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GENERAL PROBLEM:

Spatial Statistics are Calculated From a
Small Fraction of the Outcrop Area

GOAL:

Evaluate Accuracy of Sampling Patterns
Used to Determine Variograms from
Outcrops

METHODS:

1. Generate Synthetic Outcrops of
Known Variograms

2. Sample Outcrops with Typical
Sample Patterns.

3. Sample Outcrops using a Simulated-
Annealing Approach to Move
Samples into Better Positions.
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The Variogram is a Measure of Spatial
Variability that is commonly used In
Reservoir Modeling

Example: 3 synthetic well logs
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Example: 3 synthetic well logs
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Data is sparse so Many Stochastic Models
(Realizations) are Generated
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Model Variograms
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Colors range from blue (low log permeability) to red (high log permeability).

6 Corresponding Variogram Models Used.

2 Realizations (different random seeds) Shown for E
53 Realizations Generated for Each Model.

Outcrop Dimensions are 201 x 25 Cells.

Generated using Annealing Cosimulation

x Deutsch & Cockerham, 69th Annual SPE Meeting, SPI
ST T OO e S T S,

* Constrained by Permeability Distribution & Vai’iogra

Input Distribution of Log Permeability Data

0.08_ Number of Data 6098

0.06_]

0.04_]

Frequency

0.02_]

5. 05 05. 15 25 35 45
Log10 Permeability -- mDarcies




L & B | T
T ing 9 s &0
Horizontal Range = 50

0.25 h Vertical Range = 50 ]
ligh log permeability). Nugget = 0.25
000 L " 1 i --I_ il '_
0 20 40 60 80 100
1.00 — : s
. | Vertical
075l /Horizontal ]
Is Used. . | -
£ os0ll Outcrop Model #3 i
= : /
eeds) Shown for Each. | Horizontal Range = 25| |
&) Vertical Range =2.5 |
~ 0.25} '
"h M Od € I . H Nugget = 0.0 ‘

Ce”S. | 00— ‘ . 6]0 8.0

1lation | i e o
al SPE Meeting, SPE 7 ;,."'lilorizontal

Qutcrop Model #2

Horizontal Range = 50

oution & Variograms.

Vertical Range = 10

Nugget = 0.0

1 i 1 i 1

0 0 40 60 80
fog Permeability Data _ '{vemcal

0.75¢ Horizontal

i Outcrop Model #1
[ Horizontal Range = 50
Vertical Range = 5

Nugget = 0.0

il 1

40 60 80 * 100
Lag (feet)

05 15 25 35 45
rmeability -- mDarcies




Anticipated Variability in Flow Behavior Among
Realizations when Variograms Known -
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A goal of sampling is not merely a variogram model that
yields the correct average flow behavior, but one that
also accurately represents the variation in flow behavior
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A goal of sampling is not merely a variogram model that
yields the correct average flow behavior, but one that
also accurately represents the variation in flow behavior

from different realizations created from the original,
known variogram.

Thus, we desire outcrop sampling methods to yield

variogram model parameters for each outcrop within
“about 50% of their true values.

Effective Permeability is the Permeability that, when

Multiplied by the Mean Fluid Pressure Gradient, Produces the
Specific Discharge Through the Outcrop.

A Horizontal Effective Permeability Calculated Assuming

Constant Pressure at Right & Left Ends Of the Outcrop & No
Flow Through Top & Bottom Edges.

Vertical Permeability Is Determined Correspondingly.




Approach 1:
Test Typical Sampling Patterns or

10 Common Outcrop Sample
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utcrop Sample Patterns
5 confinded to lower 6 feet.
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Root-Mean-Square Errors of Variogram
Model Parameters Calculated From Samples:

Fixed Samples
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« Qverall Best Method 12.

Strategy 12 is poor at predicting the nugget.

® Accurate prediction of the nugget is especially
important with regard to flow behavior
>  strategy C300b is preferred.




Predominant Set of Lags
~ Used In Variogram Calculation
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Number of Samples Used for Each Lag According to Sampling Method
Sampling Method -
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Approach 2:

Use Simulated-Annealing to Move
Samples Into More Favorable Pattern

e Anneal Using Models 1-4
e Test On Models 5 & 6



53 '-

1 .utcrop Sample Patterns From I

MG

,_‘o"mbl'hed Set of 53 Realizations of Outcrop

" 300 Samples.
e Different sampling patterns result from differe
Initial random patterns.

. @ Outcrop models 5 and 6 reserved for testing

Vertical Coordinate
o
]




SRR ST T Y TN B A e B B R R TR
Patterns From Different Annealing Runs

ations of Outcrop Models 1-4.

s result from differences in annealing rates and

served for testing resultant sampling patterns.
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Root-Mean-Square Errors of Variogram
Model Parameters Calculated From Samples:

300 Annealed Samples
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@« Qverall Best Method C300Db.

This Method Was Tested on Outcrop Models 5 & 6, and
Produced Results Better Than Most of Other Invariable
Sampling Methods.




Root-Mean-Square Errors of Variogram
Model Parameters Calculated From Samples:

200 & 500 Annealed Samples
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Annealing Results Greatly Improve From 200 to 300
Samples; Small Improvement From 300 to 500 Samples.
(500 Samples are three at left; 200 Samples are right 8.)
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Sampling Approach & Considerations

. General:

a) Define stratigraphic coordinate space.

b) Establish sampling strategy for each stratigrapt
zone (items 2-7).

c) Translate sampling strategy to real coordinate space

d) Sample outcrop.

. Form several continuous, tightly-spaced horizontal strin
of samples to capture the nugget. Total lengths of the.
strings relatively short.

A few horizontal strings can be grouped together to for
clusters of moderate length. Horizontal gaps between t
substrings, and staggering of these gaps vertical
reduces the relative importance of any sing
measurement — protects against anomalous samples.

A couple of horizontal strings aligned with, and at larg
vertical separation from, the dominant clusters a
required.

Clusters should generally be separated horizontally
distances comparable to their horizontal extent.

Vertical strings of tightly-spaced samples should &
separated horizontally at irregular intervals. Only a few .

these strings need span the entire outcrop and sever
strinas shotild be chort to rediice the relative imnortanc
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Form several continuous, tightly-spaced horizontal strir
of samples to capture the nugget. Total lengths of the
strings relatively short.

A few horizontal strings can be grouped together to fc
clusters of moderate length. Horizontal gaps between
substrings, and staggering of these gaps vertice
reduces the relative importance of any sin
measurement — protects against anomalous samples.

A couple of horizontal strings aligned with, and at la
vertical separation from, the dominant clusters |
required.

. Clusters should generally be separated horizontally

distances comparable to their horizontal extent.

. Vertical strings of tightly-spaced samples should

separated horizontally at irregular intervals. Only a few
these strings need span the entire outcrop and seve
strings should be short to reduce the relative importar
of any single measurement.

. The number of lags to which a sample contributes sho
be relatively uniform for all samples. Prior to sampli
this condition should be verified.
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Some Additional .Considerations

® Cost of Sampling

= rregular vs. simple patterns

= sampling more cc;stly at tall heights
® Trends in Permeability Across Outcrop
® Rock-Face Inaccessibility or Damage

® Mulitple Lithologies & Facies

Many of these factors could be explored using
a simulated-annealing approach.
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