Geomecanica para Reservorios y
Produccion - Aplicaciones para
Incrementar la Produccion y ubicacion
de nuevos pozos
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What is a Geomechanical Model?
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Why a rock fails ?

Because of changes in :

1. Stresses

2. Pressure (fluid flow)

3. Temperature

4. Time (creep)

5. Chemistry (fluid interaction)

... and modes of failures also depend on rock structure

Schiumhergep



Where does Geomechanics impact?

Image: Schlumberger

Where does Geomechanics impact?

Infill well drilling
Casing points

Ground surface subsidence

microseismic

e - =% Lost circulation ’ 3
e £ T pm,, Dopleed rone

% Stimulation

Water-cut due to fracture L8 Re-stimulation W98 i
creation and connection? ¥ 3 HF design = :Berim 8

In reservoir and over- and under-burden, and not just in weak or compacting rocks.
From appraisal to abandonment & from well to field applications.

Wellbore instability and / . Overburden
or stuck pipe ~ ‘
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Just drilling geomechanics approach?

Coupled 3D reservoir geomechanics
technology which models life-of-field
dynamic reservoir behavior and
performance

3D - VISAGE / PETREL
Hazards identification at the Area

Can represent the structure
Complex Geology
Equilibrated Stress

Schiumhergep



What we do?

Drill & Well-Test Drill more Maintain &

Evaluate

R Increase
& Produce Produce Production

wooBnwbnws BIpew-pasu : :90IN0g

Max Ho

Overburden Stress

Elastic Properties (E, v)
Rock Strength (UCS,

FANG, TSTR)

Source: Schlumberger
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Well Centric Geomechanics (1D)
Performed building a Mechanical Earth Model (MEM)

Continuous description of mechanical properties and stresses along the well calibrated against measurements and observations

Structure )
) Mechanical
Stratigraphy
Rock Mechanical Parameters
- o Isotropic  Strength Earth Stress & Pore Pressure .
— Elastic Predict
10 VEI 100 O Friction Angle w .
\ - L S L= e S Wellbore Failure
. B L Rafio | ] L MPa I 0 1 1
« Formation tops . e
+ Unconformities g ]l @y e ” o
* Faults L ) Sep =
I I N
B - e =B § L
. H - u . ° . /I N ‘ P
* Rock Fabric £ “1F . & -
* Mechanical support — — ‘
« Deformation Mechanisms P sh sy Sy T
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Advance Integrated Geomechanics workflow

Seismic Fault
Processing Interpretation Prospect Quantification

Low Lithology Classification
Horizon Frequency RP inversion Reservoir
Interpretation Model Properties
Well Trajectory

optimization &

Velocity Seismic Elastic  stress/Strain  Muq Weight m
Analysis e — Grid Propemes Model Cubeg Drilling Opt

| :

Wavelet Pressure Fracture . :
Estimation Prediction System
: L tm 2 Drilling — Hydraulic
Fracturing & completion

planning

i

Depth

Petrophysics Rock Physics Conversion
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Geomechanics Applications

*Wellbore Stability — right mud weight and system
*Casing design and location

Drilling Integrity *ROP and drill bit optimization
*PAD location and attack angle

*Hydraulic frac design and optimization
*Completion optimization

+(Casing, Cement, Perforation, Screen)
*Injectivity optimization (rate, cap rock)
*Sand/solid production

*Pore volume collapse

. . *Compaction/Subsidence

Field |nteg r|ty «Fault and fracture shearing — sealing
*Water breakthrough

*Reservoir management/EOR/

chiumberger
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Drilling Integrity

" Schiumberger



Problemas Geo-mecanicos en Perforacion

Non Productive Time

B Kick

B Completions

B Stuck pipe

B Weather

B Loss circulation
Twist Off

¥ Failure Rig

M Gas Flow

B Casing Failure

W Sloughing Shale

B Wellbore Inestability
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Classical Wellbore Deformation

o Minimum
asy Stress
Failure
Hydraulic
Fracture

Stress

13

Schlumberger



Mud Weight Window and Wellbore Damage

Wellbore damage - LOW

Wellbore damage - MEDIU ;

Borehole Geometry

- M |
Wellbore damage - HIGH
MudLoss|

Damage
Kick Tolerance Loss Breakdown
Breakdown ‘ —A ‘ ‘
Kick _{1 ;7\ _ -"i\ A
MW_MW Low | Relative Mud Weight off ECD High

; 0|§ cementing pressEJre

|

8 Ibmigal 18 .l :
'i i Possible mud losses if bottom
ECD_MW - : e T
- | | | hole pressure is above this line
8 Ibm/gal 18 | | Engaged hole condition if bottom hole pressure

is above this line (conservative & ideal)

| Medium risk curve : Limits of “manageable failure”
. tight spot is likely to occurs

High risk curve : Potential “borehole collapsed or
packed-off” if bottom hole pressure is below this line
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3D Safe Mud Weight Window

Safe mud weight window prediction
before and during
field development.

Pore Pressure gradient
Breakout gradient
Fracture gradient
Breakdown gradient

Analysis honours all complexity
included in the 3D MEM.

- Wide

Narrow

Pre-production

After Production
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Wellbore Trajectory Optimization
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(stable mud weight window)
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Fault Shear Failure

Values closer to 0 (red)
indicate areas of potential fault
reactivation due to drilling.

Fault! Alll Failure_shear
-3000.0 -2425.0 -1850.0 -1275.0 -700.00
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= Case 1 SPE-WVS-040: Field water depth 800-1050m:

VISAGE modeling had as main objective reducing

e uncertainty associated to stresses in the field, for this a
T IR e geometrical analysis of the anticline and fault was
= o performed for the determination of direction and stress
=+ o gradients in the border of the study area.
.-wm
"""" — Well-1DL
e s m Scliumsrgor Target 1 3034-3360m

Azimuth Max Stress Orientation +/-20°

First drilled well on the field
*Structural Map for the field
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Field Horizontal Stress Orientation

Well-2DL
*Structural Map for the field
*Finite element modeling- VISAGE
*Anisotropy profiles— Scanner dispersion plots
*4 arm caliper (not conclusive)

( Depth =3005.03 m )
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Major Tectonic Axis
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A partir de 3047 a 3182
se observa que las

curvas de dispersion muestran
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minima anisotropia. En las
z0nas que se observa cruce
coincide con la presencia de
arenas y con la estabilizacion
del azimut que da una direccion
preferencial NW 66 - 72,

la anisotropia 3D muestra

que Ia nisotropia horizontal

es mayor que la vertical, lo
anterior sugiere que dichos
cruces sean causados por
efecto del esfuerzo

maximo horizontal.

{Depth=3069.5m)

100 Min Cross Energy Difference
20

ki

Well 1: *Structural Map: Azimuth +/- 30°
*VISAGE Modeling: Azimuth +/-20°

Well 2DL

*VISAGE Modeling: Azimuth +/- 105-115°
*Sonic Scanner Azimuth +/- 110°
*CALIBAN Analysis Not conclusive

i .
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Operational Window- Next deviated well in the South region of the field, feasibility of horizontal drilling?

1471

fa_sigh_1

Kick
MudLoss

0.95-2.15G/CC

o woo | - .
Fof m lithology]  m L deg 180
il
1
o)

a

]

T

3

o
2000

-With the new information was concluded that drilling highly deviated wells at
the reservoir levels is feasible

-Beginning at 60 degrees the safe drilling window becomes narrow, 0.7 g/cc
(mud loss risk).

-It is recommended to use tools that confirm stress orientation in the South
region of the field

Breakout Mud Weight ve. Orientation (& 3050m
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Ejemplos de Aplicaciones 1D: Campo Oso

OBJECTIVOS:

Reducir NPT

Perforar pozos retadores sin incidentes geo-mecanicos

EeRn

MiLS
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— Os0B-32
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Ejemplos de Aplicaciones 1D: Campo Oso
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Andlisis de ovalizacion OsoB-32

Tomado de "0S0 32 - COJ 2010843 - FMI* inferprefation Resulfs. By
Claudia Mitena Hincapie Z.. Geologist” Noviembre de 2010

Interpretacion FMI Osol-140

Tomado de “Formation Microlog Imager (FMI). Procesamisnto
& Interpretacidn OS0/-140. Analista: Victor Fenando Pinta”
Septiembre da 2014,



Ejemplos de Aplicaciones 1D: Campo Oso

Desviacion
‘wlellbore Damage Mud Weight vs. Orientation @TVD: 8824 ft
Depth ratio=6%

Azimuth

Breakdown Mud \Weight vs_ Orientation @TVD: 8824 ft

Azimuth=0 (Ibmigal) Azimuth=0 (Ibmygal)
9.95 A tlorth 16.32
1024 16.97
1053 1760
1082 1823
111 1886
11.40 210 19.49
11.63 2012
1188 2075
1227 2138
1256 220
1285 2264
TEmuth=180 TEmu=1E0
Mud \Weight Window vs. Deviation @TVD: 8824 ft Mud Wweight \Window vs. Azimuth @TVD: 8824 ft

E Mud Loss E Mud Loss

S s — | 6% Damage  ous *. Damage

E R E

100 100
ick Kick
75 ¥ tensile 75 1. tensile
50 50
0 15 30 45 80 75 S0 0 B0 120 180 240 300 360
Deviation (Dag) Azimuth (Deg)

|:|\Jdel\bure Damage

-

I:I\Nellbura Damage - Breakdown

Pozo Oso A-47H
Seccioén de Aterrizaje: NAPO

MW 11 = 13ppg = ECD 14.3ppg
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Ejemplos de Apl

— o dal paze Oso ATH, que =& ancuentrs al Surossts de la Mataforms A del Compo Oso del Dlogus 7, provinda de
& Orellana
? La parfarnodn arranca of 10 e ngosto dal 2001, ¥ finaled con su complatacidn ¥ puestn &0 procuccdn ol & de
o B S oclubre dul 2001, Al moemento se Leos une produccdn sulabilisdn de 4 515 barriles de petrdles por da
o 3

s ,\w‘"“d
- "

&
o i -t

o)

icaciones 1D: Campo Oso

Petroamazonas EP incorpora 4 915 nuevos barriles diarios, provenientes
del pozo Oso del Bloque 7, en Orellana
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Ejemplos de Aplicaciones 1D: Campo Oso

40
35
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15
10

OSO | Tiempo Planeado x real

0SO 1004 OSO1005 OSOI141

6,000,000
5,000,000
4,000,000
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2,000,000
1,000,000

Tiempo Planeado

PAD

18.92

0SO 1142 0OSO1143 0OSO|144

e Tiempo Real

|- 0SO

0SO 1004 0OSOI1005 0OSOI141 0SOI[142 O0SOI143

AFE

mmmm Real Cost
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5.6
5.4
52

4.8
4.6
44

OSO PAD H R
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| | vrashout DPF 5152~ | |
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Production Integrity
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Stress rotation

Well-15

Wall-4
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Hydraulic Fracturing Modeling

Natural Fracture Cross?

Activity /
Hydraulic ot
Fracture D|Iate./

| —
/
Dilate &
Reactivate?
Natural
Fracture
/

Near wellbore evaluation

Integrated evaluation

stimulation design optimization

unconventional fracture

model

Natural fraCture

30
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Understanding Pad Scale Phenomena: Wolfcamp Shale, US N




Problemas Geo-mecanicos en Produccion

Rocas no Consolidadas Rocas muy
competentes

Reservorios poco consolidados: Oportunidad

' Completion Optimization |

Formation
. Stability Issues ?
9  Prevent Or g
Control ? .

Sand Exclusion Screenless s Natural >

g | ||
|
Produced Sand

Schiumhergep



Flujo de trabajo analitico para arenamiento

Datos de entrada:
MEM

V

Workflow

Definir completacion
Tasa de Depletacion

Parametros de
arenamiento

— intervalos definidos

Intervalo

Profundidad

Analisis de intervalo
Drawdown Critico para tasas de depletacion en

Definir
profundidad

v

Anélisis a profundidad especifica
Critical drawdown as a function of epletion for single

depth

Schiumhergep



Ejemplos de Aplicaciones Arenamiento: Campo Apaika
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Ejemplos de Aplicaciones Arenamiento: quppo Apaika

Rock Properties

e 19

‘4

Stress Field T v

| Mud Loss | Broakdown

Fo MW

Hydrocarbon
THPH
Clay 045 BE -0.15 ig,
RHOZ Feroraing
1;:‘:“ grmd 295 Strafigraphy |5F_Faﬂe9_l 10 13 14 15 16 17 15 12 20 21 22 234
:? TM1S B 60824
o T
&0l 3
8780
e K
8790
a0l 2
8800
sz
ag1a
G &
820 -
81141
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aE60 4
<
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8390 t
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61536
8910 T
- +| 81588

Schiumhergep



Ejemplos de Aplicaciones Arenamiento: Campo Apaika

Data
Completion Type Perforated | L 0 f — :
i — i =il | A1 |
Average Production in Apaika Field
Well Average Oil | Average Gas| Average Water Bottom Hole Estimated
Well Completion deviation Production Date Production Production Production Flowing Pressure | Drawdown™

(bopd) (bgpd) (bwpd) (psi) (psi)
Apaika A-002 Gravel Pack 34° 04-0ct-2013 | 04-Aug-2014 953 60 208 17.90% 1160 1140
Apaika A-003H Screen Horizontal | 04-Oct-2013 | 04-Aug-2014 1632 118 954 36.30% 1899 401
Apaika A-004H Screen Horizontal | 11-Oct-2013 | 04-Aug-2014 518 68 1891 72.60% 2087 213
Apaika A-005H Screen Horizontal | 22-Feb-2014| 04-Aug-2014 582 47 4814 89.47% 1852 448
Apaika A-006 Gravel Pack 58° 10-Dec-2013| 04-Aug-2014 131 16 3947 96.75% 1840 460
Apaika A-008H Screen Horizontal | 10-Apr-2014 | 04-Aug-2014 980 64 318 24.84% 910 1390
Apaika A-009 Gravel Pack 73° 10-Jun-2014 | 15-Jul-2014 69 2 194 68.28% 926 1374
Apaika A-010H Stand alone screen Horizontal | 23-Jul-2014 | 04-Aug-2014 495 38 291 | 34.00% 937 1363
Apaika A-011 {Singlepijﬁr::imnﬁletim} 60° 30-Aug-2014| 16-Dec-2014 1018 40 54 6.27% 1621 679

(*) Estimated reservoir pressure: 2300 psi

Max. Perforation Diameter|2.04 inch Analysis

ernoranon uneniaton 35 €g

Con este analisis, el drawdown critico recomendado para el inicio de la produccion del pozo fue de 1190 psi.
(BHP=1100psi)
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Production and Well Placement : Application of Field-scale

Sand Production Critical
Drawdown Cube

@ Low Critical Drawdown
. High Critical Drawdown Sl:lllllmllﬂl'ylil'
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Field integrity
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Stress transfer mechanism

wellbore
o), stress trajectories G, concentration

Far-field stresses

depleted zone

initial Consequences:
Gh overburden reduced o, in the reservoir

w:g

: higher o, above and below the reservoir
\ \ reservoir

/
depleted underburden
A 2 (o

o Schlumberger

5/29/2017
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Coupled Reservoir Geomechanics Modeling

Reservoir Model Geomechanical Model
(ECLIPSE) (VISAGE)

Stress Step 0

Stress Step 1

Stress Step 2

Schiumherger



South Arne Field

Wk

Walhall Harald

Svend

Hod

5 Arng

Danish sector of the
North Sea

Operated by Hess

- ey \
3 El n
= 350 1700 . \ \ﬂ‘lﬁﬂ 'Dan Carbonate chalk

reservoir
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Result: Stress orientation before production
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Result: Stress orientation after production
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Field Example: Reservoir Compaction with Production

Geomechanics Prediction 4-D Seismic Inversion

Total_displacementiy )

6216
-0.72500
E 6215

-1.0875

TV o]

-1.4500

m Compaction determined by two independent methods = difference of ~5 cm

m Prediction helped in development planning & seismic inversion confirmed
prediction

Schiumhergep



Field Example: Reservoir Compaction with Production

7000

5000

5000

4000

3000

2000

1000

WBHP (psi

=

r—

Time (year)

&

7

= Field data

==Mo history match)
=== Geomechanics

= Two fracture sets were

implemented

= Different fracture strike,
spacing and conductivity

Schiumherger



Integrated Service — Deepwater GoM - Predictive ModelRel- Predated

Injector Producer _f Injector Producer

Effective Stress
900
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What else the Shared Geomechanical Model can do to Minimize Operational Risk?

Well planning & optimization

v

SN NN

Stress modeling

Well location and trajectory
Wellbore stability and mud weights
Casing design

Completions

Dynamic behaviour and depletion

AN N N NN

Stress evolution

Compaction and subsidence
Permeability (including fractures)
Sanding

Fault activation, induced seismicity
In-fill drilling

Casing failure

IOR/EOR and treatments

v Frac treatments

v Thermal and pressure effects

v Water injector placement

v Flood directionality, sweep efficiency

Field development planning /Intervention planning

Storage and waste disposal (NORM, cuttings reinjection,
fresh & waste water)

4-D seismic — Seismic Reservoir Monitoring

Schiumberger
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Summary

Rock is always under-stress & stress changes with time - production/injection

Geomechanics is critical to the optimal safety drilling side by the management of the
reservoir for maximum productivity and recovery

Geomechanics can minimize operational risks

3D/4D Mechanical Earth models contribute to
Plan safe well trajectories
Ensure completion integrity under production-induced compaction

Schiumberger



