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What is in a Discrete 

Fracture Network Model



___
Fractures are described in a Discrete Fracture Network model
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W H AT  I S  A D F N ?

Fractures are explicitly 

represented as discrete, 

planar features in 3D

• Shape

• Size

• Orientation

• Mechanical aperture

• Hydraulic aperture

• Permeability

• Compressibility

• Intensity

• Connectivity

Individual 

fracture 

properties

Collective 

fracture 

properties

Example modeling 

region, deep in the 

granite bedrock of the 

Utah FORGE site 

with fractures in the 

DFN shown as 

hexagonal planes

Three completed 

deep wells
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New Utah FORGE 

reservoir data since 

2019 DFN
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Utah FORGE Reference DFN Model Update
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N E W  D ATA I N C O R P O R AT E D  S I N C E  2 0 1 9  M O D E L

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
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Updated DFN model –

2021 DFN



___
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2021 DFN Update

2021 DFN Model - Four orientation sets

O R I E N TAT I O N

Mean Trend Mean Plunge Mean Strike Mean Dip

Fisher 

Concentration Description

88.5 46 178.5 44 15 South striking moderately dipping west

1.5 13.5 91.5 76.5 30 East striking steeply dipping south

131 5 221 85 30 SSW striking vertical

260 17 350 73 10 North striking steeply dipping east

2019 DFN Model - Three orientation sets

Description P32 [1/m] [%]

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%

NEW
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Updated fracture orientations
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W E L L  L O G S  – F M I  

Fractures are in a wide range of 

orientations with 3-4 prominent sets

Fractures on the lateral of 16A are vertical and 

best oriented to intersect well – some bias is 

obvious in the data

E-W striking

vertical set
E-W striking

vertical set

N-S striking

steeply 

dipping west 

set

N-S striking

moderately 

dipping west 

set

N-S striking

vertical set

N-NE striking

vertical set
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2021 DFN Update
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F R A C T U R E  S I Z E

2021 DFN Model – Based on both 

outcrop trace data and FMI data

2019 DFN Model – Based on outcrop trace data

Data can fit both a power 

law distribution and a 

lognormal distribution

Data consistent with power law 

distribution and a value for the minimum 

size sampled is also obtained
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1. Generate DFN 

surrounding the 

well borehole

2. Find intersecting 

fractures

3. Calculate pad counts 

on the 8-sided borehole

Forward modeling using different 

fracture size parameterizations

Sum of pads 1-4 

used as “partially 

penetrating” count

Pad 8 total used as 

“fully penetrating” 

count

4. Compare results with FMI data

2 pads

8 pads

1  2    3  4   5  6    7  8

Enlarged 

view to show 

fracture 

intersections

Finnila, A. “Estimation of Fracture Size for a Discrete Fracture Network Model of the Utah FORGE Geothermal Reservoir using Forward Modeling of 

Fracture-Borehole Intersections.” Paper presented at the 55th U.S. Rock Mechanics/Geomechanics Symposium, physical event cancelled, June 2021. 

Originally accepted for the 3rd International Discrete Fracture Network Engineering Conference. DFNE 21-2329 (2021).
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2021 DFN Update
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F R A C T U R E  I N T E N S I T Y  I N  T H E  D E E P  R E S E R V O I R

2021 DFN Model – Based on more P10 data (3 wells) 

and evidence constraining the fracture size distribution

2019 DFN Model – Higher intensity

Description P32 [1/m] [%]

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%

= 2.5

P10 is (# fractures)/(interval length)

P32 is (fracture area)/volume

Both have units of 1/length

P10 is easy to measure in a well log 

but is dependent on the well 

orientation with respect to the fracture 

orientations



___
Updated fracture intensity
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W E L L  L O G S  – F M I  

Can identify sections of 

higher and lower fracture 

intensity along the well 

bores

Shallower slope 

indicates higher 

fracture intensity

Fracture 

intensity 

somewhat higher 

in last 100 m
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2021 DFN Update
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F R A C T U R E  A P E R T U R E

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

2019 DFN Model 

• Based on an assumed bulk fracture 

porosity of 0.5%

• Larger apertures than the 2021 model
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Updated fracture apertures
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M E C H A N I C A L  A N D  H Y D R A U L I C

Mechanical apertures from FMI following 

stimulation are generally in the 0.1 mm range while 

hydraulic apertures from well tests are an of order 

of magnitude smaller

FMI Run 3 Natural Fractures [7390 to 7527 ft]
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DFN files currently on 

GDR 
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2019 DFN – Presented this work at the Stanford Geothermal Workshop in 

2020 and the FORGE Modeling and Simulation Forum in May 2020Data Set #1

2019 DFN
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2019 DFN Files on GDR
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H T T P S : / / G D R . O P E N E I . O R G / S U B M I S S I O N S / 1 2 2 2

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. 
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2019 DFN Files on GDR (Cont.)
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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) 

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) 

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 only

FracMan file format only

FracMan file format

GOCAD surface file format

CSV format
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2019 DFN Files on GDR (Cont.)
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N O T E S

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) 
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2019 DFN Files on GDR (Cont.)
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S T R E S S  B O U N D A R Y  C O N D I T I O N S  F O R  H Y D R A U L I C  F R A C T U R I N G  S I M U L AT I O N S

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. 
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2019 DFN Files on GDR (Cont.)
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H Y D R O S H E A R I N G E X T E N T

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
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2019 DFN Files on GDR (Cont.)
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I N F L AT I O N  E X T E N T

Choosing a DFN 

realization

e.g. Might choose 

Realization #5 if 

the maximum 

vertical extent of 

fluid reach was 

desired
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2019 DFN Files on GDR (Cont.)
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S T I M U L AT I O N  V O L U M E

Choosing a DFN 

realization

e.g. Might 

choose 

Realization #11 if 

the “average” 

stimulation 

volume was 

desired under 

the most likely 

stress conditions
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Data Set #2

2021 DFN

2021 DFN – Used for work which will be presented at GRC 2021
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2021 DFN Files on GDR
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H T T P S : / / G D R . O P E N E I . O R G / S U B M I S S I O N S / 1 3 1 7

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

Simplified DFN for Utah FORGE 16A Stimulation
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Available files for three realizations of the DFN
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B O T H  G L O B A L  A N D  L O C A L  C O O R D I N AT E S  AVA I L A B L E

Local coordinates 

have the objects 

rotated 20 deg 

counterclockwise 

(looking down) so 

that the direction 

of SHmax aligns 

with the Y axis

• 16A(78)-32 well trajectory

• Region box (as GOCAD surface)

• Discrete fractures (10-150 m radius) ~50K in DFN

• FracMan FAB format (hexagonal fractures)

• Gzip csv files (fractures as point data)

• Upscaled properties (fractures < 10 m radius)

• Fracture porosity

• Directional permeability

• Bulk compressibility

• FMI data

• Original las file

• Point data of FMI fractures used in these DFNs
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Model region 1 km x 1 km x 1 km

28

SHmax direction N20E

SV is largest stress magnitude and vertical

Region oriented with principal stress directions

in the global coordinates
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Four stochastic fracture sets
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F U L L  F R A C T U R E  I N T E N S I T Y  ( P 3 2 )  =  1 . 1 5  1 / M

Orientation Intensity

Set Description

Mean 
Trend/Plunge 

[deg]

Mean 
Strike/Dip 

[deg]
P32 [1/m] [%]

South striking moderately dipping west 88.5/46 178.5/44 0.42 36.1%

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%

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
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Fracture size and intensity
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P 3 2  F O R  F R A C T U R E S  > =  1 0  M  I S  0 . 0 3 4  1 / M

Fracture size follows a Pareto 

distribution with D = 3.2 and x0 = 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

Description
P32

[1/m] [%]
P32 0.63-10 m 

96.5%
P32 10-150 m 

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

These get upscaled
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Fractures created from 16A FMI – sizes are stochastic
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T H R E E  R E A L I Z AT I O N S  – A L L  F R O M  F M I  O N  B O T T O M  A N D  J U S T  >  1 0  M  O N  T O P

Realization 1

All N=185

Radius > 10 m

N=14

Realization 2

All N=185

Radius > 10 m

N=11

Realization 3

All N=185

Radius > 10 m

N=10
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Replacement fractures
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S T O C H A S T I C  S E T  I N T E R S E C T I O N S  R E P L A C E D  B Y  D E T E R M I N I S T I C  F M I F R A C T U R E S

Realization 1 Realization 2 Realization 3

Original stochastic 

fracture intersections

N=15

FMI set

N=14

FMI set

N=11

FMI set

N=10

Original stochastic 

fracture intersections

N=17

Original stochastic 

fracture intersections

N=18

Lost some large 

fractures with this 

substitution
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Upscaled properties for fractures < 10 m radius
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B G  =  B A C K G R O U N D  F R A C T U R E S  ( <  1 0 M ) ;  D F  =  D I S C R E T E  F R A C T U R E S  ( >  1 0 M )

Fracture Porosity (all fractures)
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Discussion of desired 

DFN files for GDR 
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What DFN Files are Useful to You?
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O P E N  D I S C U S S I O N

• 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? 
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General DFN Description
PA R A M E T E R I Z AT I O N  S H O W N  I N  TA B L E S  V S  E X P L I C I T  D F N  R E A L I Z AT I O N S ?

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)
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Local and Global Coordinates
A R E  L O C A L  C O O R D I N AT E  F R A M E S  U S E F U L ?

• SI units

• UTM, Zone 12N, NAD83, NAVD88 

referenced coordinates

• Regions are oriented to have the box aligned 

with the assumed principal stress directions

• SHmax direction N25E for 2019 DFN

• SHmax direction N20E for 2021 DFN

• SI units

• Regions are rotated to have the Y-axis 

aligned with the assumed principal stress 

direction of SHmax

• Regions are then translated to have the 

origin in one of the corners and have 

positive coordinates for the fractures 

coordinates in the region
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Fracture File Format
F R A C M A N  FA B  F I L E S  V S  C S V  P O I N T  D ATA V S  G O C A D S U R FA C E S ?

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
F U L L  3 D  O R  S I M P L I F I E D  W I T H  L I M I T E D  O R I E N TAT I O N S ?
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40

Upscaled Property File Format
P O I N T  D ATA V S  G R I D  A N D  R E S O L U T I O N ?



___
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GDR Format
O N E  D O W N L O A D  O R  M A N Y  S E PA R AT E  F I L E S ?



___

42

General Discussion
W H AT  O T H E R  2 0 2 1  D F N  F I L E S  S H O U L D  B E  A D D E D  T O  T H E  G D R ?
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