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What is in a Discrete
Fracture Network Model




Fractures are described in a Discrete Fracture Network model

WHAT IS A DEN?

Three completed
deep wells

Example modeling
region, deep in the
granite bedrock of the — [~
Utah FORGE site
with fractures in the
DFN shown as
hexagonal planes

GOLDER
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16A(78)-32

58-32
56-32

Fractures are explicitly
represented as discrete,
planar features in 3D

« Shape
« Size

« Orientation Individual
* Mechanical aperture — fracture
« Hydraulic aperture properties
* Permeability

« Compressibility

—_

_ Collective
o IntenSIty «— fracture
» Connectivity properties
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Utah FORGE Reference DFN Model Update

NEW DATA INCORPORATED SINCE 2019 MODEL

Well 58-32

* Newly analyzed data from FMI Run 3 (post-stimulation natural fracture aperture, fracture size)
« Well test modeling results from Zone 2 (aperture)

« Forward modeling work from FMI data (fracture size)

Well 16A

« Intersecting natural fractures identified from FMI (orientation, intensity, discrete fracture set)

« Natural fractures identified using 3D Far Field Sonic (orientation, intensity, discrete fracture set)
« Lithology from drill cuttings (geologic model)

Well 56-32

« Intersecting natural fractures identified from FMI — coming soon (orientation, intensity, discrete fracture set)
« Lithology from drill cuttings (geologic model)

Other: Gamma logs, temperature logs, mechanical logs

GOLDER
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2021 DFN Update

ORIENTATION

EW Vertical

2019 DFN Model - Three orientation sets

NS Inclined Dipping West NE Steeply DippD

Set Intensity Ps [1/m] 0.78 1.41 0.31
[%] 31 56 12
Mean Set Orientation Strike [deg] 96 185 215
Dip [deg] 80S 48W 64 SE
2021 DFN Model - Four orientation sets
Fisher
Description P., [1/m] [90] Mean Trend| Mean Plunge | Mean Strike | Mean Dip | Concentration DJGCM_\
South striking moderately dipping west 0.42 36.1% 88.5 46 178.5 44 15 / South striking moderately dipping west\
East striking steeply dipping south 0.35 30.1% 15 13.5 91.5 76.5 30 / East striking steeply dipping south
NEW —» SSW striking vertical 0.19 16.6% 131 5 221 85 30 \ SSW striking vertical
North striking steeply dipping east 0.20 17.2% 260 17 350 73 10 \ North striking steeply dipping east
1.15 100.0% : :
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Updated fracture orientations

WELL LOGS - FMI _
Fractures on the lateral of 16A are vertical and

_ ) best oriented to intersect well — some bias is
Fractures are in a wide range of obvious in the data

orientations with 3-4 prominent sets /

Well 16A Conductive Continuous below 2500 m MD Well 56-32 Conductive Continuous Fractures 2150m to 2765m

Upper Hemisphare Fracture Poles ContaiiiSaaia

&4

S Contour Scale

20.0
25

N-S striking
steeply
dipping west
set

N-NE striking
vertical set

N-S strikin

’l vertical se

E-W striking
vertical set

vertical set

T Y
e
S Nk

N\ =

180
@ Conductive_Continuous_Fracture_56-32Filter_2150m_2765m_1 (410 points) : Contoured (Terzaghi Weighted)

Fisher Contours (Fisher Distribution Exponent K = 50.00)(410 Points)

)
@ Conductive_Continuous_Fracture_2Filter_below_weathered_top_1300_m_md_1 (20 points) : Contoured (Terzaghi Weighted)

180
Fisher Contours (Fisher Distribution Exponent K = 50.00)(357 Points) @ Conductive_Continuous_Fracture_1Filter_below_2500m_md_1 (331 points) : Contoured (Terzaghi Weighted)

Fisher Contours (Fisher Distribution Exponent K = 50.00)(331 Points)
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2021 DFN Update 2019 DFN Model — Based on outcrop trace data
FRACTURE SIZE 10000 5

2021 DFN Model — Based on both
outcrop trace data and FMI data

Data can fit both a power
law distribution and a
lognormal distribution

100.0 §

\\ :-

Complementary Cumulative Number

A A " A A s
A o “_/
- e v

Power Law
Slope: -2.2
Radius Exponent D: 3.2

g

Data consistent with power law
distribution and a value for the minimum e
size sampled is also obtained

1.0
100.0

<
=1
—

1000.0

Trace_Length
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1. Generate DFN 2. Find intersecting 3. Calculate pad counts
surrounding the fractures on the 8-sided borehole

well borehole

FractureRadius [m] > 62.3

PanelCount> 8
. 8 Enlarged 4. Compare results with FMI data
view to show
fracture | |
7 intersections || ¥/ 2 pads
50 1 { ¥ F} (|
o 8 ! d
1 pads
40 ? l / l
I
4
l r 58-32 FMI Run 1 Deepest 300 ft Pad Counts

%

3 * w0{ T Sum of pads 1-4
‘ e | = } used as “partially
‘ 801 [T 50 penetrating” count
2 5 5.6
60 6 2.8
<1 T L } Pad8total usedas

w0 | “fully penetrating”
Z count

Forward modeling using different xe) Pane,mu,it
fracture size parameterizations

20 A

Y (N
Q—( )2(E) FractureRadius[m]

GOLDER Finnila, A. “Estimation of Fracture Size for a Discrete Fracture Network Model of the Utah FORGE Geothermal Reservoir using Forward Modeling of
° MEMBER OF War Fracture-Borehole Intersections.” Paper presented at the 55th U.S. Rock Mechanics/Geomechanics Symposium, physical event cancelled, June 2021. 11
Originally accepted for the 3rd International Discrete Fracture Network Engineering Conference. DFNE 21-2329 (2021).



2021 DFN Update

FRACTURE INTENSITY IN THE DEEP RESERVOIR

2021 DFN Model — Based on more P,, data (3 wells)
and evidence constraining the fracture size distribution

P, is (# fractures)/(interval length)
P, is (fracture area)/volume

Both have units of 1/length

P, is easy to measure in a well log
but is dependent on the well
orientation with respect to the fracture
orientations

PN
Description - [1/m [9%6]
South striking moderately dipping west 0.42 36.1%
East striking steeply dipping south 0.35 30.1%
SSW striking vertical 0.19 16.6%
North striking steeply dipping east 0.20 17.2%
1.15 100.0%
2019 DFN Model — Higher intensity
EW Vertical NS Inclined Dipping West NE Steeply Dipping SE
Set Intensity @] 078 1.41 0.31 = 2 . 5
[5] 31 56 12
Mean Set Orientation Strike [deg] 96 185 215
Dip [deg] 80 48 W 64 SE

GOLDER
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Measured Depth [m]

Updated fracture intensity

WELL LOGS - FMI

Well 58-32 Partially Resistive bottom 300 m

2500.0

Well 16A Continuous Conductive below 2500 m

2000.0 4_
2050.0 4
Well 56-32 Conductive Continuous 2150 m to 2765 m
2100.0 4 7 21000
2150.01 il Shallower slope
2200.0 9 . 220001 indicates hlgher
2500 ‘] / fracture intensity
Percent of Total Fractures _ i E‘ |
2 30000 = 24000
g | 2
= a
] ki ]
3100.0 § 2500.0 -
8 ]
Can identify sections of | ,
. 32000 * F t 2600.0
higher and lower fracture HTactre - ] .
intensity along the well | ShuiRanar e afl |
y g 07 somewhat higher 27007
bores in last 100 m :
000 D S o o ) =) =) [} o ) DI 28000 - I I I ‘ I I ‘ :
Percent of Total Fractures Percent of Total Fractures
: GOLDER 13
MEMBER OF WSP




2021 DFN Update

FRACTURE APERTURE

2021 DFN Model
» Evidence from FMI in 58-32 (mechanical aperture)

» Evidence from well test matching using DFNs (hydraulic
aperture)

* Mechanical apertures larger than hydraulic apertures

GOLDER
° MEMBER OF WSP

2019 DFN Model

e Based on an assumed bulk fracture
porosity of 0.5%

* Larger apertures than the 2021 model

14



Updated fracture apertures
MECHANICAL AND HYDRAULIC

v

Mechanical apertures from FMI following
stimulation are generally in the 0.1 mm range while

20

Well 58-32 FMI Run 3 Natural Fractures

Upper Hemisphere, Fracture Poles

040

060

hydraulic apertures from well tests are an of order .
of magnitude smaller
FMI Run 3 Natural Fractures [7390 to 7527 ft] %0
40
30 0 [
. L ]
2! LY -: -

Frequency
S
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240

220

200

< L
~ I

Aperture [mm]

3.0
3.5

40
4.5 ]

180

® Conductive_Part_Resistive_Fracture_Run3 (114 points) (Aperture Sized)
@ Conductive_Continuous_Fracture_Run3 (9 points) (Aperture Sized)

160

100

120

Point size on

stereoplot scaled

by aperture
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@penEI Geothermal Data Repository A

GDR¥ - Help - About Search _ .
2019 DFN — Presented this work at the Stanford Geothermal Workshop in
Data Set #1 2020 and the FORGE Modeling and Simulation Forum in May 2020

2019 DFN g

Utah FORGE: Discrete Fracture Network (DFN) Data

Jun
Abstract Data from June, 2020
The FORGE team is making these fracture models available to researchers wanting a set of natural fractures in the FORGE reservoir for use in their own modeling work. They have been used to predict m Submitted Jun 24, 2020
stimulation distances during hydraulic stimulation at the open toe section of well 16A(78)-32. These fracture sets are fully stochastic and do not contain the deterministic set that matches the pilot well 58-32 FMI
data. Well 58-32 has been completed and 16A(78)-32 is to be drilled as part of Phase 3. The original .fab files are not included due to redundancy. The *fabgz data for the 800m and 1200m depth areas are in the 2 Contact

native FracMan format and have been compressed using Gzip. Filtered data for the 800m depth area includes .csv spreadsheets, native FracMan (.fab), and GOCAD (.is) files that are in a compressed zip format.

The file titled "SGW 2020 Finnila and Podgomey DFN fracture files on GDR.pd™ is a description of the data and should be reviewed prior to data use Golder Associates Inc.

Aleta Finnila

"E © Status

Exploring Hydraulic Fracture Stimulation Patterns inthe  paner by Aleta Finnila and Robert Pod nich uses DEN fil ilable | 8 View L ZEEEE D License @@
% FORGE Reservoir Using Multiple Stochastic DFN e o e e

. . N o this submission. PROCEEDINGS, 45th Workshop on Geothermal Reservoir
Realizations and Variable Stress Conditions Enineering Stanford . more P [&1 Download All Resources
9 9 (64 files, 10.65 GB)

[ Filter 800m 1.fabgz This is FracMan file 1 for the 800m x 800m x 800m region including all the 630 & Download i Auth
thousand fractures generated. This file has been compressed in a Gzip format. (83.29 MB) uthors
£33 Aleta Finnila Robert Podgomey
Golder Associates Inc. Idaho National Laboratory
[ Filter 800m 10.fabgz This is Frachian file 10 for the 800m x 800m x 800m region including &l the 630 < Download
thousand fractures generated. This file has been compressed in a Gzip format. (83.9 MB)
Lo W Keywords
geothermal, energy, Utah FORGE, FORGE, Utah geothermal, reservoir,
[ Filter 800m 11.fabgz This is Frachian file 11 for the 800m x 800m x 800 region including all the 530 *;‘;‘gﬂ‘;ﬁd Snainesring. Py AUl faciuing, EGS. Diserete Fracture Newort. DN
ir thousand fractures generated. This file has been compressed in a Gzip format. (83. ) fracture modelling, Milford, modeling, fracture, hydroshear, inflated, pore
pressure, stress, FracMan, stimulation, drilling, pressure, Golder,
imulati ir pl hydraulic fract
[9  Filter 800m 12.fabgz This is Frachan file 12 for the 800m x 800m x 00m region including all the 630 & Download SimulEtion, reservol planning, hydraulc fraciuring
thousand fractures generated. This file has been compressed in a Gzip format. (83.51 MB)
10 Share
Golder & iates Inc.. (2020). Utah FORGE: L
[ Filter 800m 13.fabgz This is Frachian file 13 for the 800m X 800m x 00m region including all the 630 & Download SHes SRS Eee (PR U
. thousand fractures generated. This file has been compressed in a Gzip format. (83.8 MB)
.
Export Citation to RIS
[ Filter 800m 14.fabgz This i FracMan file 14 for the 800m X 800m x 800m region including all the 630 & Download
. thousand fractures generated. This file has been compressed in a Gzip format. (83.18 MB) http://gdr.openei.org/submissions/1222
Copy Location
L i i CemmtAmm A AR frr fhn DA v BN v BN cAminm i Al e £ 00 & Download

GOLDER 17
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2019 DFN Files on GDR

HTTPS://GDR.OPENEI.ORG/SUBMISSIONS/1222

DFN fracture file downloads are available for models referenced in the paper:

Exploring Hydraulic Fracture Stimulation Patterns in the FORGE Reservoir Using Multiple Stochastic DFN
Realizations and Variable Stress Conditions by Aleta Finnila and Robert Podgorney

from PROCEEDINGS, 45th Workshop on Geothermal Reservoir Engineering, Stanford University, Stanford,
California, February 10-12, 2020, SGP-TR-216

The FORGE team is making these fracture models available to researchers wanting a set of natural fractures in the
FORGE reservoir for use in their own modeling work. They have been used to predict stimulation distances during
hydraulic stimulation at the open toe section of well 16A(78)-32. These fracture sets are fully stochastic and do not
contain the deterministic set that matches the pilot well 58-32 FMI data. Please refer to the paper above for
details on their generation and usage.

§ GOLDER i



2019 DFN Files on GDR (Cont.)

-

Fractures are available for 30 DFN realizations in three different subsets:

1) The largest modeling region 1200 m x 1200 m x 1200 m including all the 2.1 million fractures generated
(example filename: Region_1200m_20.fab)
a. fab file format (each ~825 MB) .
b. fabgz file format (each ~290 MB) FracMan file format only
2) A smaller 800 m x 800 m x 800 m region including all the 630 thousand fractures generated in that region
(example filename: Filter_800m_Region_17.fabgz)
a. fab file format (each ~290 MB) _
b. fabgz file format (each ~85 MB) FracMan file format only
3) Fractures from the 800 m region but additionally filtered for size so only the largest fractures are retained
further from the open hole section of 16A(78)-32 with approximately 5,000 fractures (example filenames:
Filtered_800m_2.csv, Filtered _800m_30.ts or Filtered_800m_all_fab.zip)
a. fab file format (each ~2 MB, combined 17 MB)
b. fabgz file format (each ~650 KB, combined 19 MB)
c. GOCAD ts file format (each ~6 MB, combined 18 MB)
d. csv file format (each ~650 KB, combined 7 MB)

FracMan file format
GOCAD surface file format
CSV format

MMMMMMMMMMM

GOLDER
>
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2019 DFN Files on GDR (Cont.)

NOTES

The FAB and FABGZ file format are the native file format for the FracMan software.
The GOCAD format only includes fracture geometry, not hydraulic properties.

Subsets 1 and 2 files are only available as individual downloads for each of the 30 DFN realizations and file types.
The last part of each filename includes the realization number (values are 1 to 30) so the file
Region_1200m_13.fab is the correct filename for realization number 13.

Subset 3 has fractures filtered by size with all fractures having centers within 50 m of the open hole section
included. Fractures having centers between 50 m and 200 m of the open hole section are retained if their
fracture radius is greater than 50 m. Only fractures having a fracture radius of 100 m or more are retained if their
center is located more than 200 m from the open hole section of 16A. Due to their smaller file sizes these files

are also available as one single download including all the 30 DFN realizations by file type (example filename:
Filtered_800m_all_csv.zip)

§ GOLDER 2



2019 DFN Files on GDR (Cont.)

STRESS BOUNDARY CONDITIONS FOR HYDRAULIC FRACTURING SIMULATIONS

The following tables show the DFN realization number which may be of specific interest for various modeling
purposes. Different stress configurations are labeled using the convention “[Orientation] [SHmax] [Shmin]” where
“Rec” stands for the recommended values, “Min” for minimum and “Max” for the maximum stress gradient. For

instance, if the intent was to simulate the vertical hydraulic fracturing response of the open hole section of 16A(78)-

32, then the realization number for the most likely stress condition (N25E_Rec_Rec_Rec) showing average (median)
response to hydroshearing would be found on the top row of the Hydrosheared Fractures table in the column for

Median Vertical Extent — yielding the realization number 20.

Recommended | Minimum Maximum
Pore Pressure [MPa/km] 9.7 N/A N/A
Vertical Stress [MPa/km] 25.6 N/A N/A
Shmax [MPa/km] 21.3 17.0 25.6
Shmin [MPa/m] 17.0 13.8 N/A
Direction SHmax N25E N1OE N40OE

MEMBER OF WSP

GOLDER
9
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HYDROSHEARING EXTENT

Choosing a DFN
realization

e.g. Might choose
Realization #20 if
the “average”
vertical extent of
stimulation was
desired under the
most likely stress
conditions

GOLDER

MEMBER OF WSP

2019 DFN Files on GDR (Cont.)

Hydrosheared Fractures

East-West Extent

North-South Extent

Vertical Extent

Stress Condition Median | Min | Max | Median | Min | Max | Median | Min | Max
N25E_Rec_Rec_Rec 8 1 6 5 18 | 28 | (20) | 23 | 11
N25E_Rec_Rec_Min 6 8 27 22 8 30 7 21 | 17
N25E_Rec_Min_Rec 25 21 6 19 17 10 14 2 1
N25E_Rec_Min_Min 12 18 26 18 11 21 15
N25E_Rec_Max_Rec 21 28 8 30 8 22 11
N25E_Rec_Max_Min 11 27 26 1 26 22 17
N10OE_Rec_Rec_Rec 29 22 16 14 11 4 8 11
N10E_Rec_Rec_Min 20 2 18 5 6 21 10 15
N10OE_Rec_Min_Rec 4 24 29 26 16 6 23 28
N10OE_Rec_Min_Min 8 2 26 9 18 10 22 13 2
N1OE_Rec_Max_Rec 16 22 13 15 23 1 7 15
N10OE_Rec_Max_Min 8 16 6 29 3 14 13 29
N40OE_Rec_Rec_Rec 28 18 22 14 20 20 10 2
N40E_Rec_Rec_Min 24 18 25 24 26 8 15
N40E_Rec_Min_Rec 12 21 24 6 9 8 30 17
N40E_Rec_Min_Min 7 1 29 10 25 24 19 10 25
N4OE_Rec_Max_Rec 2 25 22 22 28 4 30 15
N40E_Rec_Max_Min 28 25 26 1 S 23 18 2

22




2019 DFN Files on GDR (Cont.)

INFLATION EXTENT

Inflated Fractures
North-South Extent
Median | Min | Max

Vertical Extent
Median | Min | Max

East-West Extent
Median | Min | Max

Stress Condition

N25E_Rec_Rec_Rec 14 15 | 22 17 12 | 30 22 25 [ (5 )
N25E_Rec_Rec_Min 7 28 | 27 12 2 | 30 27 19 | 17
_ N25E_Rec_Min_Rec 7 4 | 26 20 3 | 22 13 26 | 25
Choosing a DFN N25E_Rec_Min_Min 7 24 | 3 29 3 | 28 14 30 | 12
realization N25E_Rec_Max_Rec 22 1 | 27 5 2 | 30 25 10 | 12
N25E_Rec_Max_Min 19 12 | 27 12 2 | 23 24 10 | 17
e.g. Might choose N10E_Rec_Rec_Rec 21 20 | 14 26 2 | 23 3 10 | 12
Realization #5 if NLOE_Rec_Rec_Min 15 20 | 13 5 16 | 23 15 6 | 12
he maximum N10E_Rec_Min_Rec 21 4 1 25 8 | 13 27 26 | 1
the N10E_Rec_Min_Min 21 20 | 11 1 21 | 10 22 6 | 12

vertical extent of

N10E_Rec_Max_Rec 21 29 | 13 21 | 3 1 23 | 11
fluid reach was N10E_Rec_Max_Min 15 11 | 9 4 15 | 3 6 | 11
desired N4OE_Rec_Rec_Rec 27 1 14 13 2 19 g 20 | 10
N40E_Rec_Rec_Min 23 11 | 6 4 8 | 27 17 14 | 16
N40E_Rec_Min_Rec 5 19 | 22 26 11 | 30 1 23 | 8
N40E_Rec_Min_Min 28 27 | s 19 14 | 24 23 20 | 25
N40E_Rec_Max_Rec 30 23 | 27 1 | 23 23 5 2
N40E_Rec_Max_Min 15 30 | 22 23 25 16

GOLDER 23
o
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2019 DFN Files on GDR (Cont.)

STIMULATION VOLUME Hull Volume Grid Slab Volume
Stress Condition Median Min Max Median Min Max
N25E_Rec_Rec_Rec 25 15 11 (11) 9 20
N25E_Rec_Rec_Min 28 19 27 El 17 29
N25E_Rec_Min_Rec 7 23 1 8 28 21
N25E_Rec_Min_Min 2 1 11 7 5 8
Choosing a DFN N25E_Rec_Max_Rec 14 2 17 22 3 25
realization N25E_Rec_Max_Min 18 19 27 24 20 25
N10E_Rec_Rec_Rec 27 20 11 10 3 1
e.g. Might N10E_Rec_Rec_Min 2 8 11 10 16 24
choose N10E_Rec_Min_Rec 25 2 1 17 4 30
Realization #11 if N10E_Rec_Min_Min 13 20 11 1 2 25
the “average’ N10E_Rec_Max_Rec 28 26 11 3 22 18
stimulation N10E_Rec_Max_Min 24 15 13 7 9 20
volume was N40E_Rec_Rec_Re‘.c 8 22 14 17 11 21
. N4OE_Rec_Rec_Min 13 8 4 27 13 18
desired under :

) N40OE_Rec_Min_Rec 1 23 22 27 15 21

the most likely —
.. N40OE_Rec_Min_Min 7 1 25 13 3 7
stress conditions N4OE_Rec_Max_Rec 26 10 27 20 19 27
N4OE_Rec_Max_Min 28 9 26 17 9 22

MEMBER OF WSP
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Data Set #2
2021 DFN

Geothermal Data Repository

OpenEl
GDR‘ - Help ~ About  Search

Utah FORGE Well 16A(78)-32 Simplified Discrete Fracture Network Data
Abstract

The FORGE team is making these fracture models available to researchers wanting a set of natural fractures in the FORGE reservoir for use in their own modeling work. They have been used to predict
stimulation distances during hydraulic stimulation at the open toe section of well 16A({78)-32. This is a simplified DFN (discrete fracture network) dataset, that was generated using FracMan, for Utah FORGE well
16A(78)-32. A short, well-illustrated, report describing the data is also included in the provided archive file

(1 Resource

& Download

[{] simplified DFN for FORGE 16A Stimulation April 2021.zip Well 16A(78)-32 DFN data and short report in a .zip archive 102 35 1)

& 68

*downloads since 2019

Related Datasets

Datasets associated with the same DOE project

Search this table Q Show entries
Submission Name = Resources Submitted & Status =
Utah FORGE: Discrete Fracture Network (DFN) Data 65 06/22/2020 Publicly accessible

Showing 1 to 1 of 1 entries

2021 DFN — Used for work which will be presented at GRC 2021

Data from June, 2021

Jun
2021 | submitted Jun 2, 2021

& Contact

Golder Associates Inc.
Aleta Finnila
425.883.0777

@ Status

Publicly accessible

License @@

& Authors

Aleta Finnila
Golder Associates Inc.

® Keywords

geothermal, energy, Utah FORGE, FORGE, Utah geothermal, reservoir,
engineering, hydraulic, fracturing, EGS, DFN, discrete fracture network,
well 16A78-32, Utah, Enhanced Geothermal System, Engineered
Geothermal System, FracMan, Roosevelt Hot Springs, Roosevelt Hot
Springs Geothermal Site, Milford, processed data, CSV, well, drilling,
stimulation, pressure, model, modeling

Additional Info

DOE Project Name: Utah FORGE
DOE Project Number: EEQ007080
DOE Project Lead: Lauren Boyd

DOI: 10.15121/1787506
Last Updated: a month ago

Share

Golder Rssociates Inc.. (2021). Utah FORGE We

Export Citation to RIS

http://gdr.openei.org/submissions/1317

GOLDER

MEMBER OF WSP
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2021 DFN Files on GDR

HTTPS://GDR.OPENEI.ORG/SUBMISSIONS/1317

Simplified DFN for Utah FORGE 16A Stimulation

DFN fracture file downloads are available for models referenced in the upcoming paper:

Numerical Investigation of Stimulation of the Injection Well at Utah FORGE Site by Pengju Xing, Branko
Damjanac, Zorica Radakovic-Guzina, Aleta Finnila, Robert Podgorney, Joseph Moore, and John McLennan
To be presented at the October 2021 Geothermal Rising Conference

GOLDER
° MEMBER OF WSP
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Availlable files for three realizations of the DFN
BOTH GLOBAL AND LOCAL COORDINATES AVAILABLE

Local coordinates
have the objects
« 16A(78)-32 well trajectory rotated 20 deg
»  Region box (as GOCAD surface) counterclockwise
. Discrete fractures (10-150 m radius) ~50K in DFN D
that the direction
* FracMan FAB format (hexagonal fractures) of S, aligns
» Gzip csv files (fractures as point data) with tha Y axis
« Upscaled properties (fractures < 10 m radius)

* Fracture porosity

« Directional permeability Tocal
* Bulk compressibility
 FMI data

« Original las file
 Point data of FMI fractures used in these DFNs

GOLDER
° MEMBER OF WSP
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Model region 1 km x 1 km x 1 km

Symax direction N20E

S, Is largest stress magnitude and vertical
Region oriented with principal stress directions
¥ 4263121 in the global coordinates

~d
AL
/ s
_16A(78)-32 f56-32 T
I /
—7
! /
/ ~-58-32
/
/ /
e
] /
- /
Y (N
L—- X© &m( (E)

GGOLDER )8



Four stochastic fracture sets
FULL FRACTURE INTENSITY (P32) = 1.15 1/M

Stochastic Fracture Sets

Contour Scale

Discrete stochastic fractures provided in the DFNs have
radius values in the 10-150 m range and have only four
constant orientations corresponding with the mean set
values shown in the table below

10

GOLDER
° MEMBER OF WSP

Orientation Intensity
Mean Mean L
Trend/Plunge | Strike/Dip | P, [1/m] [%]
Set Description [deg] [deg]
South striking moderately dipping west 88.5/46 178.5/44 0.42 36.1% 2
East striking steeply dipping south 1.5/13.5 91.5/76.5 0.35 30.1%
North striking steeply dipping east 260/17 350/73 0.20 17.2%
SSW striking vertical 131/5 221/85 0.19 16.6%
1.15 100.0%

s Sl o

)
wﬁwwzé

=S

29



—

P32 FOR FRACTURES >= 10 M IS 0.034 1/M

v

racture size and intensity

Fracture size follows a Pareto
distribution with D = 3.2 and x, = 0.63

Background fractures are generated in
the 0.63 — 10 m range (radius)

Discrete fractures that are delivered are
generated in the 10 — 150 m range

<—— These get upscaled

GOLDER

MEMBER OF WSP

Ps, P;,0.63-10 m | P;, 10-150 m

Description [1/m] [%] 96.5% 3.5%
South striking moderately dipping
west 0.42 43.3% 0.401 0.015
East striking steeply dipping south 0.35 36.1% 0.334 0.012
North striking steeply dipping east 0.20 20.7% 0.191 0.007
SSW striking vertical 0.19 19.9% 0.185 0.007

0.96 100.0% 0.926 0.034
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Fractures created from 16A FMI — sizes are stochastic
THREE REALIZATIONS - ALL FROM FMI ON BOTTOM AND JUST > 10 M ON TOP

Radius > 10 m Radius > 10 m Radius > 10 m
N=14 N=11 N=10

Realization 3
All N=185

Realization 2
All N=185

Realization 1
All N=185

2Y N l Al (N)
X(E) X (E)
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Replacement fractures

STOCHASTIC SET INTERSECTIONS REPLACED BY DETERMINISTIC FMI FRACTURES

FMI set FMI set FMI set
N=14 N=11 N=10

1

Lost some large
fractures with this
substitution

Original stochastic

Original stochastic
fracture intersections

fracture intersections

N=15 Original _stochast?c N=18
fracture intersections
N=17

b, Realization 1 e, Realization 2 .,

Realization 3

(> soLoer 2



Upscaled properties for fractures < 10 m radius
BG = BACKGROUND FRACTURES (< 10M); DF = DISCRETE FRACTURES (> 10 M)

Fracture Porosity (all fractures)

1.8e+5

Porosity_BG [fraction] > 4.397e-05 Porosity_DF [fraction] > 5.95e-05

1.0e+5 1

Frequency

1.0e-5
2.0e-5
3.0e-5
4.0e-5
5.0e-5
e-5
7.0e-5
8.0e-5 1
9.0e-5

<
©

Fracture_Porosity [fraction]

< 1.182e-05
tﬂ’ix(a iﬂﬂ X (E) ﬁﬁix(ﬁ)
Porosity_BG[fraction] Porosity_DF{[fraction] Fracture_Porosity[fraction]
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What DFN Files are Useful to You?

OPEN DISCUSSION

 The DFN parameterization is described in published papers — do you want generated
DFN realizations available on the GDR?

* Include local coordinates as well as global?
» What fracture file formats are most useful to you?

» Should fracture orientations be fully 3D, or should they be constrained to set mean
values?

» What are useful model region sizes?
» Do you want upscaled fracture properties such as fracture porosity or permeability?
» Are there maximum numbers of fractures that you can include in your model?

* When downloading from the GDR, do you prefer one large download or many separate
files?

* What other DFN files would be useful to you for the updated 2021 DFN?

GOLDER
° MEMBER OF WSP
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General DFN Description
PARAMETERIZATION SHOWN IN TABLES VS EXPLICIT DFEN REALIZATIONS?

2019 DFN:

Finnila, A., Forbes, B., and Podgorney, R. “Building and Utilizing a Discrete Fracture Network Model of the
FORGE Utah Site.” Proceedings, 44th Workshop on Geothermal Reservoir Engineering, Stanford University,
Stanford, CA (2019).

2021 DFN:

Finnila, A., Podgorney, R., Damjanac, B., and Xing, P. “Revisions to the Discrete Fracture Network Model at Utah
FORGE Site.” GRC Transactions, Vol. 45, 2021 (scheduled for October 2021)

oGOLDER 36
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Local and Global Coordinates
ARE LOCAL COORDINATE FRAMES USEFUL?

. . SHmﬂ::rc
Global Coordinates Local Coordinates N
SHma:nrc A
N25E
-

¥ (M)

¥ (M) )
 Slunits X (E)
X {E}

«  UTM, Zone 12N, NAD83, NAVD88
referenced coordinates
* Regions are oriented to have the box aligned
with the assumed principal stress directions
* Sy direction N25E for 2019 DFN
* Sy direction N20E for 2021 DFN

_

Sl units

Regions are rotated to have the Y-axis
aligned with the assumed principal stress
direction of S .«

Regions are then translated to have the
origin in one of the corners and have
positive coordinates for the fractures
coordinates in the region

GOLDER
° MEMBER OF WSP
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Fracture File Format

FRACMAN FAB FILES VS CSV POINT DATA VS GOCAD SURFACES?

v

Mj Discrete_Fractures_1.fab - Notepad

File Edit Format View Help

BEGIN FORMAT

Format = Ascii
¥Axis = East
Length_Unit = Meter
Scale = 677.4856262
No Fractures = 52636
No_TessFractures =
No Properties = 4

END FORMAT

BEGIN PROPERTIES
Propl
Prop2
Prop3
Propd =

END PROPERTIES

(Real*®4)
(Real®4)
{Real*®4)
(Real*®4)

BEGIN SETS
Setl =
END SETS

BEGIN FRACTURE

1 6 1 2.8364e-12 8.8012 8.8567152

1 335715.8879 4263222.783 -1336.71598

2 335719.7625 4263225.237 -1325.988655

3 335731.6263 4263225.283 -1324.506813

4 335738.8154 4263222.874 -1333.750696

5 335734.1488 4263220.42 -1344.,478822

6 335722.2771 4263220.375 -1345.960664

a 8.82545367746 8.9720367146 -8.2334453593

2 & 1 4.01488e-12 8.0012 8.8714993

1 335560.787 4263838.654 -1280.060162
GOLDER
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"Permeability”
"Compressibility™
"Aperture”
"Fracture Geometry"

"Discrete Fractures_ 1"

8

AutoSave 'l:. Discrete_Fractures_l.csv ~ ,O Search
File Home Insert Page Layout Formulas Data Review View Help
fﬂD °X° o Calibri S AN == Igl P EE}WrapText General v ﬁ % Bad
[[mcopy ~
Paste = = = | = = | = 0. Conditional Format as | Calculatic
I U~ D A | == =53 FH - - O 0 .0 Meutra a
«  <¥ Farmat Painter - - E== EE Merge&Center $ % 9 W Formatting ~  Table ~ I:
Clipboard ] Font = Alignment ] Mumber ] Styles
R13 & Fe
A B T D | E | F | & H . [ . J . L
1 |FractureX[m] FractureY[m] FractureZ[m] FractureRadius[m] Trend[deg] Plunge[deg] Strike[deg] DipAngle[deg] Aperture[mm] Permeability[m2] Compressibility[1/kPa]
2 | 335726.9517 4263222.829 -1335.233338 10.8728 1.5 13.5 91.5 76.5 0.0567152 2.84E-12 0.0012
3 | 335574.5977 4263035.284 -1252.58046 17.2801 1.5 13.5 91.5 76.5 0.0714993 4.01E-12 0.0012
4 | 336015.4207 4263382.806 -968.2520726 10.2193 1.43999 13.5 91.5 76.5 0.05435842 2.71E-12 0.0012
5 | 335890.7025 4262952.178 -1195.744778 18.5617 1.5 13.5 91.5 76.5 0.0741032 4.24E-12 0.0012
6 | 335775.0311 4262627.827 -1160.263077 10.8304 1.50004 13.5001 91.5 76.4999 0.0566043 2.83E-12 0.0012
?_ 335535.4646 4262816.899 -1376.682729 11.55949 1.49997 13.5 91.5 76.5 0.0585682 2,98E-12 0.0012
8 | 335953.1324 4262653.397 -926.4403663 13.5853 1.50001 13.5001 91.5 76.4999 0.0633962 3.35E-12 0.0012
9 | 335876.6474 4263438.311 -1065.302055 17.6893 1.45999 13.5 91.5 76.5 0.0723409 4.09e-12 0.0012
10_ 336412.2281 4263423.629 -645.4268061 18.1347 1.49998 13.5 91.5 76.5 0.073246 4.16E-12 0.0012
11 335264.3044 4262738.622 -993.8732478 13.1192 1.5 13.5 91.5 76.5 0.0622991 3.27E-12 0.0012
12| 335805.1026 4262877.831 -500.088061 12,1687 1.50001 13.5 91.5 76.5 0.0599999 3.09E-12 0.0012

Other Potential Fracture File Formats:

GOCAD Surface (*.ts)

Polygon File Format (*.ply)

ESRI Shapefile (*.shp)

ITM_FRA (*.itm_fra)

AutoCAD Drawing Interchange (*.dxf)
AutoCAD Drawing (*.dwg)

ParaView VTK (*.vtk)
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Fracture Orientations
FULL 3D OR SIMPLIFIED WITH LIMITED ORIENTATIONS?

oGOLDER 39
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AutoSave

Upscaled Property File Format

POINT DATA VS GRID AND RESOLUTION?

= Upscaled_Properties_l.csw ~

Porosity_BG [fraction] > 7.899e-05

P Search <3.16e-05

File Home Insert Page Layout Formulas Data Review View Help
= = ﬁ AutoSum ~
flil 4 cut Calibri = = E P 25 Wrap Text General ~ ﬁ g v Hresam %?
oo [BCopy ~ Conditional o @ Porosity_BG[fraction] . Fill ~ S
e ——a— === S -0 .00 ndrtonal rm a 1
I U~ = = = ¥z 3= - - &
~  <¥ Format Painter - - - — = = Merge & Center 3 % 9 | % 0 Formatting ~ Table - — - § Clear - Filter ~ Se
Clipboard ] ] Alignment ] Mumber ] Styles Cells Editing
R24 ~ Fe
A A | B | C E | F | G | H | | | J K L M | M |
1| CellX[m] CellY[m] CellZ[m] Compressibility BG[1/kPa] Porosity BG[fraction] Perml BG[m2] Perm) BG[m2] PermK_BG[m2] Compressibility[1/kPa] Fracture Porosity[fraction] Perm_I[m2] Perm_J[m2] Perm_K[m2] Depth_Below Surface[m]
2 | 335506.1521 4263733.448 -441 2.26E-08 2.22E-05 1.24E-17 1.52E-17 2.03E-17 2.34E-08 2.29E-05 1.46E-17 1.56E-17 2.26E-17 2123.76
5'_ 335506.1521 4263755.448 -451 2.8BE-08 2.08E-05 9.39E-18 1.12E-17 1.93E-17 3.71E-08 2.77E-05 3.12E-17 1.48E-17 4.21E-17 2133.76
4_ 335506.1521 4263755.448 -461 3.09E-08 2.21E-05 6.79E-18 B.92E-18 5.77E-18 3.46E-08 2.52E-05 1.65E-17 1.05E-17 1.59E-17 2143.76
5_ 335506.1521 4263755.448 -471 2.55E-08 2.41E-05 1.07E-17 1.01E-17 1.99E-17 2.55E-08 2.41E-05 1.07E-17 1.01E-17 1.99E-17 2153.76
El_ 335506.1521 4263755.448 -481 2.74E-08 2.24E-05 1.38E-17 5.91E-18 1.09e-17 2.74E-08 2.24E-05 1.38E-17 5.91E-18 1.09E-17 2163.76
Tr’_ 335506.1521 4263755.448 -491 3.10E-08 2.45E-05 1.24E-17 9.34E-18 1.73E-17 3.10E-08 2.45E-05 1.24E-17 9.34E-18 1.73E-17 2173.76
8_ 335506.1521 4263755.448 -501 2.70E-08 2.34E-05 5.83E-18 9.33E-18 1.41E-17 2.70E-08 2.34E-05 9.83E-18 9.33E-18 1.41E-17 2183.76
9_ 335506.1521 4263755.448 -511 2.60E-08 1.99E-05 8.08E-18 7.99E-18 1.27E-17 2.62E-08 2.01E-05 B8.23E-18 9.02E-18 1.39E-17 2153.76
10| 335506.1521 4263755.448 -521 2.76E-08 1.88E-05 1.36E-17 1.04E-17 1.58E-17 2.83E-08 1.94E-05 1.42E-17 1.41E-17 2.01E-17 2203.76
11 335506.1521 4263755.448 -531 2.32E-08 2.15E-05 1.52E-17 1.30E-17 1.06E-17 2.32E-08 2.15E-05 1.52E-17 1.30E-17 1.06E-17 2213.76
12| 335506.1521 4263755.448 -541 3.29E-08 2.84E-05 1.42E-17 1.07E-17 1.56E-17 3.29E-08 2.84E-05 1.42E-17 1.07E-17 1.56E-17 2223.76
12| 235506.1521 4263755448 -551 2.57F-0R 1.92F-0N5 1.00F-17 9.51F-1R 1.00F-17 2.57F-N8 1.972F-05 1.MF-17 9.AIF-1R 1.02F-17 223376
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GDR Format

ONE DOWNLOAD OR MANY SEPARATE FILES?

>

Q, Finnila Search

"Finnila" *

Utah FORGE Well 16A(78)-32 Simplified Discrete Fracture Network Data

The FORGE team is making these fracture models available to researchers wanting a set of natural fractures in the FORGE
reservoir for use in their own modeling work. They have been used to predict stimulation distances during hydraulic
stimulation at the open toe section of well 1...

Finnila, A. Golder Associates Inc.

Utah FORGE: Discrete Fracture Network (DFN) Data

The FORGE team is making these fracture models available to researchers wanting a set of natural fractures in the FORGE
resernvoir for use in their own modeling work. They have been used to predict stimulation distances during hydraulic
stimulation at the open toe section of well 1...

Finnila, A. and Podgorney, R. Golder Associates Inc.

GOLDER
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Jun 01, 2021
1 Resources
Curated

Jun 24, 2020
65 Resources
Publicly accessible
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General Discussion
WHAT OTHER 2021 DEN FILES SHOULD BE ADDED TO THE GDR?

?

(> soLoer 2
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