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Key elements in workflow

= Automation in seismic interpretation, tectonic modeling and reservoir simulation
= Tight integration between seismic data and locally refined simulation models
= Ensemble of models consistent with detected faults and predicted fractures

Current focus Ultimate goal
Detection of faults
from seismic data Simulate and
evaluate |
Sub-seismic |
fracture prediction Dynamlc data:
(tectonic forward Production data, IOR potential?
modeling) 4D seismic data

Schiumherger R4SE



Outline

= Detection and characterization of faults from seismic data
= Fracture prediction by forward modeling of detected faults, constrained by well data
= Local grid refinement to capture fault and fracture characteristics in simulation grid

= Ensemble of models with different permeability characteristics
= Production data and 4D seismic data used to evaluate ensemble members

Schiumbenger RéSBarch



Automated fault detection workflow — Medium to large scale .

Input [Selsmlc] Edge Detection [Amplitude Contrast] Edge Enhancement | [EOF]

Schiumbenger RéSBarch




Automated fault detection workflow — Medium to large scale

Schiumbenger RéSBarch



Automated fault detection workflow — Medium to large scale
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Tectonic forward modeling to predict sub-seismic fractures

4 fault groups considered, based on tectonic history and well observations. Minor faults excluded.

E Number of faults: 2198
- m— \WNW - ESE
== NNW - SSE
ENE - WSW
mmm  NNE - SSW

| _2300m | Depth slice: -10100 ft | 2500m I
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Input and output data

NFP Modelling workflow (Input Data) NFP Modelling workflow (Output)

Statistical Fracture/Fault data from wells (used for calibration)

1) Modelled Fractures for each implemented well
n =76, dip average = 58 n =83, dip average = 57 n = 67, dip average = 57

0° N = 48, dip avg = 61 0° N = 41, dip avg = 59 0° N =43, dip avg = 62

Moving Average Fracture Intensity (L/ft)

“t gl

1000 2000 3000 4000
local distance along well path (ft)

— A

Extracted fault model and the corresponding length distribution

Length distrubtion Extracted Faults

: SN
N W)
NG\ ' 774
Pﬂ‘]\\\\ \\'\\Q, ‘"\\% \’\ 2) Local rock displacement 3) Normalized differential stress 4) Local Fracture Intensity
14_\-‘\\ ) \\\\gl ¥
\ ‘u«_“\\\\\ \\l.\ LAz
1 DRAR ‘/K e
R .;‘-;;;. /Q_{“ \ 3 Fosoee
O\ (e l:::m
W ]
1000 1500 2000 2500 3000 i 26000
Length (m) e
B
Tectonic Stress (calibrated by faults and fault displacement) o

a.
= =10 4
E Oh tecte1 = 130°
OH tect21 = 160°
6, 0.667 Oy tectz2 = 70°

O tects = 200°

=0.334
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Output: Fracture intensities associated with each event (3D grids)

FracIntensity WNW_ESE FracIntensity_NNW_SSE FracIntensity EW_WE FracIntensity NNE_SSW
~1.00 ~1.0 - ~1.00

. i \ -
A et B . &
u‘- P . ‘:x y - Soncm, :gfg Vi 2 ¢ 7 { :‘:.. :g
N\ S -.
L - ., X
roroat X . i X0 \ { yoik
= = ™ e . "X :
\‘\ \ \ 3 WY ’ L / s A ) _.;
» o 5 F \ :' } ;{;’ .
< 3 " _— 2 \ 3 r N \
S ‘ \ ¢ ].\\ \ | ~ P ! N \ -
‘ ' . 2 { “ "~ 2 7 % .
mes  \NN\W — ESE = NNV - SSE ENE - WSW == NNE - SSW

Fracture intensities constrained by well data. Directions parallel to well trajectory tend to be underestimated.

Schiumbenger RéSBarch



Integrating faults and fractures in reservoir simulation model

= Model repository
= Fault groups with azimuth and planarity
= Fracture intensity for each group

= 3D properties at seismic grid resolution,
12.5mx12.5m

BT N N g Yy
A . e
F L] L] L | L
Fracintensity_ NNW_SSE Fracintensity EW_WE Fracintensity_NNE_SSW

-1.00 -1.00 100

00 » : 00 " " 090

L] n 0.80 * 0.80 C 0.80
0.70 y . 070 070

060 — 060 . ¥ 1 060

050 A+ . A RS . 0.50 i \ ‘- 0%0

0.40 ~ . X 0.40 = -~ % -ha 0.40

030 - “h LR U 030 3 A - y y o 030

020 « \ B - 020 - . R 020

-0.10 . N - -0.10 -t - 010

2 000

= Refinement / upscaling needed SRR AR

! R
i X} - WS
’ LAY 9 ¢ (
\ _ ".-'\ 3 A“( e
a 3 o _;( s T
52 o X § oy~
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= Keep simulation run time acceptable

= Current solution

= Refinement of sector of full-field model,

d25m

Imensions aroun

refined grid d
= Relative permeability curves still include

ICS

f matrix and fracture characterist

MIX 0

Simulation grid
and horizontal
slice of fault

Schiumbenger RéSBarch




.
......... zeool
4
o
e................. iz e .............. 7
2 A
L R S L
.n..z..v..-. 2 on...nn...o. AR 5
2
s
s
o
o
s
AL,

2
LR
2

S
i
vt
e
.........................
2 e L,
i L
e 2
e ey s
T % 2
e
2 77
ity
e
A
2
2L
PR
................... GRS
H L
e
v
o2
R
B
i
Aty
BRI
s
77
2

I
Regearc
herger

Schium

:

e
A
pﬂnn.nl.n“.”
e
...sz..s.
S R
o R
R
...........u......au.......
SRR o..c.u.no.
u.............ua... o i
.........................
PR
S
AR
S
...3.4...
S
’ S
E L L
S roons
...............
e
i
Lo
ks
S
i
2
A

7

2
r s
s

S
S
S
S
e

2
St
< .lh...i...
L2 = e .3.!3..'. 8
LI T, AR Snﬂ.ﬂﬁﬁ A oA
22 77 SraE ncn.ﬂ
27 ...saz...u...n........:..................n. ....u..n....u.............ﬁ..w...........ﬂ
. ....................................».......... .......w............. i et
2 t.-sh.uwwn i .ﬂﬁ&n&.ﬂ%&hﬂ. 3835-#38....#
2...&..-....%%..!3 -w-.-.~.~v~ it %H-Sw.uw-.u.-#.ﬂ.-
e H
S ........e...
% .............. .u....................
Q.ht.&hvi AL
L2 a!ZSt s
.............. 2 e
L
. 1R
s
R
o
4
.....’...., @ s
..... % R %
....... .Qﬂh' 4

v
i
s
A
2 n..n.......n..n....
L 7
.........................n....n....n.
S
i Z
Ll Gl
L G
bt S
. i e L
L
o
2
L

o

3.:%%%%
0330
333
\ 3353
..5.3303
u._ﬂ_.hhhth
LA
A

jon gri

|
d horizo r][ta
aIri]ce of faul
s

Simulat

lude

table

d model,
d25m
Inc

e

f

|
IONS aroun

t

ty curves st

’[iVity
€ connec
v

ser

pre

. tiCS
teris
ture charac
u
frac
ix and
X a

b

Imens

Ion run

lon
dd

Ve permea

f matr

ize faults
lat

imu

t

i Keep S
dgr

2
S
72
=
—
-
D
&
=

bjectives
Discre
|
of fu
nt of sector
ineme
= Refine
reﬁne

{
solu
ent
= Curr
* Relat
mix 0

Ref
=0




[

(@) )
@
=
Z
=
D
O
O
qV)
&
>
o
D
=
D
>
ra—
O
(q0)
P
—
[®)
&
&
-
@)
o
=
qV)
L

E
ES
W_

N
Wi
ity_
nsi

Inte

Frac

imuth)
Its (azimu
Fau

-1.00
-0.90

2
5
o 7
S
T s
%
2

S
G
o
n.nu...........

.......n...............

R A

s
7
e
.bt.!.hl
......ses o
..-mvun.%tﬂ.
& £
S

5

.
z

2

barc
hlumberger F4S
Sc

:
S
i
s
ol

G %z
s
e
z

2
e
iy
i
e

R

LA
...........uh....
e e
...-.on..-.... 7
Q’!.l %
e

%
o

i

o .:n..uuu...u

..-.....s.. R

‘ ........... SR

2 .................. TR 7

..“....................... ................... G

............ .......h....u.....?.n..#........ i

553 YL e 77 ..............u.........
2 S LA el

7 G e

............... L

L LR A

27 AL

L

Bt

QR

G

i

%

5

ke

R 2h

...........u............ ~
2

0.70
0.60
0.30
0.40
0.30

-0.20

-0.10

-0.00




faults and fractures. ..
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Ensemble experiment — Setup

= Base case: modified from original model = =
= INTERSECT isothermal, black-oil e
. . . Descripion {88 G7d | L] Functions | Q) Advanced | [ INTERSECT | 4 Stategies | 5} Resuls
= Compaction by depletion only (no water weakening) EEE B
= Full-field model + local grid refinement ‘ o

= Original coarse grid 436480 cells + 847745 local grid cells
= Ensemble of models for sector only

= Ensemble based reservoir tool (ERT) : f
= Open source, Statoil / Norwegian Computing Centre | oo o - oo DA

= |nitial ensemble:
= <KMAT_SCALE> UNIFORM 0.5 1.5 (unit-less)
= <KG1> UNIFORM 0 50 (mD)
= <KG2> UNIFORM 0 50 (mD)
= <KG3> UNIFORM 0 50 (mD)
= <KG4> UNIFORM 0 50 (mD)

Schiumbenger RéSBarch




Ensemble experiment — Automation

GRIDDING AND MAPPING MAKE DATA AVAILABLE OUTSIDE PETREL SIMULATION MODELS AND HISTORY MATCHING
(IN PETREL)
Original reservoir model Simplified:
Original simulation grid - .h5 file: ; isothermal, PVT, no
“ — | = FAULT LOCATION water weakenin
> plug-in o FAULT AZIMUTH INTERSECT model g
Local grid refinement — | © FRACTURE DENSITY i N v
? «  KMAT Ensemble based reservoir tool (ERT)
LGRPropertvPooulat +  Original PERMX, PERMY, PERMZ v
(sz; p‘l’ug_ﬁ’:)a o = Original SATNUM, IMBNUM, ROCKNUM Prior: KMAT_SCALING, FAULT PERM, Linux cluster setup
T * 4D seismic attributes FRACTURE_PERM, (per group / azimuth)
v
Seismic data: B N modify.py — PERM, SATNUM, IMBNUM, ROCKNUM
. Discontinuity cubes Hypothesis: Porosity well constrained, flow controlled by from .h5 and prior
(location, azimuth, matrix + fault + fracture permeability v
planarity) . Ensemble of INTERSECT models
. Fracture density cubes Uncertain parameters: I
. AD seismic aftr
seismic attribute cubes . KMAT_SCALING l I
FAULT_PERMEABILITY . v
: FRACTURE_PERMEABILITY Simulated Rock physics (Matlab) Import synthetics
WOPR, WGPR, WWPR, 4 into Petrel using
WWIR, WBHP AI_DIFF, TIME_STRAIN hdf5 plug-in

Observation data: | [
> « WOPR, WGPR, WWPR, WWIR, WBHP v
»  AmpDiff, Al diff, time shift, time strain, ...

\ 4

Compare with observation data Appropriate

l definition of 4D
mismatch required

Ensemble smoother update
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Ensemble experiment — Automation

= Realizations generated automatically
from prior and posterior distributions of
<KG1>, <KG2>, <KG3>, <KG4>,
<KMAT_SCALE>

= Simulations run in parallel (cluster)

= Processing of simulation results
= Extract relevant time lapse changes
= Run rock physics script

= Bitmaps of simulation results

Srmulatron results exported as brtmaps (here pressure fronts)
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Example: Ensemble end members

p——

= Enhanced permeability of up to 50 mD
for no groups, one group, two groups,
three groups or all four groups

= => 16 ensemble end members A
= KG1=0,KG2=0,KG3=0,KG4=0 ;
= KG1=0,KG2=0,KG3=0,KG4 =50

PERMX_0_5_0_50_0_0_4 1011.bmp
- P ——

+ KG1=50,KG2=50,KG3=50,KG4=50 |- i

PERMX
(filter: > 10 mD)
Black lines: injectors

1011.bmp

R il B . o b
N VR O ARG ) A by
ST gk " AL B W g SRR, E ~ R AR T
SNGN TS L BN, Sips B K -

N N L B NG
W \__‘. ; by i e W\ R a1 e WO _ VY

. |7. \ Y . &% Y -2 ) _.0 %5,

PERMX_0_5_50_50_0_0_12_1011 bmp PERMX_0)_5_50_50_0_50_13_1011.bmp PERMX_0_5_50_50_50_0_ PERMX_0_5_50_50_50_50_15_1011.bmp



Evaluation: Production data

= Well deliverability check Example water injector Example producer
= Need enough permeabi”ty around in\;\éactt(iaorn IanBeI-(I;IE’(zr?:' prod(l)JicI:tion podGua:tion prgzitcetiron 'Pr(E)B(Ij-IuPcer
wells to inject / produce specified rate 1 T,} " rate rate
amount without violating bottom ! . :
hole pressure constraints g |
= Rate and pressure mismatch : “

= Qil, gas and water production rates |
= Bottom hole pressures

—

Ensemble end member simulation results (lines) versus observed data (dots)
For some of the simulated cases, well deliverability fails because of bottom hole pressure constraints.
Note in particular the green line, which represents the case of matrix permeability only.
For the other cases, mismatch analysis of bottom hole pressures and production rates is feasible.
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Evaluation: 4D seismic data

= Focus on time strain around injectors
= Hardening (blue)

-0.01500000
-0.01000000

~0.00500000

= Water saturation increase

-0.00500000
-0.01000000
-0.01500000

= Gas back into solution (pressure increase) -5 aaao000
= Rock compaction

—-0.03000000
= Pressure reduction

= Softening (red)

= (Gas out of solution (pressure reduction)

= Rock dilation (rock compaction below)
= Pressure increase

= Mapped into simulation grid for Time strain over

. . . ) period of 4 years
comparison with simulation results (iter: hardening only)

Injectors in black.

Schiumberger RESH



Evaluation: 4D seismic data versus simulation results

0.03000000
0.02500000
0.02000000
0.01500000
0.01000000
0.00500000
0.00000000
-0.00500000
-0.01000000
-0.01500000
-0.02000000
~-0.02500000
~-0.03000000

Observed versus simulated time strain over time
period of 4 years (filter: hardening only)
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Evaluation: Flow model and rock physics model

Flow model: PERMX (filter: > 10 mD) Flow model: pressure increase (filter: > 200 psi) RPM: time strain > 1 % (filter: hardening only)

Flow model: water saturation increase (filter: > 5 %)

Schiumberger RESH
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Questions |

°o |
Thank You!
D



Key elements in workflow

= Automation in seismic interpretation, tectonic modeling and reservoir simulation
= Tight integration between seismic data and locally refined simulation models
= Ensemble of models consistent with detected faults and predicted fractures

Current focus Ultimate goal
Detection of faults
from seismic data Simulate and
evaluate |
Sub-seismic |
fracture prediction Dynamlc data:
(tectonic forward Production data, IOR potential?
modeling) 4D seismic data

Schiumherger R4SE
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