ‘P > . >
*C2 Cc2 f~C2 2900 é— f =
- ;

3
‘e




v

Weatherford

MAXIMUNNH ORIZONDALT AL
STRESSSMAGNNUDEDE



v

> Stress Polygon To Constrain S )
v Y9 imax \Weatherford

Using Tensile Fractures

MPa



