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SPECIAL ISSUE:

Discrete Fracture Network (DFN)
Modeling in Rock Mechanics

Editor’s Note

The present Special Issue of the ARMA e-Newsletter is dedicated to Discrete
Fracture Network Modeling in Rock Mechanics, the use of which has become
an important tool in hydrocarbon extraction applications, as well as in min-
ing and civil works design.

Eight leading practitioners of DFN modeling accepted our invitation and
submitted articles in the form of technical notes or case histories. They will
be published in two volumes, one in this newsletter, and the other in the
upcoming Spring issue. ARMA member, Dr. Paul La Pointe, played a major
role in securing the contributions you are invited to read. In addition to sub-
mitting a co-authored article, he also composed the Preface to this Special
Issue.

Bezalel Haimson

Special Issue on Discrete Fracture Network (DFN)

Modeling - PREFACE

Submitted by Paul La Pointe, Golder Associates Inc.

early researchers in the 1970's and 1980’s to develop a technology

to characterize and model the flow and transport in natural fractures
for the emerging high level nuclear waste repository studies in the U.S. and
Sweden. This was coupled with efforts to improve site characterization and
the prediction of rock mass deformability and strength for geotechnical and
civil engineering projects. Academic research in Rock Mechanics research
groups during this period in the U.S. and Europe hastened the development
of the technology. Advances in computer power, both graphical and compu-
tational, were essential to the growth of this field in the 1990's.

Discrete Fracture Network (DFN) modeling grew out of attempts by

Although much early work was done to support high-level nuclear waste
repository performance assessment, the usefulness of DFN modeling be-
came readily apparent to engineers and geologists working in the mining,
oil & gas, civil engineering, and groundwater protection/remediation areas,
where the use has greatly increased over the past 20 years. There are now

(continued on page 2)
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Preface (continued)

several commercial vendors of DFN codes, and the
use of DFN models has become part of the standard
workflow in many areas of rock engineering.

The articles featured in this (Winter, 2017) and a sub-
sequent (Spring, 2017) issue of the ARMA e-News-
letter are intended to provide an overview of DFN
modeling for those who may be less familiar with the
technology, and toillustrate how DFN technology can
be applied to solve many common rock engineering
challenges. The information contained in these arti-
cles is by no means a comprehensive introduction to
DFN modeling, nor does it exhaust the wide range of
applications that have helped to meet the challenges
faced by engineers in mining, oil & gas development,
nuclear waste isolation, and other applications.
These contributions by many of the pioneers in the
field should provide an understanding of what DFN
modeling entails, what sort of data is typically of use,
and ways in which DFN modeling has impacted rock
mechanics practice.

The articles contained in this issue focus on provid-
ing an overview of what DFN models are, the types
of data that they use, key algorithmic aspects of the
modeling process, and workflow elements. The arti-
cles in the second e-Newsletter will present applica-
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tions in a number of different areas. While they do
provide information on the data that is required and
some general information concerning DFN modeling,
their focus is on solving real-world rock engineering
challenges. The articles planned for publication in
the Spring issue of this newsletter are:

Marc Elmouttie: DFN based analysis for mining: exam-
ple applications and recommendations

Paul La Pointe, Mark Cottrell, Cliff Knitter, and William
Dershowitz: Effect of Natural Fracture System on Res-
ervoir Stimulation

Seth Busetti, Bob Krantz, and Thomas Flottmann:
Geomechanical and Discrete Fracture Network Model-
ing of Coals in the Surat Basin, Australia

Bibhuti B. Panda: The Challenge of Modeling Ground-
water Flow in Fractured Bedrock Aquifers

Those wishing more information on DFN modeling,
whether in theory or practice, should plan to attend
and contribute to the ARMA-sponsored DFNE 2018
(2 International Discrete Fracture Network Engineer-
ing Conference: http://www.dfne2018.com/, 20 - 22
June, 2018 in Seattle, WA, USA), which will be held in
conjunction with ARMA's 2018 Annual Symposium.
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An Introduction to Random Disk Discrete Fracture Network
(DFN) Simulation for Civil and Mining Engineering Applications

Submitted by Matt Pierce, Itasca Consulting Group, Minneapolis

Introduction

Discrete Fracture Network (DFN) is a

three-dimensional geometric representation

of joints present in a rock mass. DFNs have

a wide range of uses within mining and civil
engineering applications. They can be used directly
in the study of structurally-defined rock blocks, such
as wedges in the back of a tunnel or excavation (e.g.
Grenon et al, 2016), or can be embedded within nu-
merical models to allow for more in-depth study of
rock mass strength and stability’. For example, they
can be incorporated into boundary value numeri-
cal models in order to better understand rock mass
performance (e.g. around an excavation) or into Syn-
thetic Rock Mass (SRM) samples that can be tested
numerically to quantify rock mass properties such
as strength, modulus, brittleness and dilation angle
(e.g. Pierce et al, 2007; Mas Ivars et al, 2011). It is
also possible to develop links between the geometric
properties of DFNs and rock mass properties such as
modulus and fragmentation (e.g. Le Goc et al.,, 2014;
Rogers et al., 2015).

It is impossible to map the full extent of all joints
present in a rock mass in three dimensions (We usu-
ally can only measure the traces where they intersect
openings or ground surface.), but we can measure the
orientation, fracture frequency and trace length of a
subset of traces that fall along a scanline and devel-
op statistics from these measures. It is then possible
to construct a three-dimensional representation of
the joints in space (a DFN) based on these statisti-
cal properties. By making a cross-section through a
3D DFN, we can produce a 2D trace map that is sim-
ilar to what we see on a real 2D exposure (Figure 1).
This offers a means to calibrate, or test, the DFN since
we can compare real measures from scanlines to the
same measures from our DFN. It is always important
to test a range of DFNs for a particular rock mass do-
main in order to account for density variability, sto-
chastic variability, and joint size uncertainty.

1Caution should be used when embedding DFNs within

two-dimensional numerical models, as the impact of joint-
ing on rock mass behavior can be highly exaggerated due to
the fact that out-of-plane terminations are not considered.
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Random Disk DFN Modeling

There are many different models that can be used to
generate DFNs, varying from simple to highly complex
(see Staub et al., 2002). Although many are conceptu-
ally interesting, the majority of them have not been
extensively verified for engineering applications. In
addition, there is often insufficient data available to
justify their use. The Baecher Disk Model (Baecher et
al, 1977), commonly referred to as the Random Disk
Model, and its variants are recommended as a start-
ing point because of their simplicity and widespread
availability in DFN modeling software (e.g. Fracman)
and other rock mechanics software (e.g. the Itasca
suite of codes.)

PLAN o PROFILE
~ 7
Ve /
—
_ /

Figure 1: Random Disk DFN in which joints are represented
as a collection of disks in space. Bottom: 2D trace maps can
be developed by cutting through the 3D DFN and comparing
to real trace maps (Baecher et al., 1977).

The fundamental assumptions of the original Baech-
er Disk Model are:

1. Joints are circular two-dimensional disks.
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2. The center points of joints are randomly and
independently distributed in space, forming a
Poisson field.

3. The radii of joints are lognormally distributed>

4. Joint radius and dip are uncorrelated (statisti-
cally independent).

5. Joint radius and spatial location are uncorrelat-
ed (statistically independent).

One of the main limitations of random disk DFNs is
that the resulting joints exhibit X-Type intersections
(i.e. they cross one another) but not T-Type intersec-
tions (i.e. where one joint terminates on another). Fig-
ure 4 is an example of a rock mass that exhibits many
T-Type intersections, for which a random disk ap-
proach may not be suitable. Another example would
be rock masses of sedimentary origin, since these
typically exhibit very persistent sub-parallel bedding
planes that are not disk-shaped, with cross-cutting
joint planes that often form T-Type intersections with
the bedding planes. In these cases, one can consider
using a more sophisticated DFN model that considers
the physics of the fracture formation explicitly in the
generation process (e.g. the UFM approach, Davy et
al,, 2010). These have the potential to represent joint
patterns more realistically (see Figure 2) and should
be considered for use in cases where joint hierarchy
and the associated joint terminations and intersec-
tions are expected to have a significant impact on
rock mass performance.

The process of generating a random disk model is
fairly simple, as outlined in the steps following,
based on a tunnel example in which scanline map-
ping is used to gather the required data. (In reality
there are a number of additional things to consider,
which are discussed separately in this article.)

2\ power law distribution of sizes is often also assumed.

Figure 2: Examples of trace maps
generated from two different 3D
DFNs. Left: DFN generated using a
random disk approach, in which
joints are not correlated spatial-

ly and cross one another (X-Type
intersections). Right: DFN generated
using a UFM approach, in which the
mechanics of fracture nucleation,
growth and termination is consid-
ered.

1. Obtain the following measurements for each

joint that crosses a scanline along the tunnel
wall (as illustrated in Figure 3): dip, dip direc-
tion, trace length and termination of each trace
tip (on another joint, in the rock or at the edge
of the mapping area).

. Calculate the fracture frequency as the number

of joints intersected divided by scanline length.

. Make an assumption about the joint size distri-

bution. A power law distribution with a lower
cutoff of 0.5m diameter and an exponent of -4
is a good place to start (lots of small disks, a few
big ones).

. Define a box for generating the DFN (called the

Generation Volume). This box should be much
larger than the volume of interest (the Study
Volume) in order to minimize edge effects in
the generation process. The Generation Volume
will be trimmed to the Study Volume prior to
use.

. Pick a random point inside the box. This is the

center of a joint. Assign an orientation random-
ly from your list of joint orientations. Assign a
joint diameter randomly from the joint size dis-
tribution you have assumed. You've now added
a single joint.

. Imagine a drift and scanline running through

your box that has the same size and orienta-
tion as the real drift and scanline. Calculate the
fracture frequency along this imaginary scan-
line. How does it compare to the real fracture
frequency? If it is too low, loop back to the pre-
vious step and add more joints. If it is close to
reality, move to the next step.
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7. Calculate the trace length distribution for the
imaginary drift and scanline (measure joint
traces tip-to-tip whether they terminate on
another joint, in the rock or at the edge of the
imaginary drift wall). How does the trace length
distribution compare to reality? If there are too
many large traces, start over by going back to
Step 3 and adjusting the exponent in your pow-
er law closer to -5. If there are too many small
traces, start over by going back to Step 3 and
adjusting the exponent in your power law clos-
er to -3. If the trace lengths are a good match,
you are finished.

Data Requirements, Collection and
Treatment

Joint mapping often revolves around the establish-
ment of joint sets and their associated spacing and
orientation through a combination of core logging,
window mapping and/or cell mapping. While joint
sets remain a useful concept for characterizing joint-
ing, information on joint size (as quantified by trace
length) and joint termination is often not collected.
In addition, random joints often get left out in the
process of defining joint sets. Since many orebod-
ies have a significant number of random joints, this
could be important. A more detailed method of joint
mapping involves the collection of explicit trace data
(called discrete data). This generally involves record-
ing the position, orientation, length and termination
of a subset of traces that cross a scanline (Figure 3)
but in certain cases could involve the recording of all
traces within a mapping window (Figure 4). This more
detailed and discrete approach to joint characteriza-
tion is appealing because it lends itself to a more rig-
orous statistical treatment of the collected data. Any
trace lengths collected are a measure of joint size,

--Trace length
of a o
discontinuity

L '.f . age
Discontinuity position along
the scanline

Figure 3: Sketch of a scanline in which position, trace
length, orientation and termination (one, both or no ends
visible) of joints can be recorded (Hadjigeorgiou et al.,
2000)
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whose role in defining pre-existing blocks within the
rock mass is important. Unfortunately even in cases
where there is considerable effort invested in data
collection, not all available data are generally used,
because many of the empirical systems in use rely
on joint set descriptions. Discrete Fracture Networks
offer a means to maximize the use of collected data.

Figure 4: Example of a joint trace map (Harries, 2001). Con-
struction of trace maps is not a common practice because it
is very time consuming.

Hadjigeorgiou et al. (1995) is a good reference for
mapping methods and discusses the trade-offs be-
tween the different techniques as a function of exist-
ing field conditions and intended use of data. Kemeny
et al. (2006) provided an excellent review of digital
imaging, laser-based imaging, image and stereo-vi-
sion hardware and software to characterize rock ex-
posures and accuracy issues. These techniques offer
several advantages in comparison with manual dis-
continuity sampling methods: (1) reduction of time
and effort required for mapping; (2) limited exposure
of operators to potentially unsafe conditions; (3) de-
velopment of a permanent geomechanical database
that can be consulted at any time, for example, after
excavation or lining of the exposures; and (4) great-
er quantity of collected data, resulting in more rep-
resentative and accurate values of fracture network
properties.

As outlined in the previous section, we need statisti-
cal distributions of the following to make a random
disk DFN: joint orientation, joint density and joint
size. The following subsections discuss the collection
and treatment of data that are typically used to con-
strain these quantities.
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« Joint Orientation

Joint orientations are generally the easiest of the
three main inputs to measure (in boreholes or along
scanlines) and analyze (e.g. using DIPS). Rather than
pick joint sets, it is recommended to use the entire
range of mapped orientations as input to the DFN
generation process. This is called “bootstrapping”
and is available in most DFN simulation codes. The
scanline/drillhole orientation also introduces a mea-
surement bias that should be accounted for before
using the data for DFN generation. A simple Terzaghi
weighting of the data can be performed.

* Joint Density

Joint density is typically quantified via borehole or
scanline fracture frequency counts (i.e. number of
open joints per meter) using a fixed interval, general-
ly on the order of 2-5 meters. The fracture frequency
data should then be analyzed statistically to deter-
mine the lower quartile, median and upper quartile
values. Separate DFNs should be constructed for
each of these joint density levels. Dershowitz and
Herda (1992) proposed a system for describing joint
intensity based on the dimension of the sampling re-
gion (0=point, 1=linear, 2=areal, 3=volumetric) and
the dimension of the feature (see Table 1). In this

Table 1: System for describing joint density and intensity.
(Dershowitz and Herda, 1992)
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context, P is followed by subscripts that refer to the
dimension of the sampling region and the dimension
of the feature respectively. It follows that P_  is the
same as fracture frequency (fracture count per unit
length along a scanline). The only other quantity that
might be measured directly during mapping is P_,
which is a measure of all trace lengths within a given
area. The remaining quantities are typically calculat-
ed from the DFN rather than measured.

* Joint Size

Joint size distribution is typically quantified via joint
trace length. Trace lengths can only be collected
from rock mass exposures. A scanline is normally
made, and for each trace crossing the scanline one
records the trace length and truncation (one end visi-
ble? both ends visible? no ends visible?). A statistical
distribution should be fit to the trace length data for
comparison to the simulated trace lengths. If actual
trace lengths are not available but ends visible data
have been recorded, then fracture frequency can be
calculated for each category (one, two or no ends
visible) and used to test the DFN. Figure 5 is an ex-
ample of this. The trace length data should also be
compared against the orientation data to check if
there is a correlation, e.g. one particular orientation
of joints may be larger or
smaller than the rest. It is
important to recognize
this so that they can be
treated separately in the
DFN construction process.
When using a random disk
model, it is recommend-
ed that a separate DFN be
constructed for this set of
joints, which can then be
superimposed on the DFN
generated for the remain-
ing joints. In some cases,
a more sophisticated DFN
modeling approach may
be warranted as discussed
in the introduction.

* Reducing Sampling Bias

It is advantageous to have
measures from multiple
scanlines and/or bore-
holes of varying orienta-
tion, especially if there is
a preferred joint orienta-
tion. This means mapping
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Figure 5: Example of scanline mapping data from a tunnel
demonstrating how fracture frequency measures can be
made on the basis of how visible the trace ends are. This
can be used to constrain joint size in the DFN construction
process (e.g. where trace length data is not available)

endwall and back exposures in addition to sidewall
exposures in both directions (where possible) within
tunnels and drilling in more than one orientation. It
will not always be possible to match the fracture fre-
quency on all of these at the same time but the DFN
should at least reflect any anisotropy present (e.g.
if the vertical scanline frequency is double the hor-
izontal in reality, the DFN scanline fracture frequency
should at least come close to this ratio. If not, there is
probably something wrong with the joint orientation
input).

* Data Quantity

Most statistical techniques defining the structural
fabric of a rock mass are only applicable when a suf-
ficient amount of data is available. This can be a chal-
lenge in deep and high stress mines. There is often
a scarcity of quality data due to mapping difficulties
such as limited access, coverage of wall exposures
with shotcrete or wire-mesh, dust, poor lighting
and noise. These adverse conditions are often com-
pounded by the need to comply with strict produc-
tion constraints.

Statistical tests (e.g. Kolmogorov-Smirnov) can be
used to establish whether there is sufficient statis-
tical agreement between field data and simulated
data. In most cases, however, it will not be possible
to generate a single DFN that is representative of
the entire mine. Rather, one must develop a series
of DFNs to reflect joint variability (e.g. differences
in fracture frequency) as well as uncertainty in joint
size (most common) or orientation (less common),
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even within a single domain. As a result, the required
amount of data is mostly a function of how variable
the rock mass is.

It is recommended that a number of scanlines be
mapped that offer good coverage across the orebody
and also are of differing orientation. In general, each
scanline should contain @ minimum of 100 trace
measurements (with orientation, position, length
and/or termination recorded for each trace crossed).
This should highlight differences among regions and
provide a starting point for establishing statistics for
generating DFNs for different domains. In the pro-
cess, it will likely become clear that there is insuffi-
cient data in specific domains or relating to specific
data (e.g. trace length), which should provide focus
for further data collection via drilling (e.g. to get ori-
entation and fracture frequency data) and/or scan-
line mapping.

Accounting for Uncertainty and Variability

Uncertainty could arise from poor or sparse drilling
or mapping coverage and could be associated with
orientation, density and/or size distribution of the
joints. A series of DFNs should be made by varying
the inputs for which there is uncertainty. These are
carried forward into analyses so that the impact of
this uncertainty on the project can be quantified. As
the project advances and additional data becomes
available, the range of likely DFNs can be narrowed
and the associated drop in project uncertainty quan-
tified.

The first step in handling variability is to break the
rock mass up into geotechnical domains. Most of the
rock within a given domain would be expected to ex-
hibit similar joint patterns and these can normally
be identified via spatial analysis of the orientation,
fracture frequency and trace length data. There is
typically a limit to how many domains the rock mass
can be subdivided into (based on drilling coverage)
and so fracture frequency is still likely to vary sig-
nificantly even within a single domain. One should
aim to quantify the lower quartile, media and upper
quartile (25th, 50th and 75th percentiles) fracture
frequencies within each domain so that a series of
DFNs representing the range in joint density can be
developed. In most cases, a single set of orientations
and trace lengths can be considered for each domain.

In general, several sets of DFNs should be produced
to reflect the variability in joint density (DFNs cali-
brated to different fracture frequencies, e.g. lower,
median and upper quartile) and the uncertainty in
joint size (DFNs generated using different assump-
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tions about the power law exponent, particularly
when no trace length data is available).

Since DFN simulation involves sampling randomly
from a set of input distributions (stochastic process),
one will get a different outcome each time the pro-
cess is repeated. Each outcome (from a given set of
inputs) is called a realization. It is important to note
that while each realization will look different, each
represents an equiprobable outcome from the inputs
and (if done correctly) will honor the input data. So,
for each set of inputs (e.g. for a particular combina-
tion of orientation, density and size distribution) it
is common practice to generate several DFN realiza-
tions in order to account for stochastic variability.

Assuming we want to test three different joint den-
sities (lLower, median and upper quartile facture fre-
quency) and three different joint size distributions,
we will have 3 x 3 = 9 different sets of inputs. If three
realizations are generated per set of inputs (probably
a bare minimum), one would end up generating 27
DFNs per domain. By carrying all of these through to
analyses, one can generate a probability distribution
for the prediction (fragmentation, strength, etc.) that
reflects the combined effects of density variability,
stochastic variability and joint size uncertainty that
can be fed into risk-based evaluations of rock mass
performance.

Conclusions

Random Disk Modeling can be used to generate Dis-
crete Fracture Networks for a particular rock mass as
an aid to thought or for the study of excavation per-
formance and rock mass properties. The purpose of
the article was to outline the basics of Random Disk
Modeling (for those new to the method) and to out-
line some basic considerations for data collection,
accounting for rock mass variability and uncertain-
ty in mining and civil engineering applications. The
limitations of the approach were also discussed and
some examples provided where more sophisticated
approaches may be warranted.
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Rock Engineering Applications of Discrete Fracture Network Modeling

Submitted by Davide EImo, NBK Institute of Mining Engineering, University of British Columbia,

Vancouver, Canada

his paper describes recent advances in Dis-

crete Fracture Network (DFN) modeling and

analysis. These advances demonstrate that

DFN modeling plays a key role in the studies
of the mechanical behavior of fractured rock mass-
es. This paper provides examples of two applications
of DFN modeling in the field of rock engineering: (1)
synthetic rock mass modeling of rock mass strength
and scale effects; and (2) analysis of slope stability
and step-path failure.

Introduction

Discrete Fracture Network (DFN) modeling is increas-
ingly being used to help provide solutions for many
geotechnical and mining engineering problems. Para-
phrasing Dershowitz et al. (2004), the DFN approach
can be defined as the analysis and modeling process
that explicitly incorporates the geometry and prop-
erties of discrete fractures as a central component
controlling rock mass behavior. Using probability
density functions to represent the properties of nat-
ural fractures, the DFN represents an ideal numerical
tool to synthesize realistic fracture network models
from digitally and conventionally mapped fracture
data (Figure 1). Within the practical and operational
constraints imposed by active engineering projects,
geotechnical and rock mechanics

information on: (1) fracture orientation; (2) fracture
intensity; (3) fracture length; and (4) fracture termi-
nations. (see Figure 2.) The data collection process
should be driven by the knowledge of the limitations
that are inherently introduced into the analysis by
the sampling method being adopted (For example,
Elmo et al.,, 2015, 2016):

* The randomness of natural geological process-
es is responsible for the manifested variability
of the parameters used as input in DFN models.
Data variability can be defined as the observable
manifestation of heterogeneity of physical pa-
rameters, and should not be confused with data
uncertainty (state of knowledge, required to de-
scribe the observed variability in a qualitative
or quantitative manner). The adopted field map-
ping approach should aim at minimizing data un-
certainty and capturing data variability.

* Fracture length is an important parameter for
DFN modeling. However, this parameter is either
seldom available due to a lack of exposures, or
engineers have limited access to length data col-
lected along exploratory drifts. Censoring and
truncation bias need to be carefully considered
when collecting fracture length data.

engineers should be aware of the
level of data characterization and
steps required to generate a realis-
tic DFN model.

From Data Collection to DFN
Models for Rock Engineering
Applications

It is well understood that the val-
ue of a DFN model depends di-
rectly on the quality and quantity
of available field data. However, in
the author’s opinion, practitioners
and researchers tend to overlook
the fundamental relationship be-
tween the data collection process
and the generation of DFN models

for rock engineering applications.
In general terms, the generation

Figure 1: The DFN approach allows one to consider fracture properties in a

of a DFN model requires collecting more realistic manner compared to the more conventional Ubiquitous Fracture

Model.
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* The stochastic nature of the DFN process is such ~ As shown in Figure 2, DFN models are subjected to
that there are an infinite number of possible re-  a process of data calibration and validation. For ex-
alizations of the fracture system based on the  ample, fracture intensity targets can be calibrated by
mapped data. This translates to an additional taking the boreholes with their identified P10 inter-
layer of data variability (e.g. variability of rock  vals and testing the DFN model to identify how many
mass strength) once the DFN model is embed-  fractures intersect those P10 intervals. Calibration of
ded within geomechanical models (Elmouttie  fracture orientation data set is similar to the intensity
and Poropat 2011). tests, with the orientation of fractures intersected by

DFN Modeling

Figure 2: Processes of data collection, data characterization, and DFN model calibration and valida-
tion for rock engineering applications.
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the boreholes/surface exposuresin the
model compared against the fractures
mapped in the field. Calibration of
fracture length data can be performed
by comparing the distribution of simu-
lated trace maps to the distribution of
mapped trace maps in the field.

For mine scale DFN models, a signifi-
cant degree of model calibration may
be required as the modeling volume,
and its internal variability, may be
much greater than for small scale DFN
models. Even though the calibration
process used to generate a DFN model
would arguably guarantee that the DFN
model is producing results within specified limits by
comparison with the field data used to define the in-
put parameters, the process does not provide a guar-
antee of validation. For a DFN model to be validated,
simulated samples should recreate the sampling bias
associated with the data collection process. If avail-
able, areal intensities (P21) could be used to validate
a DFN model, as typically only linear intensities (P10)
are used to provide targets volumetric intensities
(P32) and calibrate fracture intensity data. By com-
paring simulated and mapped P21 values the valida-
tion process would be based on an independent tar-
get value not used to generate the DFN model.

DFN Modeling and Rock Engineering
* Analysis of Rock Mass Behavior

The Synthetic Rock Mass (SRM) approach can be used
to define equivalent continuum rock mass proper-

Figure 3: Use of SRM modeling to define equivalent continuum failure
envelopes (modified from Elmo et al., 2016)

ties for a portion of the rock mass up to the repre-
sentative elementary volume (REV), Figure 3. DFN
modeling lies at the core of the SRM approach, as
it recognizes that at every scale rock mass behavior
may be dominated by a limited number of discrete
fractures. The use of SRM modeling allows for the
definition of equivalent Mohr-Coulomb and/or Hoek-
Brown strength envelopes, with better consideration
for rock mass behavior at relatively low confinement.
The reliability of the SRM results is clearly related
to the uncertainty and variability characteristics of
the underlying DFN models used in the simulations.
Furthermore, the stochastic nature of DFN modeling
indirectly makes the SRM analysis a stochastic ap-
proach on its own, which has clear implications for
rock engineering design.

As discussed in Elmo (2012) and Elmo et al. (2016),
it is possible to relate the jointing conditions of SRM
models to the structural character of the rock mass as

Figure 4: Strength results of SRM models (left, pillars; right, direct shear test models) at different scales and the related
degree of rock mass blockiness in terms of GSI (modified from Elmo et al., 2016).
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defined by the Geological Strength Index (GSI, Hoek
et al,, 1995). Figure 4 shows the strength results ob-
tained for SRM pillar models (width-to-height ratio of
0.5) at different scales, and the associated degree of
rock mass blockiness in terms of GSI. Similarly, Figure
5 shows the correlation between SRM strengths for
fractured rock masses subjected to direct shear load-
ing conditions and estimated GSI ratings for the pro-
gressively larger SRM models. The results show that
there exists a scale at which the influence of natural
fractures on rock mass behavior can be “averaged"” to
produce an effective continuum response.

* Analysis of Step-Path Failure

Over the past 15 years several studies have been
conducted that focused on using the DFN approach
to address the step-path/intact rock bridge problem
(e.g. Stead et al.,, 2004, 2007; Elmo et al.,, 2007, 2009,
2011; Eberhardt et al., 2004). The step-path prob-
lem considers discrete fractures that may provide
discrete connections with the highest potential for
failure. The task of rock engineering is to character-
ize those potential pathways, rather than considering
the average rock mass properties of the REV within
the context of limit equilibrium or finite element
analysis.

Whereas it may be possible to develop simple step-
path recognition algorithms to provide the likely failure
path for a given synthetic rock mass, those algorithms
can only incorporate basic principles of stress analysis
and cannot fully consider and incorporate the fracture
mechanics principles that control intact rock failure in
the field. To achieve this, it is necessary to integrate the
DFN approach with geomechanical codes capable of
simulating brittle failure along discrete connections. In
other words, the problem requires not only understand-
ing the geometry of the discrete fractures, but also con-
sidering their shear strength properties in relation to
the induced stress field.
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Geomechanical codes capable of explicitly simulat-
ing brittle failure and kinematics aspect of rock mass
failure are, however, computationally very intensive.
Considering the stochastic variability of DFN models,
simple step-path recognition algorithms could still
be used to identify which critical sections should be
tested in the geomechanical models, thus limiting
the computational time that may be required to ob-
tain reliable estimates of rock bridge percentage for
a given step-path failure surface.

This is demonstrated in Figure 5, which shows a con-
ceptual model for an 800m high rock slope, with em-
bedded DFN based trace maps representing varying
jointing conditions. Each model includes three main
joint sets dipping at 10°L, 80°L and 80°R (Model A), and
30°L, 60°R and 80°R (Model B) respectively (the letters
L and R stand for Left and Right dip direction with re-
spect to the horizontal axis). The simulated joints in the
models represent very persistent fractures according to
the ISRM (1981) definition, with an average fracture a
length in the range from 20m to 40m.

The mesh discretization size determines the mini-
mum fracture length that is possible to consider in
the geomechanical model without compromising
computational times. The introduction of a minimum
size fracture cut-off has an impact on the assumed
fracture intensity in the DFN model, as the proba-
bility density function for fracture length would be
bounded by a minimum value and, if appropriate, by
a maximum value, but realistically is not possible to
define the full extent of the distribution. Accordingly,
there would be unfractured portions of rock mass in
the model that would have some degree of fracturing
in the field. To represent this fracturing, equivalent
rock mass properties can be estimated using a syn-
thetic rock mass approach (Figure 6) to define equiv-
alent Hoek-Brown/GSI properties (Elmo et al., 2009).

Figure 7, Figure 8, and Figure 9 show the maximum

Figure 5: Conceptual model
foran 800m high rock
slope, with embedded DFN
based trace maps represent-
ing varying jointing condi-
tions (modified from Elmo
etal., 2009).
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extent of step-path mechanisms and extent of hor-
izontal displacement simulated in the models for
varying rock mass properties and jointing conditions.
The maximum extent of step-path failure identifies
the zone within which primary and secondary brit-
tle fracture processes have occurred, as defined by
Stead et al. (2007). In the models, step-path mech-
anisms appear inhibited deep within the rock mass.
Furthermore, the initial jointing conditions largely
control these mechanisms, and do not necessarily ex-

Figure 6: Synthetic rock mass approach used to define tend from the toe of the slope up to the slope crest.
equivalent rock mass properties that account for small
scale fracturing (modified from Elmo et al, 2009)

Figure 7: Areas in the slope impacted by step-path failure mechanisms (yellow areas) for varying rock mass properties
and jointing conditions.

Figure 8: Extent of horizontal displacement (red contours corresponds to 0.2m) for varying rock mass
properties and jointing conditions.
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Figure 9: Maximum extent of step-path failure mechanisms and 0.2m horizontal displacements for varying rock mass prop-

erties and jointing conditions.

Conclusions

The DFN approach takes full advantage of fracture
data collected from mapping of exposed surfaces
and boreholes, including also digital photogramme-
try and laser scanning techniques. Limitations inher-
ently introduced by the sampling methods being ad-
opted represent important aspects that should drive
the collection of fracture data for DFN analysis. This
paper has provided examples of two application of
DFN modeling in the field of rock engineering: (1)
synthetic rock mass modeling of rock mass strength
and scale effects; and (2) analysis of slope stability
and step-path failure. When integrated with geo-
mechanical codes to generate SRM models, the DFN
approach offers an opportunity to better analyze
the concept of REV, and the reduction of rock mass
strength with increasing volume up to the REV. In
terms of stability analysis of rock slopes, DFN mod-
els allow for a better consideration of the role that
the jointing conditions (spatial intensity, structural
character, and shear strength properties) play with
respect to development of step-path failure. Further
modeling is required to investigate the impact that
a range of stochastically generated DFN realizations
may have on the maximum extent of step-path mech-
anisms and associated slope stability.
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Full Permeability Tensor of a Three-dimensional Fractured Rock Mass
Submitted by P. S. Lang (Abingdon Technology Centre, Schlumberger, Oxford, United Kingdom , and

Department of Earth Science and Engineering, Imperial College, London, United Kingdom);
A. Paluszny and R. W. Zimmerman (Department of Earth Science and Engineering, Imperial College,
London, United Kingdom).

he macroscopic-scale permeability of frac-

tured rock is of vital interest to various earth

science and engineering disciplines, as the

majority of hydrocarbon reservoirs and pro-
posed sites for radioactive waste disposal sites are
heavily fractured (Van Golf-Racht, 1982; Wu et al,
2002). The equivalent, or “block” permeability, quan-
tifies the collective permeability behavior of the
fractures and rock matrix. In engineering practice, hy-
draulic analysis of fractured rock is often reduced to
a two-dimensional problem, owing to computational
limitations, especially if multi-physics effects are in-
corporated into the model (Nick et al., 2011; Rutqvist
et al,, 2013). Three-dimensional flow properties are
then deduced from two-dimensional calculations
(Pouya and Fouche, 2009; Reeves et al,, 2013). How-
ever, the reduction from three-dimensional to two-di-
mensional analysis of the permeability of a fractured
rock mass introduces errors in both the magnitudes
and directions of the principal permeabilities. This
error can be numerically quantified for porous/frac-
tured rock by comparing the equivalent permeability
of three-dimensional fracture networks to the values
computed on arbitrarily extracted planar trace maps.

A method to compute tensorial
permeability in 3D

A new methodology to compute the full permeabili-
ty tensor of three-dimensional discrete fracture and
matrix models is discussed in this article. The method
is based on the element-wise averaging of pressure
and flux, obtained from a finite element solution to
the Laplace problem, and has been validated against
analytical expressions for periodic anisotropic po-
rous media.

A series of incompressible, single-phase flow prob-
lems are solved over a porous medium domain using
the finite-element method in order to determine the
full equivalent permeability tensors. For each simu-
lation, the resulting scalar pressure field is post-pro-
cessed to yield a pressure gradient vector field. El-
ement-wise constant fluxes are computed using
local element pressure gradients, and permeability
is computed by applying Darcy’s law. Contributions
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to the equivalent permeability tensor components
are a function of element-volume weighted averag-
ing of pressure gradients and fluxes. The resulting
over-constrained problem is solved using a least-
squares approximation. The asymmetric effect of
permeameter-type flow constraints is relaxed by ex-
cluding a peripheral region along the outer boundary
from the tensor calculation.

Two- and three-dimensional periodic media mod-
els are used to validate this procedure (Lang et al,,
2014). Validation problems demonstrate that even
with asymmetric permeameter constraints on flow
experiments, a representative tensor is accurately
obtained. Advantages of this approach are numerous:
full use can be made of flexible meshing techniques
and geological realism of representation of hetero-
geneities; fractures can be represented as surfaces,
relaxing the need for local mesh refinement; no as-
sumption on the orientation of principal permeabili-
ties are made; varying permeability in both rock ma-
trix and permeable individual fractures is permitted;
computational efficiency and simplicity is achieved,
since the analysis is based on finite-element solution
of a Laplace equation and subsequent mesh traversal
only.

Relative errors are less than 107 for all of the verifi-
cation models. Part of this error is attributed to the
fact that for lower dimensional representation of
fractures, no additional degrees of freedom are intro-
duced. This results in a shortcoming in accounting for
flow within the fracture perpendicular to its orienta-
tion. This brings about a 10* error in matching the
harmonic mean for test cases in which flow occurs
normal to a set of parallel fractures, and confirms
that fractures contribute to a minor extent to overall
conductivity in their normal direction.

3D vs. 2D analysis of flow through
fractured rock masses

A series of cube-shaped models consisting of a dis-
crete fracture network embedded in a porous rock
matrix is created using stochastically generated frac-
ture patterns of increasing fracture density. Hydraulic
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aperture is sub-linearly correlated to fracture length
(Olson, 2003). For each of the three-dimensional
models, a series of seventy-five randomly oriented
two-dimensional cut-planes is extracted. For isotro-
pic networks consisting of power-law size distributed
fractures with length-correlated apertures, two-di-
mensional cut planes are found to underestimate the
magnitude of the macroscopic-scale permeability by
up to three orders of magnitude near the percolation
threshold, approaching an average factor of devia-
tion of three as the fracture density increases. At low
fracture densities, percolation may occur in three di-
mensions, but not in any of the two-dimensional cut
planes. Anisotropy of the equivalent permeability
tensor varies accordingly, and is more pronounced in
two-dimensional extractions.

These results confirm that two-dimensional analy-
sis cannot be directly used as an approximation of
three-dimensional equivalent permeability, using
standard descriptions of fracture density. Maximum
and minimum principal permeabilities are underes-
timated by up to three orders of magnitude near the
percolation threshold, and, on average, by a factor
of three for higher densities. Above the percolation
threshold, trace maps provide an order of magni-
tude accurate estimation of volumetric permeability.
An alternative expression of fracture density, based
on a modified definition of the ‘excluded area’ con-
cept (Lang et al,, 2014), can be used to approximate
three-dimensional flow properties in cases where
only two-dimensional analysis is available.

Length Scales and Realism

The absence of a clear separation of length scales
in most fractured rock engineering problems poses
a fundamental problem with respect to permeabili-
ty homogenization. Rock joints have been shown to
extend to maximum lengths of between hundreds
and thousands of meters (Olson, 2003). This range
effectively covers typical distances of externally im-
posed pressure gradients, such as inter-well commu-
nication in oil and gas reservoirs, and excavations in
geological disposal facilities, to name two examples.

The approach presented herein retrieves the full
permeability tensor for blocks of fractured porous
rock without the assumption that one is working on
a representative volume element of the network, and
thereby separates itself from previous approaches to
effective permeability computation (Koudina et al.,
1998; Bogdanov et al., 2003). It has been shown that
the use of border regions in the sub-sampling pro-
cedure allows representative symmetric tensors to
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be retrieved, even if the physical flow constraints are
asymmetric. This approach aims to improve on the
diagonal-tensor characterization of fractured rock
block models (Gonzalez-Garcia et al., 2000) without
requiring an extension to periodic models.

The presented application to isotropic fracture net-
works with planar, disk-shaped joints and strict
length-dependent transmissivity relationship is, of
course, a simplification of a difficult and complex
problem. Geologically realistic fracture networks
show high anisotropy of fracture patterns and indi-
vidual joint permeability (Olson, 2003), as complex
functions of their displacement history and diage-
netic processes. Recent advances in geomechanical
models allow for the creation of such models in three
dimensions (Paluszny and Zimmerman, 2013).
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Medium and high fracture density fracture models and a random cut-plane of each. Ellipses and
ellipsoids illustrate model equivalent permeability tensor.

(a)

(b)

Maximum principal permeability of cube models and cut-planes. (a) cut-plane density evaluated individually in terms of
2D density using the proposed alternative formulation of <A_ >. (b) 3D permeability is plotted in solid bold; the dotted line
connects the mean values of the 2D permeabilities for that fracture density, with the range of values indicated by the extent

of the vertical line.
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Bridging the Gap from Well Scale to DFN Model.

Submitted by Doug Bearinger, Geology Advisor; Nexen Energy ULC

Introduction

iscrete Fracture Network (DFN) models can

assist in the modeling of reservoir flow be-

havior. While simulation models with sim-

plistic geometry may be manipulated to
match short term reservoir performance, they may be
misleading and of limited ability to predict long term
production or the effect of development and comple-
tion design changes.

Well bores can intersect many natural fractures yet
completely miss those that are significant to fluid
flow at the reservoir scale. Seismic cannot resolve
reservoir scale fractures but may yield attributes that
respond to fracture intensity. The structural picture
provided by seismic can provide the basis for predic-
tion of fractures related to folding and faulting. This
note will focus on methods to use fracture observa-
tions from wells to estimate the inputs needed for
DFN modeling.

Defining mechanical layers

Layers of differing lithology and mechanical proper-
ties can contain different fracture sets. Fracture infor-
mation should be gathered within a geomechanical
unit framework. The geomechanical units can be de-
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Note the unique CDF slope for each lithologic unit.
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termined on the basis of natural fracture properties
with the assistance of geomechanical property pro-
files and CDF distributions of fractures (Figure 1).

Fracture intensity measures and bias

Wells drilled perpendicular to a natural fracture set
can provide good measures of fracture intensity and
how it varies spatially. Generally, in most fields there
are few wells drilled in this orientation for all fracture
sets. It is essential that observational bias be reduced
before attempting to upscale to a reservoir model.
Vertical fractures are common in many plays and al-
though vertical wells do not sample fracture frequen-
cy well, they can provide fracture height information,
something that cannot be directly measured in other
well orientations. Intensity measurements should
reference a minimum size criterion. Core observa-
tions often provide an order of magnitude higher
number of observed fractures compared to borehole
image logs. In the case of intensely fractured shale
reservoirs it is possible to measure enough fractures
in core to determine size distributions. In this note
the intensity measure will use the nomenclature of
Dershowitz (1992). In this P system, the first sub-
script is the dimension of the sample area and the
second subscript is the dimension of the fracture
measurement.

Several methods to measure/de-bias fracture inten-
sity data were reviewed. Terzaghi (1965) provided
a correction for the intersection angle with a scan-
line. In practice this method works poorly for verti-
cal wells and fractures as the correction approaches
infinity if unconstrained. For a scanline of consistent
orientation, the infinity problem can be avoided by
computing the length of the vector perpendicular to
the mean orientation of the fracture set.

Narr (1996) proposed an improved method that in-
cludes the diameter of the sample (core or borehole
image). Berg (2012) recognized that fracture size also
influenced the number of fracture intersections and
proposed a calculation that included fracture size. He
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also proposed that fracture intensity be measured as
the sum of fracture trace lengths in a perpendicu-
lar projection to the fracture set (P21). This is then
simply the sum of projected lengths over the area of
projection. Both methods suggested by Berg were
evaluated using a wellbore scale DFN model where
the 3D fracture intensity is known. The perpendicular
projection method performed best in all the tested
well orientations and had a significant advantage in
vertical wells (Figures 23, 2b).

Figure 3. Fitting power law size distribution.

fracture lengths in addition to fracture lengths that
are completely within the core (Figure 3).

Intensity-size scaling

To determine the P32 fracture intensity required for a
reservoir scale model, intensities must be scaled tak-
ing the effects of size distribution into account. Thin
bedded zones may have many bed bound fractures
in core but fewer reservoir scale fractures that affect
flow than thick bedded units that have fewer but lon-
ger fractures in core. The scale-up can either be done
using a DFN model and progressively increasing the
minimum fracture size or by sorting the core data by
size and plotting the truncated fracture intensities.
Note that the most intensely fractured zones in core
observations may be the least intensely fractured at
reservoir scale (Figure 4).

Figures 2a, 2b. DFN model testing of fracture intensity
debias techniques.

Fracture size distribution

When there are sufficient fractures described it is
possible to fit a size distribution function to the data.
Care must be taken to avoid the tails of the data set
that are affected by truncation and censoring. These
artifacts give the data the appearance of a lognormal
distribution. Power Law has been shown to fit many
field fracture length observations and the exten-
sion-linkage process of fracture growth (Cladouhos
& Marrett 1996). Some of the observed fractures will
not terminate within the core. Given that the number
of observations is often less than desired, it is recom-
mended to fit a size distribution to all the measured Figure 4. Fracture size-intensity scaling.
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Assigning fracture properties

It is common practice to tie many fracture properties
to fracture size. Larger fractures tend to have larger
apertures and conductivity. Olson (2003) proposed
that aperture tends to correlate with the square root
of fracture size (Figure 5). Direct measurements in
core and estimates from image logs can be used as
constraints.

Figure 5. Aperture calculation

Core tests of conductivity without proppant (often
called natural asperity samples in proppant embed-
ment tests) are particularly useful. The conductivity
versus normal stress relationship can be used to esti-
mate aperture, permeability and conductivity (trans-
missivity) of fractures. The data can also be used to
estimate normal fracture stiffness (Figure 6).

Figure 6. Fracture conductivity test results

Storage apertures used in a DFN model may need to
be adjusted to account for the smaller fractures that
have been truncated from the model. Although they
may not significantly affect the fluid flow because of
their lower transmissivity, they can significantly af-
fect the movement of fluid by their storage capacity.
For models that are used to simulate hydraulic stim-
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ulation this is of great importance as most software
uses volume balancing during the simulation. In a
DFN simulation involving natural fractures this extra
storage may be added to the fracture sets that inter-
sect these omitted fractures. In other software, the
fluid that invades the smaller fractures is considered
as part of the fluid leak-off.

Fracture characteristics can also be estimated by sim-
ulating and matching well tests within a DFN model
as shown in Figure 7.

Figure 7. DFN well test simulation

In shale reservoirs, hydraulic pressure hits on offset
wells can be used to find the fracture aperture, per-
meability and transmissivities that match the time of
flight (Figure 8).

Figure 8. Fracture hit simulation

Validating the DFN model

Given the sparse nature of fracture data and the need
for scale-up to a reservoir model it is advised to test
the model against observations. For reservoirs that
produce without stimulation, the DFN model can be
tested against lost circulation events, gas kicks, im-
aged large aperture fractures and production log in-
flows. The size distribution and intensity-size scaling
can be adjusted so that the modeled well/fracture
intersections match the number of observed fracture
indicators in wells.

www.armarocks.org  Page 21



Stimulated naturally fractured reservoirs are more
challenging but methods are emerging to estimate
producing fracture volume and producing fracture
surface area (Zolfaghari et al, 2015, 2017, Adefidip-
ie, 2014). Microseismic provides stimulated geom-
etry and distribution in three dimensions. Injected
fracture porosity can be estimated from the ratio of
injected fluid volume to the stimulated reservoir vol-
ume. This is directly related to fracture porosity (a
function of intensity and storage aperture).

The vertical distribution of stimulated fractures and
microseisms is also dependent on fracture connec-
tivity. At model scale, it is possible to lose connec-
tivity if intensities fall too low. The natural fracture
network can be analyzed for connectivity and frac-
ture clusters to evaluate if the connectivity thresh-
old has been exceeded. The connectivity of fractures
at the boundaries of mechanical units can strongly
influence the vertical growth behavior of hydraulic
stimulations. In reservoirs with open conductive frac-
tures it is possible for stimulation fluids to penetrate
through “stress barriers” extending into other zones.
Pressure and proppant hits on offset wells also place
some constraints on the stimulated geometry.

Summary

Building a DFN model from well observations re-
quires:

M Determining mechanical units
Ml Debiasing of fracture data
M Characterizing the fracture size distribution

M Scaling fracture intensity from well to model
scale

M Assigning fracture properties that may also need
to account for the fractures truncated from the
model

M Validating that the upscaled model matches fre-
quency of well intersections of reservoir scale
fractures

M The model can be used to simulate the observed
hydraulic stimulation geometries in unconven-
tional reservoirs
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Conclusion

Fracture data obtained from wellbores can be used to
build realistic reservoir models when observational
bias and scale differences are properly handled. DFN
modeling tools provide the means to build fracture
networks that match fracture observations and indi-
cators. Whether building a DFN model for a conven-
tional or unconventional reservoir, the DFN model
should be tuned/validated with indicators of reser-
voir scale fractures such as drilling fluid losses or mi-
croseismic events. These models can either be used
directly in DFN capable reservoir simulators or can be
upscaled to equivalent porous media properties for
grid based reservoir simulation.
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ARMA News Briefs

M SedHeat Workshop

ARMA is pleased to join Itasca Consulting Group,
Texas Christian University Energy Institute, and the
University of Utah in sponsoring the fourth Sed-
Heat Workshop: Unlocking the Energy Elephant to
be held 1-4 March 2017 at the Marriott University
Park Hotel, Salt Lake City, Utah, USA. The workshop
is supported by a grant from the National Science
Foundation.

The SedHeat workshop community focuses on ef-
forts to advance sedimentary-geothermal energy
toward significant breakthroughs and development
to its full potential. The workshop explores the ba-
sic science and engineering of geothermal energy
in high-temperature sedimentary basins. Experts in
geothermal and related subsurface fields will iden-
tify challenges and issues associated with econom-
ically viable production of heat from sedimentary
basins. General topics for discussion include:

Geology of sedimentary basins;

Reservoir characterization and engineering;
Drilling and completion;

Co-production with oil and gas;

Induced seismicity and environmental impacts; and
Regulatory frameworks and economic assessments.

The workshop is open to ARMA members (subject to
limited seating). Registration and further informa-
tion can be found at www.itascacg.com/news/sed-
heat-unlocking-the-energy-elephant.

B DFNE 2018 Conference

ARMA is sponsoring the Second International Dis-
crete Fracture Network Engineering Conference to
be held on 20-22 June 2018 in Seattle, Washington,
USA. The conference will be held in conjunction with
ARMA's 52" U.S. Rock Mechanics / Geomechanics
Symposium scheduled for 17-20 June 2018 at the
Westin Seattle Hotel. The conference will examine
DFN theory and fundamentals; oil, gas and geother-
mal energy; DFN approaches for underground and
surface mining; and DFN approaches for infrastruc-
ture/geohazards.

For further information see: www.dfne2018.com.

M New York City 2019

New York City has been selected as the site of
the 2019 53 U.S. Rock Mechanics / Geome-
chanics Symposium on 23-26 June 2019. The
symposium will be held at the New York Marri-
ott at the Brooklyn Bridge. Evangelia leronymaki
from Manhattan College and Bruno Goncalves da
silva from the New Jersey Institute of Technolo-
gy are to co-chair the event.

Stay tuned for further details.
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