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ABSTRACT

The hydrology of the SCV site will be modelled
utilizing discrete fracture flow models. These
models are complex, and can not be fully verified
by comparison to analytical solutions. The best
approach for verification of these codes is
therefore cross-verification between different
codes. This is complicated by the variation in
assumptions and solution techniques utilized in
different codes.

Cross-verification procedures are defined which
allow comparison of the codes developed by Harwell
Laboratory, Lawrence Berkeley Laboratory, and
Golder Associates Inc. Six cross-verification
datasets are defined for deterministic and
stochastic verification of geometric and flow
features of the codes. Additional datasets for
verification of transport features will be
documented in a future report.
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SUMMARY

This report presents a plan for cross-verification
of the discrete fracture flow codes to be utilized
within the Site Characterization and Validation
(SCV) Program of Phase III of the OECD/NEA Stripa
Project. These codes will be utilized for
modelling and analysis of in situ experiments, and
for predictive modelling of simulated drift and
validation drift experiments. The plan includes a
brief discussion of the codes being used and a
comparison of their features and assumptions.
Standards are developed for problem specification,
output presentation, and data exchange.

The cross-verification plan will verify the
accuracy of code calculations of fracture
geometry, mesh discretization, and solution of
flux and pressure in steady state flow. Six
cross-verification datasets are defined. Three of
these deal with the problems of geometry and mesh
generation, and three with flow solution. Cases
are defined to evaluate the ability of the codes
to deal with pathological geometries, and with
conditions likely to be encountered in Stripa
simulations. Both deterministic and stochastic
datasets are defined.

Implementation of this cross-verification plan
will assure the reliability of numerical results
of discrete fracture codes utilized within the
Stripa project, and establish a methodology fcr
verification of codes to be used in repository
site characterization and performance assessment.



INTRODUCTION

This report has been prepared to document the
proposed cross verification of discrete fracture
geometric and flow codes developed by Harwell
Laboratory, Lawrence Berkeley Laboratory (LBL),
and Golder Associates Inc. The primary purpose of
this cross-verification is to demonstrate that the
fracture flow codes accurately perform the
calculations for which they were designed, within
the context of Phase III of the OECD/NEA Stripa
Project. In addition, cross verification will
provide a benchmark for comparing the capabilities
and performance of the codes, and verify the
numerical accuracy of the codes to the extent
possible, given the differences among the codes.
This document has been revised based upon
discussions among the Stripa Project Phase III
principal investigators for fracture flow and
transport modelling, and among members of the Task
Force on Fracture Flow Modeling for the OECD/NEA
Stripa Project. Code verification for continuur.
model under the auspices of the OECD is described
in Hydrocoin (1988).

The cross verification plan includes two
distinctly different types of verification:

verification of stochastic generators fcr
fracture geometry, and

verification of deterministic solutions for
flow and transport equations in planar
fractures and fracture channels.

Fracture geometric models were primarily designed
to produce stochastic (random) realizations of
possible fracture geometries. As a result,
different fracture geometric models produce
different realizations, and cross verification
cannot be used to compare program output directly.
Stochastic realizations can only be compared
statistically, either by comparing the statistical
properties of the fracture systems, or the
statistical properties of simulated borehole or
traceplane samples of the fracture systems. In
order to carry out this comparison, this plan



provides for the development of a fracture
statistical package, and a common fracture systen
data exchange format. Golder Associates will
collect fracture system realizations from the three
research groups, and evaluate them to produce a
statistical cross verification.

In contrast, all three codes provide deterministic
solutions to flow equations, and JINX and FMG
provide deterministic solutions to transport
equations. Deterministic solutions can be compared
directly. In order to cross verify the codes for
these applications, therefore, a set of flow and
transport problems is defined which can be
implemented by all three codes. Since each of the
codes utilizes a different^approach for solution of
flow and transport equations, it is anticipated
that the codes will produce different results.
Therefore, the test cases must be defined to
include both cases in which very similar results
would be expected, and cases which point out the
dissimilarities between the approaches.

This code cross-verification exercise has been
structured as follows. Cross-verification datasets
are developed and distributed by Golder Associates
Inc., based upon suggestions from Harwell and LBL.
The three groups then implement and run the cases
on their own computer facilities, and provide the
output to Golder Associates Inc. for synthesis and
reporting.

This report describes a preliminary approach for
cross-verification of both stochastic and
deterministic features of discrete fracture flow
and transport codes. Section 2 presents a summary
of the features of the three codes, and a brief
discussion of the issues related to cross
verification. It also provides formats for data
exchange and reporting, and a tentative schedule.
Sections 3 and 4 provide details of code cross-
verification datasets for stochastic and
deterministic code features. Section 5 provides a
brief summary of the benefits to be obtained from
implementation of this plan.
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CROSS-VERIFICATION APPROACH

This section briefly describes the three codes to
be cross-verified, the standards for problem and
solution definition and data-exchange, and a
proposed schedule.

2.1 GENERAL CONSIDERATIONS

In this cross-verification plan, both deterministic
and stochastic analyses are specified for fracture
geometry, and for flow and transport calculations.
Emphasis has been placed on exercising those
features of the codes, and ranges of data input,
relevant to modelling the Stripa Phase 3
experiments. Deterministic verification analyses
will be done to ensure that the calculations are
being performed correctly, and statistical
verification analyses will be done to ensure that
the results of the random simulations are
consistent with the parameters specified for those
simulations.

In the deterministic approach, the results obtained
for test cases using fixed values will be compared
with the results of independent calculations. This
will allow verification of individual calculations
but will not verify the performance of the code for
stochastic simulations.

In the statistical verification approach, the
results of stochastic simulations will be evaluated
statistically to determine whether results are
within statistically expected ranges. Statistical
verification cannot yield a positive proof of the
correctness of the simulation program, but rather
it gives a measure of the certainty that the
program is performing as intended.

It is desirable to carry out cross-verification
without modifying the codes being verified.
However, due to the significant differences among
the codes, it is probable that some modification
will be required in each of the codes. Therefore,
cross-verification will apply specifically to those
modified code versions. It is hoped that any



modifications required for this work will be
incorporated into future code versions to ensure
that the cross-verification problems can be
repeated for final code versions.

Since the numerical calculations being performed
under this project are being carried out by three
organizations on two continents, it is not feasible
to define a single quality assurance standard for
these activities. Instead, each organization will
carry out activities under the existing standards
of their organization. As a minimum, however, it
is suggested that all three organizations utilize
the format shown in Table 2.1 for recording vital
information about simulations performed.

2.2 CODE COMPARISON

The three codes to be cross-verified are the JINX
package (Golder Associates, 1988a, b), the FMG
Package (Billaux et al., 1988), and NAPSAC
(Herbert, 1988)'. The three codes are summarized
in Appendix B. It is important to note that the
codes are still under development, and that these
code summaries, and the comparisons below reflect
only those features currently implemented.

The three codes being cross-verified are
fundamentally different in approach, both for
fracture generation, and for solution of flow
equations. Table 2.2 summarizes the approaches
used in the codes. Figure 2.1 compares the
fracture conceptual models utilized in the codes,
and Figure 2.2 illustrates the boundary conditions
available to the models. The differences among the
codes can result in quite significant problems in
cross-verification, if care is not taken in the
definition of cross-verification data-sets. The
major differences which influence the design of the
cross-verification problems, and the resolution of
these differences in definition of cross-
verification problems are as follows:

\JINX, FMG, and NAPSAC are used in this report to refer to
the code packages developed by Golder Associates Inc., LBL, and
Harwell, although the actual cross-verification exercise will
utilize a number of different codes developed by each group.



Software Application Memorandum

1. Organization

2. Analysis

File Number-

3. Date of Analysis

4. Project or Analysis Title

5. Project and Task or Analysis Number.

6. Software Name

Reference

Version

7. Software Verification Status

8. Analysis Objective

9. Applicability of the Software to the Analysis

10. References (e.g., User's Manual, Verification Report).

11. Computer Type, Operating System, and Precision (digits)

12. Original Sources or References for Input Data

13. Description of Assumptions and Justification for Each

14. Remarks (include applicable code revisions)

15. Primary Analyst Signature Date

16. Signature of Verification Analyst Date

Attach additional page* at necessary.

Example Software Application
Memorandum

Table 2.1

873-1313/4/13/89



Table 2.2 Fracture Flow Code Comparison

Fracture Geometry JINX NAPSAC FMG

Location

Orientation

Size

Shape

Flow Solution

Dimension

Solution

Time

Transport Solution

Implementation

Poisson Point
Fractal Point
Non-stationary Point
"War Zone"
"Nearest Neighbor"

Dip or Pole Vectors
Fisher, Bingham,
Normal Distrib.

LogNormal,
Normal,
Exponential
Uniform

Ellipse
Rectangle
Polygon
Truncated Ellipse

1-D Pipes
Homogen. 2-D Plates
Matrix Interaction

Finite Element

Steady State
Transient

Particle Tracking
Matrix Interaction

Poisson Point

Euclidian
Normal and
LogNormal
(Strike & Dip)

LogNormal
Normal
Exponential
Uniform

Rectangle

Heterogeneous
2-D Plates

Poisson Point
Non-stationary

Point

Pole Vectors
Fisher,
Euclidian
Normal and
Lognormal
(Strike & Dip)

LogNormal,
Normal,
Exponential
Uniform

Circle,
Polygon,
Trunc. Circle

1-D Pipes
(2-D Plates in
pseudo Boundary
Element code)

Finite Element/ Finite Element
Boundary Element

Steady State

Being
Implemented

Steady State
Transient

Front
Tracking
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JINX Fracture Geometry

- General Polyhedral Exterior and
Interior Boundaries

• Plate Flow in Network of Polygonal
Fractures (can approximate ellipse
and rectangle)

- Steady State and Transient

• Particle Tracking Solute Transport

NAPSAC 1A Fracture Geometry

- Rectangular Exterior Boundary and
Linear Interior Boundary Condition

- Plate Flow in Network of Rectangular
Fractures

- Steady State

FMG Fracture Geometry

• Rectangular and Node, Exterior
and Interior Boundary Condition

- Pipe Flow in Network Defined by
Disk Fractures

• Steady State and Transient

- Steady State Plate Flow in
Related Code

• Particle Tracking Solute Transport

Comparison of JINX. NAPSAC
and FMG Codes

Figure 2.1

873-1313-031M0-12-88



JINX (Internal, External*

JINX (internal. External'

JINX (Internal. ExternaP

JINX (Internal. External)
FMG (ExternaP
NAPSAC 1A (ExternaP

3-D Boundary Geometries

Figure 2.2

873-1313-03V10-12-68



Fracture Shape: JINX is designed for
generalized three dimensional fracture shapes
based upon polygons, but derives those
polygons from a process of truncation of
elliptical fractures at fracture
intersections. NAPSAC is currently limited
to rectangular fractures. FMG can simulate
circular or polygonally shaped fractures.
All codes can simulate termination at
intersections by setting transmissivity to
zero over a portion of the fracture. In
NAPSAC, however, this can only be done
manually at this time. Resolution: For
consistency with NAPSAC, define fractures as
rectangles. Utilize NAPSAC fracture
generator to define nodal coordinates to be
used by FMG and JINX.

Fracture Location: JINX currently
incorporates four alternative processes for
fracture location: Poisson point(random),
Nearest Neighbor (a form of non-stationary
point field), Levy-Lee fractal, and "War
Zone" clustering. NAPSAC includes only
stationary Poisson point field, and FMG
includes both stationary and non-stationary
("Mother- Daughter") point fields, as well as
2-D fractal networks. Resolution: During
the first phase of cross-verification,
specify stochastic fracture locations in
terms of a stationary three dimensional
Poisson point field density, expressed as
fracture surface area per unit volume,
referred to as P2J. If a more complex
location process is ultimately specified for
the Stripa Phase 3 SCV experiment, that
location process will need to be cross-
verified in a future stage.

Flow Solution: JINX utilizes a two
dimensional, triangular finite element as the
basis for solution of transient flow
equations. NAPSAC utilizes a combination
boundary element-finite element approach to
produce a steady state flow solution, and FMG
utilizes a three dimensional finite element
pipe network for steady state and transient
flow. Resolution: Specify a homogeneous,
isotropic transmissivity on fracture planes.
Specify all results for comparison in terms
of the steady state flow field heads and
fluxes at fracture intersections and model
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boundaries. For comparison, codes with
capabilities for simulation of channeling can
present results for those alternative
conceptual models.

Boundary Conditions: JINX defines both
internal and external boundaries as multi-
plane polygonal surfaces, with any
combination of pressure and flux conditions.
NAPSAC currently utilizes rectangular,
external boundary conditions, although NAPSAC
can simulate fixed heads or fluxes on linear
boreholes within the model. FMG defines
rectangular internal and external boundaries
with any combination of pressure and flux
conditions. Boundary conditions can tlso be
applied to internal nodes. Resolution:
Since it will be necessary to model an
internal boundary condition to represent the
validation drift, boundary conditions will be
defined by botn internal and external
pressure and flux conditions. Boundaries
will be limited to rectangular shapes,
however. NAPSAC is being extended to include
more complex internal boundaries.

Transport: JINX utilizes a standard particle
tracking algorithm for three dimensional
networks of one and two dimensional elements,
with diffusion possible into continuum
elements representing smaller scale fracture
systems or the rock matrix. FMG utilizes a
front tracking algorithm for three
dimensional networks of one dimensional
elements, with no matrix interaction. NAPSAC
solute transport capabilities are still under
development. Resolution: Postpone cross-
verification of solute transport features
until NAPSAC features are completed. Define
cross-verification problem in terms of planar
fractures with flow and transport limited to
fracture planes.

Computer Implementation: JINX is implemented
on IBM-PC and MicroVAX II microcomputers.
FMG is implemented on VAX, Sun, Cray, and
Convex computers. NAPSAC is implemented on
Cray-2 and Convex computers. Resolution:
Express program performance in terms of
MegaFlops, utilizing an approximate MegaFlop
per CP second rating of the computer as
agreed among the research groups.
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2.3 STANDARDS FOR PROBLEM DEFINITION AND DATA EXCHANGE

The following standards have been agreed upon for
problem definition and data exchange:

All data will be exchanged in ASCII code on
360K or 720K MS-DOS format diskettes, with
360K MS-LOS disk format. All data will be
transferred utilizing a fixed column width of
10 characters. The order of variables in
data files will be as follows:

Nodes: Node#,X,Y,Z,Fracl*,Frac2*,
BoundaryCond# OR

Node#,CenterX,CenterY,CenterZ,Radius,Boundary
Cond#

Fractures:
Frac#,Nodel,Node2,Node3,Node4,Transmissivity

Fracture Intersection's:
Int#,Nodel,Node2,Fracl,Frac2

The order of variables in output files from flow
programs will be as follows:

Nodes: Nodel,Pressure (meters)

Flux: Fracl#,Frac2#,Flux (meters2/second)

where Node# is the number of the node, Fracl#
and Frac2# are the numbers of the two
intersecting fractures joined by Node* (for
nodes defining a fracture intersection),
Fracl#=Fracture number and Frac2#=0 (for
nodes defining a fracture edge), and
BoundaryCondl is a boundary condition number,
for boundary conditions expressed in either
flux or pressure.

For cross-verification of stochastic fracture
generation routines, fracture network
geometry will be specified in terms of
distributions of fracture orientation, size,
intensity, and termination.

Boundary conditions for flow simulation
problems will be specified in terms of steady
state pressures or fluxes across rectangular
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oundaries both external and internal to flow
models.

Flow simulation output will be specified in
terms of pressures at nodes defining fracture
intersections and model boundary conditions,
and fluxes across model boundaries and across
line segments defining intersections between
fractures.

Metric units will be utilized in all problem
definitions. Fracture properties will be
expressed in terms of fracture transmissivity
(metersz/sec) and longitudinal and lateral
dispersivity (meters). Fracture density will
be defined as fracture surface area per unit
volume (1/meter).

Values of physical constants (density of
water p, gravity g, and kinematic viscosity
M) will be explicitly defined as p = 1000
kg/m3, g = 9.8m/s2, and M = l.lxlO'3 kg/m's

There is still considerable controversy about
the appropriate standard for orientation and
fracture size distributions. One proposed
standard is the definition of fracture
orientation by a mean dip vector orientation
(trend,plunge) in the coordinate system shown
in Figure 2.3. and a Fisher distribution
dispersion parameter K about that mean pole
orientation. An alternative approach,
implemented in NAPSAC and FMG, is the use of
independent, normal distributions of fracture
dip and strike. Suggestions for fracture
size standard specifications include
distributions of fracture area (currently,
JINX utilizes a gamma-1 distribution, and
NAPSAC utilizes a lognormal distribution).
Another alternative is the specification of
an exponential or lognormal distribution of
fracture radius for circular fractures.
Until the Stripa data is analyzed to
determine the most appropriate forms for
these distributions, datasets will utilize an
orientation specification based upon the
Fisher distribution, and a fracture size
specification based upon circular fractures
with an exponential distribution of radius.
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Wes: O

Standard Coordinate System
for Cross Verification

Figure 2.3

873-13i3-03i'i0-1?-88
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2.4 STANDARDS FOR PRESENTATION OF RESULTS

Result of comparisons of stochastic fracture
generation routines will be presented in terms of
statistics such as Chi-Squared and Kolmogorov-
Smirnov tests for distributional parameters, tests
for stationarity of fracture location to determine
the significance of edge effects, and measures of
fracture system interconnection such as fracture
intersection intensity and fractal dimension
(Appendix A). As presently conceived, all of these
measures will be calculated by Golder Associates
from files containing fracture coordinates provided
by the three research groups.

For comparison of flow, however, the development of
appropriate formats for presentation of results is
much more difficult. Global measures of fracture
network hydrologic behavior, such as effective
hydraulic conductivity, mask the intricacies of
fracture flow. On the other hand, local measures
in individual fractures provide only an indirect
measure of network behavior, and may be too complex
for ready understanding. Due to the three
dimensional nature of discrete fracture networks,
combined with the discontinuous nature of flow
within that network, it is very difficult to
develop a format for displaying comparisons of flow
and transport within fracture networks which is
both intuitive and comprehensive. Variations in
head and flux across the model region are difficult
to display, and are generally non-monotonic, making
interpretation difficult.

Each test case will specify the output fornat to
facilitate comparison. Hydrologic results will be
presented in two formats:

Flux at different locations on the model
boundaries,

Pressure or flux variation along selected
paths through the network

In order to measure the relative performance of the
different codes, each simulation will report the
cpu-seconds required for solution. This value will
be translated to KegaFlops for code comparison.
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2.5 CROSS-VERIFICATION SCHEDULE

The schedule for cross-verification is constrained
by the status of ongoing code development
activities, and the requirements for application of
discrete fracture codes in experimental design and
interpretation and validation predication. The
preliminary schedule for cross- verification is as
follows:

Preliminary Cross-Verification Results, 15 May 89
Geometry and Flow Test Cases 1,2, and 3

Final Cross-Verification Results, 15 Sept 89
Geometry and Flow Test Cases 1,2, and 3

Distribute Supplemental Cross- 15 Sept 89
Verification Plan (Test Cases 4,5, and 6)

Preliminary Cross-Verification Results, 15 Kar 90
Test cases 4,5, and 6

Cross Verification Report 15 Jun 90

This preliminary schedule will be revised by
agreement between the Stripa Project management and
the fracture flow code development research groups.
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GEOMETRY CROSS-VERIFICATION CASES

3.1 FRACTURE GEOMETRY TEST CASES

One of the most complex aspects of fracture network
modelling is the generation of fracture meshes from
stochastic fractures. This requires determination
of fracture intersections, and development of
appropriate discretizations for those fractures,
reflecting both boundaries and intersections. In
order to verify that these calculations are carried
out correctly, the fracture generation features of
the three codes will be evaluated for both
deterministically and stochastically defined
fractures. This will ensure that each fracture
generated by this feature has the properties
specified by the user, that terminations of
fractures are consistent with the conceptual model
for single fracture generation, and that
intersections and meshes are correctly defined.
Two deterministic cases, and one stochastic case
have been defined.

3.1.1 Geometry Dataset One (Deterministic)

The purpose of this simple dataset is to evaluate
the ability of codes to deal with difficult
fracture geometries. The fractures are specified
by the coordinates of vertices in Table 3.1. This
dataset includes a number of parallel,
perpendicular, and sub parallel, intersecting
fractures. No boundary conditions are specified in
this dataset. This dataset is illustrated in
Figure 3.1.

The output from this dataset should consist of a
file containing nodal definitions for all fracture
intersections, and element definitions (if
appropriate) for the generated mesh of plate
elements.

3.1.2 Geometry Dataset Two (Deterministic)

The purpose of deterministic geometry dataset two
is to evaluate the ability of codes to correctly
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Table 3.1 Geometry Dataset 1 (DeterministicV

Node

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

X

O.0O00E+O
O.0O00E+O
-2.5OP0E+O
-2.5000E+0
-2.9993E+0
-5.4993E+0
-4.5007E+0
-2.0007E+0
-1.4972E+0
-1.5007E+0
-5.5007E+0
-5.4972E+0
-2.7929E+0
-9.1569E+0
-7.1569E+0
-7.9289E-1
7.0711E-1
-3.2929E+0
-4.3284E+0
-3.2843E-1
-4.1426E+1
-3.7926E+1
1.6642E+1
1.3142E+1
-1.0007E+0
-4.9993E+0
-4.4993E+0
-5.0071E-1
1.9993E+0

-5.0071E-1
-5.0071E-1
1.9993E+0
4.3497E+1
-9.5355E+0

y

0.0000E+0
7.0711E+0
4.5711E+0

-2.5000E+0
1.9492E+0

-4.0863E+0
-4.4995E+0
1.5360E+0
4-1549E+0
4.1574E+0
1.5735E-1
1.5485E-1
1.6569E+0
6.1569E+0
1.1692E+1
7.1924E+0
1.6213E+0

-8.0355E+0
-6.5711E+0
3.0858E+0
3.4536E+1
4.2985E+1
3.8137E+0

-4.6360E+0
1.8289E+0

-5.0005E+0
-5.9147E+0
9.1471E-1
5.5360E+0
3.0360E+0
1.6218E+0
4.1218E+0

-3.8172E+1
-6.7157E-1

z

0.O00OE+0
7.0711E+0
1.0607E+1
3.5355E+0
9.1929E+0
9.1929E+0
6.3635E+0
6.3635E+0
7.7802E+0
7.7777E+0
1.3435E+1
1.3437E+1
1.1107E+1
6.6066E+0
7.3137E+0
1.1814E+1
2.6213E+0
2.6213E+0
-6.9497E+0
-6.9497E+0
-2.7879E+1
-2.7879E+1
1.7778E+1
1.7778E+1
4.2421E+0
7.0716E+0
4.9502E+0
2.1208E+0
7.0661E-1
4.2421E+0
2.8279E+0
-7.0761E-1
4.6314E+1
8.8137E+0

* Note: For compatibility With NAPSAC Release 1A, all
fractures in this dataset are defined as squares within a 200m x
200m x 200m cube. Fractures are defined by the coordinates of
the four nodal corners. This dataset consists of 11 fractures,
requiring 44 nodes and 11 fracture definitions.
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Table 3.1 Continued

Node

35
36
37
38
39
40
41
42
43
44

Fracture Node 1

1
2
3
4
5
6
7
8
9
10
11

1
5
9

13
17
21
25
29
33
37
41

-2
5
-2
6
5
-2
2
0
0
2

X

.5355E+0

.0497E+1

.3213E+1

.1640E+1

.9640E+1
•5213E+1
•5000E+1
•0O00E+0
.0000E+0
.5000E+1

Node 2

2
6

10
14
18
22
26
30
34
38
42

y

3.5000E+0
-3.4000E+1
3.0678E+1

-2.9322E+1
-5.6778E+1
3.2218E+0
3.4899E+1
9.8995E+0
5.6569E+0
3.0657E+1

-3.
3.
5.
6.
4.

-1.
-2.
9.
5.

-2.

Node 3 Node 4

3
7

11
15
19
23
27
31
35
39
43

4
8

12
16
20
24
28
32
36
40
44

Z

9142E+0
3586E+1
5061E+0
5506E+1
2879E+1
7121E+1
5456E+1
8995E+0
6569E+0
9698E+1

Transmissivity
fmVsecl
l.e-5
l.e-5
l.e-5
l.e-5
l.e-5
l.e-5
l.e-5
l.e-5
l.e-5
l.e-5
l.e-5
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33

39

V
40

View toward the direction of trend - 30°, plunge - 20°

Geometry Dataset One

Figure 3.1

8B3-1313-03V 9584
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calculate fracture geometries and intersections for
intensely fractured rock masses. In this dataset,
1000 elliptical fractures are specified for a 200
meter cube. Two internal boundary conditions are
specified, a borehole and a drift. In addition,
intersections with the edge of the boundary region
are to be specified. The coordinates and radii of
fractures are specified in Table 3.2. The
boundaries are defined are follows:

Borehole: Coordinates (50,50,100) to
(75,75,20). Boundary condition of fixed
total flux = 1 liter/minute from the
borehole.

Drift: Centerline coordinates (30,0,30) to
(40,0,25), circular cross section with a
radius of 5 meters. Boundary condition of
fixed pressure of 0.

In this dataset, fracture radii vary from 0.1 to 50
meters, and the number of intersections per
fracture varies between zero and 200. This dataset
is illustrated in Figure 3.2.

The output from this dataset should consist of a
file containing nodal definitions for all fracture
intersections, and element definitions (if
appropriate) for the generated mesh of plate
elements.

3.1.3 Geometry Dataset Three (Stochastic)

The stochastic fracture generation case is based
upon preliminary parameters for the Stripa site.
In this case, three sets have been defined, as
shown in Table 3.3. The following are specified
for each set:

Mean dip direction,

Distribution type and distribution
parameter(s) for dip direction,

Mean fracture size (area),

Distribution type and distribution parameter
for fracture size,

Termination percentage, and
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Table 3.2 Geometry Dataset Two fDeterministic)3

Node

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

[ Nodes 25 - 3974

3975
3976
3977
3978

X

6.9639E+1
9.1487E+1
1.2903E+2
1.0719E+2
4.1792E+1
3.4974E+1
1.4631E+1
2.1449E+1
1.2244E+2
4.9492E+1
3.4391E+1
1.0734E+2
3.8554E+1
1.3446E+2
1.4340E+2
4.7495E+1
4.5629E+1
6.8928E+1
4.5778E+1
2.2479E+1
1.3198E+2
7.6423E+1
6.0513E+1
1.1607E+2

omitted from

1.1121E+1
1.0459E+2
5.1801E+0
7.1214E+1

y

2.5553E+1
-2.8553E+1
-1.2376E+1
4.1730E+1
-3.5147E+1
4.4350E+1
3.5471E+1
-4.4027E+1
1.9643E+0
1.0355E+2
9.2616E+1
-8.9712E+0
5.3068E+1
9.0904E+0
2.7496E+1
7.1473E+1
4.1584E+1
1.1871E+2
1.2518E+2
4.8048E+1
-1.9428E+1
6.2680E+1
4.9404E+1
-3.2705E+1

table ]

4.0255E+1
8.6411E+1
5.0097E+1
1.1263E+2

z

3.6894E+1
2.8797E+1
2.2010E+1
3.O1O8E+1
7.5485E+1
3.0419E+1
1.7833E+1
6.2899E+1
6.6519E+1
6.2993E+1
6.0349E+1
6.3875E+1
4.2561E+1

-9.3739E+0
-8.4495E+0
4.3485E+1
1.4592E+1
6.7136E+1
6.7912E+1
1.5369E+1
9.7967E+0
5.7766E+1
6.2064E+1
1.4095E+1

2.4112E+1
1.2744E+2
7.4267E+1
1.1262E+2

} Note: For compatibility with NAPSAC Release 1A, all
fractures in this dataset are defined as squares within a 200m x
200m x 200m cube. Fractures are defined by the coordinates of
the four nodal corners. This dataset consists of 4000 nodal
coordinates, and the node numbers for 1000 fractures. The amount
of data involved makes it infeasible to provide a complete
hardcopy. An MS-DOS format disk containing all the nodes and
fractures for this dataset is available from the authors.
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Table 3.2 Continued

Node

3979
3980
3981
3982
3983
3984
3985
3986
3987
3988
3989
3990
3991
3992
3993
3994
3995
3996
3997
3998
3999
4000

X

5.6448E+1
-9.5857E+0
1.2160E+2
6.0967E+1
5.5023E+1
1.1566E+2
4.4119E+1
9.9197E+1
1.2043E+2
6.5351E+1
2.7732E+1
1.5299E+2
1.5246E+2
2.7198E+1
1.7947E+1
1.0120E+2
1.0444E+2
2.1186E+1
6.1112E+1
2.0812E+1
-2.1269E+0
3.8173E+1

y

1.3115E+2
6.8619E+1
1.2242E+2
6.5950E+1
5.1473E+1
1.0794E+2
5.8113E+1
8.8001E+0
2.8026E+1
7.7339E+1
5.5968E+1
7.5005E+1
9.0457E+1
7.1421E+1
1.0944E+2
6.6132E+1
7.4154E+1
1.1746E+2

-1.2300E+1
4.9821E+3
3.2147E+1

-2.9973E+1

Z

1.0784E+2
6.9490E+1
2.2758E+0
7.5010E+1
5.8815E+1

-1.3919E+1
9.6857E+1
5.6686E+1
6.2197E+1
1.0237E+2
5.4514E+1
7.7642E+1
6.7817E+1
4.4689E+1
7.2858E+1
7.6164E+1
9.9676E+1
9.6370E+1
7.6693E+1
4.9452E+1
4.3085E+1
7.0326E+1
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Table 3.2 Continued

Fracture

1
2
3
4
5

Node

Node 1

1
5
9
13
17

X

Node 2

2
6
10
14
18

Node 3

3
7
11
15
19

y

Node 4

4
8
12
16
20

z

Transmissity

l.e-5
l.e-5
l.e-5
l.e-5
l.e-5

[ Fractures 6 - 995 omitted from table ]

996
997
998
999
1000

3981
3985
3989
3993
3997

3982
3986
3990
3994
3998

3983
3987
3991
3995
3999

3984
3988
3992
3996
4000

l.e-5
l.e-5
l.e-5
l.e-5
l.e-5
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Table 3.3 Geometry Dataset 3 (Stochastic)

Set A Set B Set C Set C2

Mean dip direction
Mean dip
Basis

27
67

Rl-1, Rl-3,
Rl-4 (285
fractures)

108
77

Rl-5
(316

fractures)

190
24
Rl-6
(111

fractures)

330
68

Rl-2
(149

fracture

Orientation Distribu ion Fisher

Orientation
Dispersion Parameter K 7
Basis: Visual Fror: Gale
Figure 4.8

Radius Distribution LogNormal

Log Mean fracture Radius 1.8
Basis: Mean radius is
approx 0.7*Mean Tracelength

Log Radius Std. Dev. 0.9
Basis: Approx same as SD
on trace length

Mean Fracture Intensity
(fracture surface
area/volume) 2.1
Basis: Approx 2/mean
spacing

Fracture Trar.smissisity LogNormal
Distribution (m2/s)
Log Mejn
Fracture Transmissisity -5
(log m2/s)

Log Standard Deviation
Fracture Transmissisity 1
(log mVs)

Fisher

LogNorir.al

1.2

0.8

12.7

LogNormal

-7

Fisher

10

0.7

0.6

Fisher

10

LogNormal LogNorma

1.9 1.4

0.9

0.9

LogNormal LogNorr.a

-9 -9

Note: Sets A, B, and C, and clusters Rl-1 through Rl-6 are based upon
material provided by John Gale for 1988 Stripa Project Progress Report.
Transmissivity values given are for geometric simulations only? more
relistic values will be derived for flow simulations.
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to direction (0%,0%)

Geometry Dataset Two

Figure 3.2
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Fracture intensity (fracture surface
area/volume).Fracture location for all three
sets should be uniformly distributed within a
100m x 100m x 100m cube.
Statistical verification of output fracture
sets will be carried out for each of the
following:

Dip direction distributions,

Size distributions,

Spatial distribution of fracture centers,

Fractal dimension and fracture intersection
intensity, and

Termination percentage.

In order to make comparison of statistically
generated fracture networks possible, at least 2 0
simulations should be carried out based upon the
statistics of the dataset.

The output from this dataset should consist of a
file containing nodal definitions for all fracture
intersections, and element definitions (if
appropriate) for the generated mesh of plate
elements.

All of these values will be calculated by a common
program developed by Golder Associates, utilizing
fracture geometric data files transferred from the
other groups. The observed distributions for these
variables will be compared with their expected
distributions, using the Kolmogorov-smirnov test
for goodness of fit, which is described in Section
A.2.

In all statistical tests, the number of iterations
in each simulation will be specified in the
definition of the dataset, based upon the sample
design criterion for the standard normal deviate
(Section A.4).
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FLOW CROSS-VERIFICATION CASES

4.1 FLOW SOLUTION

While a number of theories are currently under
development based upon the assumption of channel
(one dimensional pipe) flow in fracture planes,
there is currently no data on which to build a
defensible channel flow model. As a result, the
NAPSAC code being developed by Harwell Laboratory
does not currently incorporate any channeling
model, but instead considers fractures as planar,
homogeneous conductors with constant
transmissivity. The NAPSAC code was, however,
explicitly designed for incorporation of more
complex channelling models within fracture planes,
when they are developed. JINX currently
incorporates two alternative flow models: one
dimensional channel flow, plate flow, and any
combination of the two. FMG simulates only one
dimensional flow, although plate flow can be
approximated by a grid of one dimensional elements.
The contrast between these three approaches is
shown in Figure 4.1.

Due to the current uncertainty about fracture
channelling conceptual models, the first round of
flow model cross-verification datasets is based
upon flow in planar fractures with homogeneous
transmissivity, which can be treated by all three
models. Thus, all three codes are used to solve
the plane flow equation for each fracture in the
network (Willis and Yeh, 1987):

32h 32h S dh
— +— = (4-1)

dx2 dy2 T at

where x,y = Cartesian coordinate directions [L]

T • fracture transmissivity [L2/t]

S = fracture storativity [dimensionless]

t - time [t]

h(x,y,t) = hydraulic head [L]



28

JINX Flow Solution

- Fractures Discretized to Triangular
Elements Based Upon Fracture
Edges and Intersections

- Global Flow So»ved by Variable Band
Width Firwe Element Solution of
Three-Dimensional Network of Plates

NAPSAC 1A Flow Solution

• Finite Element Solution for Regular
Grid Imposed on Fracture Surfaces
Used to Determine Influence Function
Between Fractures

- Global Flow Solved by Matrix Solution
of Influence Functions

FMG Flow Solution

- Pipe Channel Network Superimposed
on Fracture Plans

- Global Flow Solved by Finite Element
Solution of Three-Dimensional Pipe
Network

Flow Solution Of JINX. NAPSAC
and FMG Cod«

Figure 4.1

873-1313-031/10-12-88
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Boundary and initial conditions for the governing
equation can be written as:

q • n = (K ta)n = q' on a,
(4-2)

h = h1 on Qj

where: <**»<*, c boundary condition locationr

n = norna1 vector to boundary a;

q = Darcy velocity vector

q'= known Darcy velocity vector on
boundary a-

h'= known hydraulic head on boundary a

In equations 4-1 and 4-2, fracture hydraulic
properties are described in terras of
transmissivity, rather than fracture aperture which
depends upon the assumption of a cubic flow law
that may be inappropriate in many cases. The
current input for the NAPSAC code, however,
requires the entry of aperture rather than
transmissivity. In order to convert between the
two representations, the equation,

P g a3

T = (4-3)
12 M

can be used (Bearw 1979), where

T = fracture transmissivity [L2/tj

p = density of water [M/L3]

g = acceleration of gravity [M/t2]

a = fracture aperture [L]

H = dynamic viscosity [M/L't]

For these cross verification exercises, a
temperature of approximately 15*C will be assumed,
such that p • 1000 kg/m , g = 9.8m/s2, and n =
1.1x10 kg/m's, such that the conversion between
aperture and fracture transmissivity is,

T = 7.42 X 105 a3 (4-4)

where T is computed in m2/s and a is specified in
meters.
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In the event that alternative, channeling flow
models are available, they could be included in the
second round of cross-verification modelling.

The cross-verification cases defined below solve
the planar flow equations 4-1 and 4-2, for steady
state boundary conditions.

4.2 DATASETS

In order to verify that discrete fracture flow
codes correctly solve the differential equations of
flow in fracture networks, a series of three
datasets have been defined, ranging fror. a sir.pie
orthogonal case, for which analytical solutions
have been developed, to a complex network based
upon preliminary Stripa properties, with thousands
of fractures, which tests the models' ability to
solve flow with complex geometries and extrene
contrasts in material properties.

4.2.1 Flow Dataset One (Orthogonal)

The Orthogonal dataset (Figure 4.2) was developed
to test code performance in a very sir.pie network,
for which analytical solutions can be derived. The
nuance of this dataset is the use of orthogonal and
parallel fractures, which have been found to cause
numerical problems in some fracture flow and
geometric models.

In this dataset, all fractures have a constant
transrcissivity of 10"* m2/s. Since the case is
solved in steady state, storativity need not be
defined. Two alternative boundary conditions are
defined for this dataset, Dirichlet (fixed head),
and Neumann (flux) boundary conditions. The fixed
head boundary condition is:

Plane Head
x=0 Head=0 meters
x=40 Head=10 meters.
y=0 Flux=0 (no flow)
y=40 Flux=0 (no flow)
2=0 Flux=0 (no flow)
2=40 Flux=0 (no flow)
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The mixed head and flux boundary condition is:

Plane Head
x=0 Head=O
x=4 0 Head=10 meters
y=0 Flux=10* m/s
y=4 0 Flux=O (no flow)
2=0 Flux=0 (no flow)
2=40 Flux=0 (no flow)

Nodal coordinates and fracture definitions for this
dataset are shown in Table 4.1.

Output for this data set consists of flux and head
values at each node given.

4.2.2 Flow Dataset Two (Simple Irregular)

The simple irregular dataset (Figure 4.3) was
defined by Harwell Laboratory on the basis of
published datasets. The dataset tests the models'
ability to simulate fractures with significant
variations in transmissivity, and an irregular, but
still relatively simple fracture geometry.

The transmissivity of fractures in the dataset are
as follows:

Transmissivity Aperture
lane

1
2
3
4
5
6
7
8

7 . 4 2
7 . 4 2
7 . 4 2
7 . 4 2
7 . 4 2
7 . 4 2
7 . 4 2
7 . 4 2

1 0 7

10"!
1 0 7l O 7

10"7

10'1

10' 7

10' 7

fm)

i o 2
1 0 1

1 0 4

10' 4

1 0 2

10"4

lo'*

The boundary conditions for the dataset are as
follows:

Plane Head
y=0 Head=133.50 meters
y=260 Head=121.5 meters.
x=0 Flux=0 (no flow)
x=200 Flux=0 (no flow)
z=20 Flux=0 (no flow)
z=135 Flux=0 (no flow)
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Boundary Condition #1
P - 133.5 meters

Boundary Condition #2
p - 121.5 meters

y - 260

Flow Dataset Two

Figure 4.3

883-1313-03V9585
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Table 4.1 Flow Dataset One (Orthogonal)

Node
Number X-Coord Y-Coord Z-Coord

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

10
30
0

10
30
40
0

10
30
40
10
30
0

10
30
40
0

10
30
40
0

10
30
40
0

10
30
40
0

10
30
40
0
10
30
40
0

10
30
40

0
0

10
10
10
10
30
30
30
30
40
40
0
0
0
0

10
10
10
10
30
30
30
30
40
40
40
40
0
0
0
0

10
10
10
10
30
30
30
30

0
0
0
0
0
0
0
0
0
0
0
0

10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
30
30
30
30
30
30
30
30
30
30
30
30
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Table 4.1

Fracture

1
2
3
4
5
6

Continued

Node
Nur.ber

41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56

Nodel

1
2
3
7

29
13

X-Coord

0
10
30
40
10
30
0

10
30
40
0

10
30
40
10
30

Node2

45
46
47
51
41
25

Y-Coord

Node3

55
56
50
54
44
28

40
40
40
40
0
0

10
10
10
10
30
30
30
30
40
40

Node4

11
12
6

10
32
16

Z-Coord

30
30
30
30
40
40
40
40
40
40
40
40
40
40
40
40

Transmissivity

10'
1 0 4

10' 4

1 0 4

1 0 4

10' 4
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Results for the simulations are to be presented in
terms of heads at the nodes given in Table 4.2, and
the flux rate at boundaries (m3/s).

4.2.3 Flow Dataset Three (Stripa Phase 3)

The purpose of flow dataset 3 is to test the
accuracy of fracture flow models for flow
properties comparable to those to be encountered as
part of Stripa Phase 3 validation experiments.
Following evaluation of Geometric Dataset Three,
which is a stochastic implementation of the Stripa
Fracture geometry, a single, stochastically
generated fracture geometry will be selected as the
basis for flow dataset 3. Boundary conditions will
then be applied based upon mine workings, measured
heads, and the results of finite element continuum
modelling. The details of these boundary
conditions are not available at this time.
Boundary conditions will be specified in the same
format utilized for geometry dataset 2.

Output from flow dataset three will be specified as
flow into each drift, and pressures at selected
nodes throughout the rock mass simulated.



37

Table 4.2 Flow Dataset Two (Simple Irreqular)

Node X-Coord Y-Coord Z-Coord

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42

9.4644E+1
1.4994E+2
3.3643E+1
9.5993E+1
1.6435E+2
1.9368E+2
4.1025E-6
2.0000E+2
2.0000E-6
2.0000E+2
9.7542E+1
1.6837E+2
3.8750E-6
2.0000E+2
1.0926E+2
1.9368E+2
5.6392E-6
2.0000E+2
3.0654E+1
1.1352E+2
6.2329E-6
2.0000E+2
3.0654E+1
1.0156E+2
1.6000E+2
6.0096E-6
2.0000E+2
3.0654E+1
1.6585E+2
1.6000E+2
3.9870E-6
2.0000E+2
3.0654E+1
3.0654E+1
1.1103E+2
9.9330E+1
3.0990E+1
9.2670E+1
1.6101E+2
0.0000E+0
2.0000E+2
0.0000E+0

1.3361E+2
5.7617E+1
8.3465E+1
1.3269E+1
9.0100E+1
5.2829E+1
8.9931E+1
8.9930E+1
O.0O00E+0
O.0O00E+0
1.7500E+2
8.5000E+1
1.7007E+2
1.7007E+2
1.6011E+2
5.2829E+1
1.5787E+2
1.5787E+2
2.6000E+2
1.5470E+2
2.6000E+2
2.6000E+2
2.6000E+2
1.6990E+2
1.7800e+2
2.6000E+2
2.6000E+2
2.6000E+2
8.8199E+1
1.7800E+2
2.6000E+2
2.6000E+2
2.6000E+2
2.6000E+2
1.5787E+2
1.3746E+2
8.1290E+1
1.0540E+1
6.6710E+1
9.0100E+1
1.5470E+2
1.5470E+2

8.6311E+1
9.5810E+1
1.2793E+2
1.3262E+2
1.2749E+2
1.2998E+2
1.2750E+2
1.2750E+2
1.3350E+2
1.3350E+2
1.2750E+2
1.2750E+2
1.2750E+2
1.2750E+2
8.2999E+1
9.6409E+1
8.3279E+1
8.3279E+1
7.7247E+1
8.3466E+1
7.7247E+1
7.7247E+1
1.2150E+2
1.2751E+2
1.2697e+2
1.2150E+2
1.2150E+2
1.0100E+2
1.0100E+2
1.0100E+2
1.0100E+2
1.0100E+2
1.3500E+2
2.O0O0E+1
8.3279E+1
8.3110E+1
1.2974E+2
1.3489E+2
8.8260E+1
1.2749E+2
8.3470E+1
8.3470E+1
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Node X-Coord Y-Coord Z-Coord

Fracture

1
2
3
4
5
6
7
8

43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58

Nodel

36
40
44
48
41
14
52
34

Node2

37
9

45
49
22
27
53
33

2.0000E+2
0.0000E+0
0.0000E+0
2.0000E+2
2.0000E+2
O.0OO0E+0
O.0OO0E+O
2.0000E+2
2.0000E+2
2.0001E+2
2.5922E+2
-3.5820E+1
1.9368E+2
1.9368E+2
9.7540E+1
2.3OOOE+1

9.0100E+1
8.5000E+1
1.7500E+2
1.7500E+2
8.5000E+1
1.0000E-1
1.6010E+2
1.6010E+2
1.0000E-1
7.5770E+1
2.3845E+2
1.6160E+2
5.2820E+1
5.2820E+1
1.7500E+2
3.2400E+2

1.27491+2
1.2750E+2
1.2750E+2
1.2750E+2
1.2750E+2
1.0300E+2
8.3000E+1
8.3000E+1
1.0300E+2
1.0100E+2
1.0100E+2
1.0100E+2
1.3500E+2
2.0000E+1
1.3500E+2
1.0100E+2

Node3 Node4 Transroissivity

38 39
10 43
46 47
50 51
21 42
26 13
58 54
55 56

7
7
7
7
7
7
7
7

(m'/sl
.420E-07
-420E-01
•420E+02
-420E-07
.420E-07
.420E-01
.420E-07
.420E-07
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CONCLUSION

The development and implementation of this code
cross-verification plan within Phase III of the
OECD/NEA Stripa Project will add considerable
credibility to both existing and future discrete
fracture flow codes. It is hoped that, as evidence
is accumulated to refine discrete fracture
conceptual models and validate their application,
code cross verification will provide a method to
ensure that codes developed meet the standards
required for application in repository site
characterization and performance assessment.
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NOMENCLATURE

a = specified aspect ratio.

a' = sampled aspect ratio.

A = sampled area of a polygonal fracture.

Da = Kolomgorov-Smirnov test statistic.

e = sampled direction of elongation of a
fracture.

E = specified regional direction of
elongation.

e = ellipticity of a fracture.

n - size of sample population.

Px(x) = specified cumulative distribution
function.

r = specified fracture size (equivalent
radius).

5 = storativity.

•S,,(*) = sampled cumulative distribution
function.

7 = transmissivity.

Za = standard normal deviate for a
significance level a/2.

a = significance level.

M = population mean of the sample data.

Mo = population mean specified by FracMan
user.

a « standard deviation of the sample data.
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APPENDIX A STATISTICAL TESTS

A.I GENERAL

A number of cross-verification analyses,
particularly for fracture geometry, will take the
form of statistical tests. This section describes
the statistical tests to be carried out. All
statistical tests will evaluate the hypothesis:

tf0: 5x(x) = Px(x) (A-l)

where 5x(x) is the sample cumulative distribution
function and PÄ(x)is the specified (or expected)
cumulative distribution function. The following
sections describe the Kolmogorov-Smirnov goodness
of fit test for distributional data, for
distributional parameters (i.e., moments such as
mean and standard deviation), and sample design.

A. 2 THE KOLMOGOROV-SMIRNOV TEST FOR GOODNESS OF FIT

The Kolmogorov-Smirnov test statistic will be
calculated for all data sets and is given as [Haan,
1982]:

D = max |Px(x) - Sx(x) | , (A-2)

where Px(x) is the completely specified cumulative
distribution function and 5,(x) is the sample
cumulative distribution function. If the value of
D is greater than the tabulated value for Da, then
Sjx) is said to differ from PK(x) at the level of
significance a, so that the probability (or degree
of confidence) that 5x(x) is sampled from a
distribution equal to Pn(x) is 1 - a.

A.3 VERIFICATION OF THE MEANS AND STANDARD DEVIATIONS
OF SAMPLE DISTRIBUTIONS

The means and standard deviations of sample
distributions will be verified against those
specified by the user. A standard normal deviate
will be calculated to test the two-sided null
hypothesis:
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where m is the population mean of the sample and r.
is the population mean specified oy the user. The"
standard normal deviate is given as:

Z = (x - M0)7n / a, (A-4)

where x is the sample mean, a is the specified
standard deviation, and n is the sample size. The
proposed hypothesis is rejected for a given
confidence level P if Z lies within the tails of
the distribution. The proposed hypotheses should
not be rejected if the program is functioning
properly.

For the standard deviation, a t-test is calculated
for the two-sided null hypothesis:

V ° " °o' (A"5>
where o is the population standard deviation of the
sample and o0 is the population standard deviation
specified by the user. The t-test statistic is
given as:

T = (a - ao)Jn / ag, (A-6)

where a is the sample mean of the standard
deviations, ag is the standard deviation of the
standard deviations, and n is the size of the
sample. The proposed hypothesis is rejected if 7
lies within the tails of the distribution. The
proposed hypotheses should not be rejected if the
program is functioning properly.

A.4 SAMPLE DESIGN

The accuracy of the aforementioned tests of
hypotheses depends upon the sample size used to
calculate the test statistics. In general, as
these sample sizes increase, the work required to
calculate the test statistics also increases. For
this reason, it is preferable to tailor sample
sizes according to the degree of accuracy desired.

Tables to calculate the goodness of fit test
statistic and the t-test statistic take into
account the change in test accuracy with sample
size. Values are tabulated for a range of sample
sizes or degrees of freedom, with degrees of
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freedom being a function of sample size. Therefore
sar.ple size is implicit in these tests.

Hypothesis testing for the means and standard
deviations of all data that are not normally
distributed must meet the conditions of the Central
Limit Theorem to be valid. For tests involving the
standard normal deviate with approximately normally
distributed data, the sample size will be chosen as
[Mines and Montgomery, 1980]:

n > Z./2o / e, (A-7)

where c is the minimum degree of error desired for
the test. If the distribution is ill-behaved
(severely non-normal), as is the case with the
Fisher distribution, then as a rule a sar.ple size n
> 100 is needed. A similar sample size requirement
may also be needed for lognorinal and exponential
distributions.
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APPENDIX B FRACTURE FLOW CODE SUMMARIES

B.I GOLDER ASSOCIATES JINX PACKAGE

Golder Associates JINX (Joints In Networks) package
is currently under development, with funding from
the U.S. Department of Energy, Repository
Technology Program,managed by the Battelle-Office
for Waste Technology Development. The purpose of
the package is an integrated, interactive,
microcomputer environment for simulation and
interpretation of exploration and in situ testing,
and predictive modelling for repository performance
assessment. In order to meet these goals, Golder
Associates developed new conceptual models for
fractured rock masses, and implemented these models
in an interactive graphics, menu environment on
IBM-PC class computers.

This technical summary provides an overview of the
features of the JINX package. Detailed description
of codes and conceptual models are provided in
Dershowitz et al. (1988), Geier (1988), Geier, Lee,
and Dershowitz (1989), and Schrauf and Kindred
(1988) .

The JINX package simulates of the geometry, flow,
and transport properties of fracture networks. In
recognition of the uncertainty in the
characterization of fractured rock masses, and the
spatial variability of fracture systems, all
simulations can be carried out stochastically to
develop a clear understanding of the uncertainty of
interpretations a M predications. The JINX package
consists of three codes:

FracMan, a PC based discrete fracture
geometric model and finite element mesh
preprocessor, incorporating statistical and
pattern based fracture conceptual models
(Golder Associates, 1987),

MAFIC, a single/dual porosity finite element
code for solution of steady state and
transient head and flux in a network of
discrete fractures, interacting with matrix
blocks, and the corresponding transport code
MAFIC/T, which utilizes particle tracking



46

algorithm to model solute transport within
flow fields generated by MAFIC, and

STOMP/STORM, stochastic continuum flow and
transport models for simulation of fractured
rock masses represented as heterogeneous
continua.

B. 1.1 FracMan Fracture Geometric Model

Fractures are three dimensional discontinuities,
which divide rock masses into blocks, and can
provide a preferential pathway for flow and solute
transport. Due to their three dimensional nature,
and their complexity is very difficult to visualize
fractures. Fractures are most commonly sampled in
one dimensional boreholes and two dimensional
traceplanes, adding substantial bias to their
interpretation. The FracMan Fracture Generation
model utilizes an interactive graphical user
interface to assist engineers in visualizing and
analyzing fracture geometry.

FracMan technical features are summarized as
follows:

Hardware Requirements: FracMan is
implemented on MS-DOS computers with at least
640K RAM, and Hercules, EGA, or VGA graphics.
A hard disk and a math coprocessor, while not
required, is recommended to improve
performance, as is a RAM disk of at least
384K. FracMan has not been tested with all
combinations of hardware, and conflicts with
many memory resident programs. Intel 8088,
8086, 80286, and 80386 processors are
supported, although 80286 and 80386 provide
superior performance. Hardcopy is produced
on Epson FX series and compatible printers.
FracMan is written in a combination of
Microsoft Fortran 4.1, Microsoft C 5.1, and
Borland Turbo Pascal 4.0. A batch version of
FracMan, written in VMS Fortran 4.2 is
available for DEC VAX/VMS computers.

User Interface: FracMan utilizes an
interactive graphical user interface similar
to that in Microsoft Windows and Apple
Macintosh computers (Figure B.I). The
FracMan user interface provides default
values for all parameters necessary for
fracture geometric simulation, assisting
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SAMPLE DISPLAY

GENERATE SET
GENERAT! FRACS
Dip Dnctkm (tr.pl) 115.0.60.0
-Tdhcr
-Datrib porometer 12.0
See (•^».rodus) JO.O

Or of Dong (tr^il) 125.0.60.0
-feonatonti

Terminotion % 7C.0
Hi. of Frcc'.urts 20

COi

FrocMan User Interface

Figure 6.1
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users in developing an understanding of the
parameters necessary for simulation.

Fracture Geometric Conceptual Models:
FracMan currently allows simulation of four
fracture conceptual models (Figure B.2).
Each of these models is appropriate for
specific geologic settings. Within the
FracMan code, fractures are discretized as
arbitrary convex polygonal plates.
Elliptical fractures are approximated as 10
sided polygons. All current FracMan
conceptual models produce fractures which are
initially shaped as ellipser. Specification
of fractures termination at intersection
results in polygonal fractures with edges
defined by their intersections.
Deterministic fractures can also be defined.
Fractures of arbitrary polygonal shape can be
entered to the FracMan model through
datafiles.

Parameters Required: For each FracMan
simulation, a random seed and the dimensions
of the generation region must be specified.
For each fracture set generated, the user
must specify the fracture conceptual model
for that set, and the distributional form and
moments for fracture orientation and size
(radius), percentage termination at
intersections, and intensity (fracture
surface area per unit volume).

Simulation Method: FracMan utilizes the
Monte Carlo simulation method. Fracture
distributions and conceptual models are
simulated utilizing inverse cumulative
distribution and acceptance-rejection
methods, depending upon the application.

Sampling Simulation: FracMan simulates
borehole/scanline and traceplane sampling.
For boreholes and scanlines, FracMan requires
the borehole starting and ending coordinates,
and calculates and displays the sampled
orientation and fracture spacing
distributions. For traceplance, FracMan
requires specification of a single point on
the plane and the plane dip and dip
direction, and calculates and displays the
sampled orientation and fracture trace length
distributions
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Enhanced Baecher Model

- Disk fractures with stochastic
termination at intersections.
Fracture location by Poisson
Point Process

Nearest Neighbor Model

- Fracture location by Non-
Stationary Poisson Point
Process with increased density
near "major fractures

Levy-Lee Model

- Fracture location by Levy Flight
fractal process

War Zone Model

- Fracture location by empirical
simulation of geologic fracture
propogation processes.

Fracture Geometric

Conceptual Models

Figure B.2
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Mesh Generation: FracMan automatically
generates meshes for solution with the MAFIC
fracture flow code. FracMan provides
interactive entry of all required parameters,
and produces MAFIC input files. Boundary
conditions, including tunnels, boreholes, and
a rectangular external region can be defined
and specified graphically. Both traceplane
flow (two dimensional) and three dimensional
plate flow meshes can be generated. For
plate flow simulations, FracMan discretizes
fractures into triangles utilizing points
defined by fracture edges and fracture
intersections.

All of the above features have been implemented in
FracMan Beta Version 2.1, as of the date of
publication of this summary. Additional features
for analysis of fracture statistics, context
sensitive help, direct forward modelling,
stereographic analysis, and generation of fracture
matrix elements and input for solute transport
simulations will be completed by October, 1989.
Verification of FracMan to Quality Assurance
standards will be carried out following release of
FracMan Version 2.5. Code beta versions released
before that date should be utilized for research
only.

B.1.2 MAFIC Flow and Transport Model

MAFIC simulates transient flow and solute transport
through two-dimensional trace planes and
three-dimensional rock masses with discrete
fracture networks. Flow can be simulated in both
the fracture and the rock matrix. Solute transport
is currently simulated in the fractures only. Flow
in the rock matrix is simulated using a fully
discretized finite element approach, or a generic
matrix block scheme which uses either
one-dimensional finite elements or a pseudo
steady-state analytical approximation. Although
the matrix block approach reduces computational
effort significantly, it does not model flow
between non-intersecting fractures by matrix
interconnection. For flow in the fractures, a
Galerkin finite element approximation is used to
solve for both nodal heads fluxes. Either linear
or quadratic elements may be specified.

Solute transport is simulated using a convective
particle tracking approach. Solute dispersion is
simulated stochastically using orthogonal, normally
distributed, lateral and transverse dispersion
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vectors. Both one-dimensional (line) elements and
two-dimensional (plate elements) can be used to
discretize fracture traces.

MAFIC technical features are summarized as follows:

Hardware Requirements: MAFIC is written in
ANSI FORTRAN 77. As a result, although it is
currently under development for DEC VAX/VMS
computers only, it can be readily ported to
other environments. MAFIC does not include
graphical output, which may be produced
utilizing graphics packages including
DISPLAA, AutoCAD, Lotus, and ANSYS Graphics.

User Interface: MAFIC is a batch code,
requiring a single data files and a command
procedure file. MAFIC datafiles can be
generated automatically utilizing FracMan, or
may be developed manually with any text
editor.

Conceptual Model: Flow in fractures (and
matrix blocks, if specified) is assumed to
obey Darcy's Law. Using continuum principle
of mass balance, the diffusivity equation
with describes flow in two-dimensional
(plate) fractures can be written as:

d2h d2h S dh
— • +— = (B-l)

dy? 3y2 T dt

where x,y = Cartesian coordinate directions
[L]

T = fracture transmissivity [Lz/t]

S = fracture storativity [dimensionless]

t = time [t]

h(x,y,t) = hydraulic head [L]

For flow in one-dimensional (pipe) channels
on fractures and fractures, fracture
intersections, or trace plane models, the
conceptual model remains the same, with the
assumption that the width of the fracture
normal to the direction of flow is one unit.

Parameters Required: MAFIC requires
specification of pipe and/or triangular plate
finite elements defining the fracture network
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geometry, fracture element storativity and
transmissivity, and time-varying boundary
conditions at nodes, expressed in terms of
time functions of pressure and flow. In
addition, MAFIC requires specification of
direct or iterative solvers, quadratic or
linear basis functions, and time steps and
overrelaxation for transient solutions. If
matrix interaction is to be simulated, the
geometry of elements of plate or polyhedral
matrix elements and their transmissivity and
storativity must be specified.
Alternatively, matrix properties can be
specified utilizing a semi-analytical
approximation based upon cylinders, spheres,
or prisms.

Simulation Method: MAFIC solves flow by a
fully discretized multi-dimensional Galerkin
finite element approach, in which fractures
may be specified as a combination of pipe and
plate elements, and the rock matrix may be
specified as a combination of plate and
polyhedral elements. The Galerkin approach
is used to solve for both nodal heads and
flux. Time discretization for transient
solutions is solved by backward finite
difference methods. Both direct (Cholesky
algorithm) and iterative (point successive
overrelaxation) variable bandwidth solvers
are implemented and can be selected by a flag
in the input file. A reverse Cuthill-McKee
algorithm is used for automatic node
renumbering to minimize matrix computation
requirements. Solute transport is simulated
by particle tracking approximations to the
convective dispersion equation.

B.I.3 STOMP/STORM Stochastic Continuum Model

Fractures frequently cause heterogeneity of
hydrologic properties and scale effects in
fractured rock masses. While it is frequently
desirable to simulate fractured rock masses
utilizing continuum methods, it is essential to
include heterogeneity and scale effects in those
simulations. Recognizing this, Golder Associates
is developing the STOMP/STORM continuum mesh
generator to facilitate modelling of heterogeneous
continua.

STOMP/STORM technical features are summarized as
follows:
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Hardware Requirements: STOMP/STORM has been
developed in ANSI FORTRAN 77 with VAX/VMS
extensions. As a result, it is currently
under development for DEC VAX/VMS computers
only.

User Interface: STOMP/STORM is a batch code,
requiring coding of input files and command
procedure files for stochastic mesh
generation, code execution, and output
analysis, and producing a single output file
containing a statistical summary of the
results of simulations of heterogeneous
continua carried out.

Conceptual Models: The spatial and
stochastic structure of heterogeneous
continua to be simulated with STOMP/STORM are
specified within user-generated FORTRAN
subroutines. As a result, any desired
conceptual model can be utilizing, including
kriging, Poisson fields, fractal patterns,
and correlation structures. Currently,
STOMP/STORM generates two dimensional, planar
and radial flow models with user-specified
flow and/or pressure boundary conditions.

Parameters Required: For each STOMP/STORM
simulation, the user must provide the
following: A subroutine describing the
spatial structure for heterogeneity of
hydrologic properties within the continuum
model, a datafile containing the
specification of stochastic variables
utilizing in the conceptual model, a
prototypical datafile containing all data
required to execute the flow and/or transport
codes desired, and editor command procedures
files to incorporate stochastically generated
mesh information into the prototypical
datafile and extract desired outputs into the
output summary file. Typical parameters
required include spatial autocorrelation
functions, distributions of transmissivity,
distributions of transmissivity, and
distributions of boundary condition heads or
flux.

Simulation Method: STOMP/STORM utilizes the
Monte Carlo simulation method to generate
stochastic continuum mesh datafiles . Flow
and transport solution can then be carried
out utilizing any flow and transport code,
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provided the datafile format can be specified
to STOMP/STORM. STOMP/STORM has been
utilized to date with the Golder Groundvater
Package (GGWP), a Galerkin finite element
flow and transport model.

B.1.4 Code Availability

Beta test versions of FracMan and MAFIC have been
released by the U.S. Department of Energy for both
U.S. and international distribution. STOMP/STORM
has not yet been released. The most current
versions of the code and documentation are
available by writing:

Ms. Shirley Steidel
Software Custodian
Office for Waste Technology Development (OWTD)
7000 S. Adams Street
Willowbrook, Illinois 60521
USA

All requests must include an explanation of the
intended use of the codes, and specific mention of
the code versions requested. Beta code versions
are distributed to provide the technical community
with the opportunity to evaluate the codes, suggest
improvements, and identify bugs. All individuals
utilizing the code are requested to provide their
suggestions and bug reports to the OWTD Software
Custodian for forwarding to the codes' authors.

B.2 HARWELL LABORATORY NAPSAC VERSION 1A

Groundwater flow through hard rock such as granite,
occurs largely through a connected network of
discrete fractures. While this is often described
by a continuum approximation such as Darcy's Law,
this approximation does not explain all aspects of
the flow. In particular, contaminant transport
from waste repositories is not fully described.
The NAPSAC computer code had been developed to
model and transport flows through such a fracture
network more directly.

This note summarizes the main features of the
three-dimensional model incorporated in NAPSAC.
There will, in general, be many thousands of
fractures in our models. The code has therefore
been based on a number of simplifying assumptions.
Flow is assumed to take place entirely through the
network of fractures, with no flow occurring in the
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intervening rock matrix. Flow within the fractures
is assumed to be linearly dependent on the pressure
gradient.

One of the most difficult aspects of using a model
such as NAPSAC is the specification of the fracture
network. For most problems, it will be impossible
to determine the geometry of each fracture
precisely. Instead, we assume that the greater
part of the network is adequately described by a
stochastic description of fracture properties, in
terms of probability distributions for their
parameters. The network may be conditioned by
including a number of important known fractures
explicitly, and specifying their properties
deterministically. Thus we generally prepare
numerical models of particular realizations of the
fracture statistics, not exact simulations of a
site. We must present our conclusions in terms of
results that are a consequence of the statistical
input data but are independent of any particular
realization of that input data. We must therefore
repeat our calculations for many realizations of
the network statistics. A disadvantage of this is
that we cannot make direct deterministic
predictions, but must instead make our predictions
in probabilistic terms. An advantage is that we
automatically account for one of the sources of
uncertainty.

In order to simplify the use of NAPSAC, the code
has utilized the free-format input language INPROC
and is structured into three main phases. These
are network generation, flow solution and output
preparation. In the following sections we describe
how the geometry of the model region is defined and
then discuss the three calculation phases in turn.
We conclude by summarizing current development and
code availability.
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B.2.1 Modeled Region

The model is defined within a cuboid region.
Boundary conditions are specified on the faces of
the cuboid. The choices available through the
input language are "no flux" across a face or
specified head over a face. These boundary
conditions are applied to all fracture
intersections with the boundary face of the model.

B.2.2 Network Generation

The three-dimensional model in NAPSAC assumes that
fractures may be modeled as two-dimensional planes.
These may be described in two ways.

Most fractures will not be identified exactly; they
are assumed to be characterized by probability
distributions of their parameters. A number of
different "fracture sets" may be specified in the
input, each being characterized by a different set
of parameter probability distributions.

For each fracture set, the fracture centers are
defined by a Poisson point process to satisfy a
specified number density. The plane of the
fracture is determined by sampling a probability
distribution for the dip angle and the strike angle
of the fracture plane. Similarly, the two lengths
of the fracture rectangle and hence its area, are
obtained from probability distributions. Finally,
the orientation of the fracture rectangle on the
plane is determined. A "thickness" parameter is
also associated with the plane. This is used when
calculating the flow characteristics of the
fracture as described below. For each of the above
parameters an appropriate probability distribution
must be specified for each fracture set, by giving
a distribution type, a mean and a variance
parameter. The following distribution types are
supported: constant, uniform, normal, exponential
and log-normal.

A small number of important features may have been
identified and characterized exactly. Their
fracture parameters may be specified directly in
the input.

The network generator will produce a spatially
ordered list of all fractures in the network and
will calculate all fracture intersections.
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B.2.3 Flow Solution

The flow is assumed to be confined to the network
of fracture planes. It is assumes to be linearly
dependent on the pressure head gradient, where
pressure head P is defined by

F = Piot.i ~ P 9 z

Nodes are assigned along the intersections and the
flow field is described by the pressure head at
these nodes. The pressure heads are calculated by
solving the mass conservation equation

I Q:. p. = 0

at the nodes, where q- is the flux at node i due
to unit pressure at node j and zero pressure at all
other nodes. Once the q^ are known, this matrix
equation is inverted using the fast direct frontal
solver MA32.

The calculation of the qr is done by sunning the
contributions to the qr> fron individual fractures.
Here again, the NAPSAC code has been written in a
modular form so that alternative single-fracture
conceptual models can be used.

The current model is used to calculate the single
fracture response functions qr from individual
fractures. Here again, the NAPSAC code has been
written in a modular form so that alternative
single-fracture conceptual models can be used.

The current model is based on two-dimensional
"parallel-plate" flow. NAPSAC uses a finite-
element model of each fracture to solve the mass
conservation equation,

V . i(! P(x) = 0

where t{ is the hydraulic aperture and n the
viscosity of water. t; may be set independently
for each element in the model but generally all t(
are set to the "thickness" parameter of the
fracture plane. Parts of fractures protruding
beyond the calculation region are excluded from the
model automatically by setting t; to zero for these
elements. This option could, in principle, be used
to investigate fracture termination modes,
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incorporating a oroportion of T-tenr.ination
fractures.

For efficiency, a particularly simple finite-
element model is used based on a regular mesh of
linear, triangular elements.

The boundary conditions for each q;. calculation
are along the fracture intersections lines which
are distorted to follow element boundaries. The
boundary conditions are:

P = 1 at global node I;
P = 0 at global nodes j = I;
P linearly interpolated along

intersections.

The calculation must be repeated for each node, I,
on the plane to obtain all the responses, qr.

These calculations give a large contribution to the
total cost of a simulation. For efficiency, a
specific matrix solver has been written with
assembler language kernels for the CRAY-2. There
are, however, computational limits on the size of
network we can simulate. The current limit is
about 100,000 global nodes (which might correspond
to about 50,000 intersections).

B.2.4 Output Options

Output options are provided to view and investigate
the network generated, as well as to display the
flow solution. NAPSAC uses the THGRAF graphics
interface to produce a compact graphics file which
may be displayed using a wide variety of commercial
graphics display packages.

Current options include:

"hidden line removed" view of the network;
trace mapping planes with scan lines and
fracture tabulation;
core logging;
nodal pressure value tabulation;
pressure contouring on selected planes.
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B.2.5 Development in Progress

Current development will generalize the possible
model geometries. He will be able to simulate a
region described by a number of general tri-linear
cuboids. This will eventually enable NAPSAC to be
coupled to a conventional finite-element continuum
groundwater flow code. The continuum model will
simulate regional influences on the flow field, and
automatically provide boundary conditions to a more
detailed local NAPSAC simulation.

A bore-hole model is being incorporated into the
input language to simulate hydraulic tests based on
packer systems.

A contaminant transport option is under
development. This will be based on particle
tracking, and, like the flow calculation, will use
the idea of single fracture response calculations.

Alternative single fracture submodels are under
consideration. One likely option is to simulate
each fracture by a collection of one-dimensional
channels.

B.2.6 Availability

Organizations interested in obtaining a license to
use the NAPSAC package should, in the first
instance, contact:

Mr. I. Balchin
Commercial Office
Marketing and Sales Department
Harwell Laboratory
Oxfordshire 0X11 ORA
ENGLAND

He will advise on the terms of such a license and
on the most appropriate way to apply for one.

Release 1A, described here, has been implemented in
CRAY-XMP, CRAY-2 and Convex computers. Graphics
interfaces are available for GINO, GHOST, GDDM,
GKS, DISPLA and Silicon graphics packages.



60

B.3 LAWRENCE BERKELEY LABORATORY FMG PROGRAMS

The FMG programs (Figure B.3) form a complete chain
for the study of steady and non-steady fluid flow
and transport and the equivalent permeability of
two- and three-dimensional fracture networks. In
the 2-D case, FMG generates the fractures
considered as line discontinuities, with any
desired distribution of aperture, length and
orientation. Distribution functions that can be
used include, but are not limited to normal,
logncnnal, exponential, uniform and an option to
correlate fracture aperture to fracture length.
The location of these fractures on a plane can be
either specified or generated randomly. The
program identifies only those fractures that are
within a subregion called the flow region and are
connected by at least one path to its boundaries.
FMG determines the intersections between fractures,
which are called internal nodes, and the
intersection between flow region boundaries and
fractures, which are called boundary nodes. Non-
conducting fractures may be eliminated from the
fracture system. A finite element line network
mesh is output, to be optimized by program RENUM.

FMG3D generates a 3-D network of disc-shaped
discontinuities in the same manner as FMG generates
the 2-D network. Using a semi-analytical approach,
DISCEL can be used to calculate steady flow in
these discs under constant head or no-flow
boundaries. Alternatively, program CHANGE can be
used to generate a network of channels to which the
flow is confined (Figure B.4). The channels in
each fracture can be generated independently with
random or specified distributions of length,
conductivity, and orientation in the fracture
plane. Complex distributions of channel
characteristics can be obtained by superposition of
several channel sets on the same fracture disc. If
the fracture discs have been generated in several
sets, then the characteristics of the channels can
be controlled in each fracture set independently.
In this way, different fracture morphologies can be
reproduced in the same rock mass. The channels can
be confined to any polygonal area on the disc.
Thus, CHANGE can simulate rectangular fractures.
The region in which the flow is studied must be a
rectangular parallelpiped with any orientation in
space. In addition any number of rectangular-
shaped "holes" can be specified within the region
in order to simulate drifts, boreholes, or to get
more complex boundary conditions. Before the mesh
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FMG
Generate 2-D
Line Fractures

DIMES (2-D)
Plot 2-D Mesh

FMG3D
Generate 3-D
Disc Fractures

CHANGE
Generate Channels

on 3-D Disc Fractures

\
DIMES (3-D)

Plot 3-D Discs
and Channels

RENUM
Reorder and Simplify
2-D or 3-D Line Mesh

DIMES (2-D)
Plot Simplified

2-D Mesh

DIMES (3-D)
Plot Simplified 3-D

Discs and Channels

LINEL
Compute Steady-State

Flow in 2-D or 3-D
Mesh

\
DIMES (3-D)
Plot 3-D Discs

ELLFMG
Compute Equivalent
Permeability of 2-D

Mesh

DISCEL
Compute Steady-State

Flow in 3-D Discs

TRINET
Compute Transient Flow

and Transport in 2-D
or 3-D Mesh

ELLP
Plot 2-D

Permeability Ellipse

Flowchart for FMG Codes

Figure B.3

873-1313-031/13638
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(a1 Random discs and channels

(b> Channels only

FMG Channelized Flow

Figure B.4

873-1317-031/13639



63

can be used for computing flow, the program must
determine which channels are in the flow region,
and which are truncated at the boundaries of the
flow region. The boundary conditions will be
applied to the endpoints of the truncated channels.
The intersections between fracture discs are
treated as a separate class of conductors in this
model. The union of the generated channels and the
fracture disc intersections makes up the flow mesh.
As with the 2-D case, a finite element line network
mesh is output, to be optimized by program RENUM.

The program RENUM is designed to better use the
memory space and reduce the computing time
necessary in the simulation process of the
hydraulic behavior of fractured rock. It
simplifies fracture networks for a more efficient
computation. As an option, the code merges nodes
that are close to each other, removes all dead-end
clusters which do not conduct fluid, and renumbers
the mesh in an efficient way. RENUM can handle
two- or three-dimensional networks.

Program LINEL computes the steady state flux
through a mesh of line elements previously
processed by RENUM. For a given set of boundary
conditions, the head at each node and the flux in
each element are computed. The linear system of
equations built using Darcy's Law for each element
and writing the conservation of mass at each node
of the network.

LINEL can also output a list of directional
permeabilities by processing several different
rotations of a flow region. From these, program
ELLFMG obtains values for the directional
permeability in several directions and determines
the three components of the permeability tensor
which best fits these results. Then the principle
values (eigenvalues) and principle axes
(eigenvectors) of the permeability tensor are
computed. ELLFMG also produces a quantitative
measure of the difference between the measured
values and tne best-fit values.

Program TRINET is capable of simulating transient
flow and solute transport in a three-dimensional,
interconnected network of line elements. The code
is a hybrid of the Lagrangian and Eulerian scheme.
The concentration front is tracked by a moving
grid. The model avoids the numerical dispersion by
creating new Eulerian grid points instead of
interpolating the advected profile back to the
fixed Eulerian grid. TRINET uses the input mesh
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generated by a three-dimensional channel network
model, CHANGE (Billaux, 1988), through the
interface program, INTER. INTER provides program
control parameters pertinent to transient and
solute transport problems. The control parameters,
node catalog and element catalog are read in to
TRINET from separate input files. This is to
reduce the size of a single input file and thus
provides more flexibility for manual modification
to the input. The output from TRINET is plotted by
a three dimensional plotting routine, FPLT. FPLT
represents the solute concentration in each element
by line thickness.

Two plotting routines, ELLP and DIMES, help the
user visualize the outputs of these programs. ELLP
plots the output of ELLFMG defining the best-fit
ellipse and the directional permeabilities. The
result is plotted in polar and cartesian
coordinates. DIMES plots the fracture networks.
It can plot files from FMG, RENUM, FMG3D or CHANGE.
It plots the two-dimensional fracture network as
intersecting line segments. It plots the three-
dimensional network as discs with or without
channels, showing the intersections from any poi.
of view specified by the user.



Stripa Project - Previously Published Reports

1980
TR 81-01
"Summary of defined programs"
L Carlsson and T Olsson
Geological Survey of Sweden Uppsala
I Neretnieks
Royal Institute of Technology. Stockholm
R Pusch
University of Luleå
Sweden November 1980

1981
TR 81-02
"Annual Report 1980"
Swedish Nuclear Fuel Supply Co Division KBS
Stockholm. Sweden 1981

IR81-03
"Migration in a single fracture
Preliminary experiments in Stripa'
Harald Abeiin. Ivars Neretnieks
Royal Institute of Technology
Stockholm. Sweden April 1981

IR 82-02
"Buffer Mass Test- Data Acquisition and
Data Processing Systems"
B Hagvali
University of Luleå. Sweden August 1982

IR 82-03
"Buffer Mass Test - Software for the Data
Acquisition System"
B Hagvali
University of Luleå. Sweden August 1982

IR 82-04
"Core-logs of the Subhorizontal
Boreholes N1 and E1"
L Carlsson. V Stejskal
Geological Survey of Sweden. Uppsala
T Olsson
K-Konsult. Engineers and Architects. Stockholm
Sweden August 1982

IR81-04
"Equipment for hydraulic testing'
Lars Jacobsson. Henrik Noriander
Ställbergs Grufve AB
Stnpa. Sweden July 1981

IR 81-05
Part I "Core-logs of borehole VI
down to 505 m"
L Carlsson. V Stejskal
Geological Survey of Sweden. Uppsala
T Olsson
K-Konsult. Stockholm

Part II "Measurement of Triaxial rock
stresses in borehole VI"
L Strindell, M Andersson
Swedish State Power Board. Stockholm
Sweden July 1981

1982
TR 82-01
"Annual Report 1981"
Swedish Nuclear Fuel Supply Co Division KBS
Stockholm. Sweden February 1982

IR 82-05
"Core-logs of the Vertical Borehole V2
L Carlsson. T Eggert. B Westlund
Geological Survey of Sweden. Uppsala
T Olsson
K-Konsult. Engineers and Architects. Stockholm
Sweden August 1982

IR 82-06
"Buffer Mass Test - Buffer Materials"
R Pusch. L Borgesson
University of Luleå
J Nilsson
AB Jacobson & Widmark. Luleå
Sweden August 1982

IR 82-07
"Buffer Mass Test - Rock Drilling and
Civil Engineering"
R Pusch
University of Luleå
J Nilsson
AB Jacobson & Widmark Luleå
Sweden September 1982



IR 82-08
"Buffer Mass Test - Predictions of the
behaviour of the bentonite-based buffer
materials"
l Börgesson
University of Luleå
Sweden August 1982

1983
IR 83-01
"Geochemical and isotope characteriza-
tion of the Stripa groundwaters -
Progress report"
Leif Carlsson.
Swedish Geological. Göteborg
Tommy Olsson.
Geological Survey of Sweden. Uppsala
John Andrews
Un-versityof Bath. UK
Jean-Charles Fontes.
Université. Paris-Sud. Pans. France
Jean L Michelot.
Universilé. Pans-Sud. Paris. France
Kirk Nordstrom.
United states Geological Survey. Menlo Park
California. USA
February 1983

TR 83-02
"Annual Report 1982"
Swedish Nuclear Fuel Supply Co Division KBS
Stockholm, Sweden April 1983

IR 83-03
"Buffer Mass Test - Thermal calculations
for the high temperature test"
Sven Knutsson
University of Luleå
Sweden May 1983

IR 83-04
"Buffer Mass Test - Site Documentation"

Roland Pusch
Univeristyof Luleå and Swedish State Power Board
Jan Nilsson
AB Jacobson & Widmark. Luleå.
Sweden October 1983

IR 83-05
"Buffer Mass Test - Improved Models for
Water Uptake and Redistribution in the
Heater Holes and Tunnel Backfill"
Ft Pusch
Swedish State Power Board
L Börgesson, S Knutsson
University of Luleå
Sweden, October 1983

IR 83-06
"Crosshole Investigations — The Use of
Borehole Radar for the Detection of Frac-
ture Zones in Crystalline Rock"
Olle Olsson
Erik Sandberg
Swedish Geological
Bruno Nilsson
Boliden Mineral AB. Sweden
October 1983

1984
TR 84-01
"Annual Report 1983"
Swedish Nuclear Fuel Supply Co/Division KBS
Stockholm. Sweden, May 1984.

IR 84-02
"Buffer Mass Test — Heater Design
and Operation"
Jan Nilsson
Swedish Geological Co
Gunnar Ramqvist
El-teknoAB
Roland Pusch
Swedish State Power Board
June 1984

IR 84-03
"Hydrogeological and Hydrogeochemical
Investigations—Geophysical Borehole
Measurements"
Olle Olsson
Ante Jämtlid
Swedish Geological Co.
August 1984

IR 84-04
"Crosshole Investigations—Preliminary
Design of a New Borehole Radar System"
O. Olsson
E. Sandberg
Swedish Geological Co.
August 1984

IR 84-05
"Crosshole Investigations—Equipment
Design Considerations for Sinusoidal
Pressure Tests"
David C. Holmes
British Geological Survey
September 1984



IR 84-06
"Buffer Mass Test — Instrumentation"
Roland Pusch. Thomas Forsberg
University of Luleå. Sweden
Jan Nilsson
Swedish Geological. Luleå
Gunnar Ramqvisl. Sven-Erik Tegeimark
Stripa Mine Service. Stora
September 1984

IR 84-07
"Hydrogeological and Hydrogeochemical"
Investigations in Boreholes — Fluid
Inclusion Studies in the Stripa Granite
Sten Lindblom
Stockholm University. Sweden
October 1984

IR 84-08
"Crosshole investigations — Tomography
and its Application to Crosshole Seismic
Measurements"
Sven Ivansson
National Defence Research Institute.
Sweden
November 1984

1985
IR 85-01
"Borehole and Shaft Sealing — Site
documentation"
Roland Pusch
Jan Nilsson
Swedish Geological Co
Gunnar Ramqvist
Eltekno AB
Sweden
February 1985

IR 85-02
"Migration in a Single Fracture —
Instrumentation and site description"
Harald Abelin
Jard Gidlund
Royal Institute of Technology
Stockholm, Sweden
February 1985

TR85-03
"Final Report of the Migration in a Single
Fracture — Experimental results and
evaluation"
H. Abelin
I. Neretnieks
S. Tunbrant
L. Moreno
Royal Institute of Technology
Stockholm, Sweden
May 1985

IR 85-04
"Hydrogeological and Hydrogeochemical
Investigations in Boreholes —
Compilation of geological data"
Seje Carlsten
Swedish Geological Co
Uppsala. Sweden
June 1995

IR85-05
"Crosshole Investigations —
Description of the small scale site"
Seje Carlsten
Kurt-Ake Magnusson
Olle Olsson
Swedish Geological Co
Uppsala. Sweden
June 1985

TR 85-06
"Hydrogeological and Hydrogeochemical
Investigations in Boreholes — Final report
of the phase I geochemical investigations
of the Stripa groundwaters"
O.K. Nordstrom, US Geological Survey. USA
J.N. Andrews, University of Bath, United Kingdom
L Carlsson, Swedish Geological Co. Sweden
J-C. Fontes, Universite Paris-Sud, France
P. Fritz, University of Waterloo. Canada
H. Moser. Gesellschaft furStrahlen- und
Umweltforschung, West Germany
T. Olsson, Geosystem AB, Sweden
July 1985

TR 85-07
"Annual Report 1984"
Swedish Nuclear Fuel and Waste Management Co
Stockholm. July 1985

IR 85-08
"Hydrogeological and Hydrogeochemical
Investigations in Boreholes—Shut-in tests"
L. Carlsson
Swedish Geological Co
T Olsson
Uppsala Geosystem AB
July 1985

IR 85-09
"Hydrogeological and Hydrogeochemical
Investigations in Boreholes—Injection-
recovery tests and interference tests"
L. Carlsson
Swedish Geological Co
T. Olsson
Uppsala Geosystem AB
July 1985



TR 85-10
"Hydrogeological and Hydrogeochemical
Investigations in Boreholes—Final report"
L Carlsson
Swedish Geological Co
T. Olsson
Uppsala Geosystem AB
July 1985

1986
IR 86-01
"Crosshole Investigations —Description
of the large scale site"
Göran Nilsson
Olle Olsson
Swedish Geological Co. Sweden
February 1986

TR 85-11
"Final Report of the Buffer Mass Test-
Volume I: scope, preparative field work,
and test arrangement"
R.Pusch
Swedish Geological Co, Sweden
J. Nilsson
Swedish Geological Co. Sweden
G. Ramqvist
El-tekno Co. Sweden
July 1985

TR 85-12
"Final Report of the Buffer Mass Test-
Volume II: test results"
R.Pusch
Swedish Geological Co, Sweden
L. Börgesson
Swedish Geological Co, Sweden
G. Ramqvist. El-tekno Co. Sweden
August 1985

IR 85-13
"Crosshole Investigations — Compilation
of core log data from F1-F6"
S. Carlsten.
A. Stråhle.
Swedish Geological Co. Sweden
September 1985

TR 85-14
"Final Report of the Buffer Mass Test-
Volume III: Chemical and physical stability
of the buffer materials"
Roland Pusch
Swedish Geological Co.
Sweden
November 1985

IR 86-02
"Hydrogeological Characterization of the
Ventilation Drift (Buffer Mass Test) Area, Stripa,
Sweden"
J.E.Gale
Memorial University, Nfld.. Canada
A. Rouleau
Environment Canada. Ottawa, Canada
February 1986

IR 86-03
"Crosshole Investigations—The method,
theory and analysis of crosshole sinusoidal
pressure tests in fissured rock"
John H Black
John A Barker*
David J. Noy
British Geological Survey. Keyworth. Nottingham.
United Kingdom
*Wallingford. Oxon. United Kingdom
June 1986

TR 86-04
"Executive Summary of Phase 1"
Swedish Nuclear Fuel and Waste Management Co.
Stockholm, July 1986

TR86O5
"Annual Report 1985"
Swedish Nuclear Fuel and Waste Management Co.
Stockholm, August 1986



1987
TR 87-01
"Final Report of the Borehole,
Shaft, and Tunnel Sealing Test —
Volume I: Borehole plugging"
R. Pusch
L. Börgesson
Swedish Geological Co. Sweden
G. Ramqvist
El-Tekno Co, Sweden
January 1987

TR 87-06
"Crosshole Investigations — Results
from Seismic Borehole Tomography"
J. Pihl
M. Hammarström
S. Ivansson
P. Morén
National Defence Research Institute.
Sweden
December 1986

TR 87-02
"Final Report of the Borehole,
Shaft, and Tunnel Sealing Test -
Volume II: Shaft plugging"
R. Pusch
L. Börgesson
Swedish Geological Co, Sweden
G. Ramqvist
El-Tekno Co, Sweden
January 1987

TR 87-03
"Final Report of the Borehole,
Shaft, and Tunnel Sealing Test —
Volume III: Tunnel plugging"
R.Pusch
L. Börgesson
Swedish Geological Co. Sweden
G. Ramqvist
El-Tekno Co, Sweden
February 1987

TR 87-04
"Crosshole Investigations—Details of
the Construction and Operation of the
Hydraulic Testing System"
D. Holmes
British Geological Survey, United Kingdom
M. Sehlstedt
Swedish Geological Co., Sweden
May 1986

IR 87-05
"Workshop on Sealing Techniques,
tested in the Stripa Project and being of
General Potential use for Rock Sealing"
R. Pusch
Swedish Geological Co.. Sweden
February 1987

TR 87-07
"Reflection and Tubewave Analysis
of the Seismic Data from the Stripa
Crosshole Site"
C. Cosma
Vibrometric OY, Finland
S. Bähler
M. Hammarström
J. Pihl
National Defence Research Institute.
Sweden
December 1986

TR 87-08
"Crosshole Investigations — Short
and Medium Range Seismic
Tomography"
C. Cosma
Vibrometric OY. Finland
February 1987

TR 87-09
"Program for the Stripa Project
Phase 3,1986-1991"
Swedish Nuclear Fuel and Waste Manage-
ment Co. Stockholm. May 1987

TR 87-10
"Crosshole Investigations — Physi-
cal Properties of Core Samples from
Boreholes F1 and F2"
K-Å. Magnusson
S. Carlsten
O. Olsson
Swedish Geological Co. Sweden
June 1987



TR 87-11
"Crosshole Investigations—Results from
Borehole Radar Investigations"
O Olsson, L Falk. O Forslund. L Lundmark.
E Sandberg
Swedish Geological Co. Sweden
May 1987

TR 87-18
"Crosshole Investigations —
Hydrogeological Results and Interpretations"
J. Black
D Holmes
M Brightman
British Geological Survey. United Kingdom
December 1987

TR 87-12
-State-of-the-Art Report on Potentially
Useful Materials for Sealing Nuclear
Waste Repositories"
Swedish Nuclear Fuel and Waste Management
Co, Stockholm
June 1987

IR 87-13
"Rock Stress Measurements in Borehole V3"
B. Bjarnason
G. Raillard
University of Luleå. Sweden
July 1987

TR 87-14
"Annual Report 1986"
August 1987

TR 87-15
"Hydrogeological Characterization of the
Stripa Site"
J.Gale
R. Macleod
J.Welhan
Memorial University. Nfld.. Canada
C. Cole
I.. Vail
Battelle Pacific Northwest Lab.
Richland, Wash., USA
June 1987

TR 87-16
"Crosshole Investigations - Final Report"
O. Olsson
Swedish Geological Co, Sweden
J. BlacK
British Geological Survey, United Kingdom
C. Cosma
Vibrometric OY, Finland
J Phil
National Defence Research Institute, Sweden
September 1987

TR 87-17
"Site Characterization and Validation -
Geophysical Single Hole Logging
B Fridh
Swedish Geological Co. Sweden
December 1987

TR 87-19
"3-D Migration Experiment —
Report 1
Site Preparation and Documentation"
H. Abelm
L. Birgersson
Royal Institute of Technology, Sweden
November 1987

TR 87-20
"3-D Migration Experiment -
Report 2
Instrumentation and Tracers"
H. Albelin
L Birgersson
J. Gidlund
Royal Institute of Technology, Sweden
November 1987

TR 87-21
Part I "3-D Migration Experiment
Report 3
Performed Experiments,
Results and Evaluation"
H. Abelin
L Birgersson
J. Gidlund
L Moreno
I. Neretnieks
H. Widen
T. Agren
Royal institute of Technology, Sweden
November 1987

Part II "3-D Migration Experiment -
Reports
Performed Experiments,
Results and Evaluations
Appendices 15,16 and 17"
H Abelin
L. Birgersson
J. Gidlund
L. Moreno
I Neretnieks
H. Widen
T. Agren
Royal Institute of Technology, Sweden
November 1987



TR 87-22
"3-D Migration Experiment -
Report 4
Fracture Network Modelling
of the Stripa 3-D Site"
J. Andersson
B. Dverstorp
Royal Institute of Technology. Sweden
November 1987

1988
TR 88-01
"Crosshole Investigations -
Implementation and Fractional
Dimension Interpretation of
Sinusoidal Tests"
D. Noy
J. Barker
J. Black
D. Holmes
British Geological Survey. United Kingdom
February 1988

IR 88-02
"Site Characterization and Validation -
Monitoring of Head in the Stripa Mine
During 1987"
S. Carlsten
O Olsson
O. Persson
M. Sehlstedt
Swedish Geological Co., Sweden
April 1988

TR 88-03
"Site Characterization and Validation -
Borehole Rodar Investigations, Stage I"
O. Olsson
J. Eriksson
L. Falk
E. Sandberg
Swedish Geological Co., Sweden
April 1988

TR 88-04
"Rock Sealing - Large Scale Field Test
and Accessory Investigations"
R. Pusch
Clay Technology. Sweden
March 1988

TR 88-05
"Hydrogeochemical Assessment of
Crystalline Rock for Radioactive Waste
Dispose The Stripa Experience"
J. Andrews
University of Bath, United Kingdom
J-C. Fontes
Universtté Paris-Sud. France
P. Fritz
University of Waterloo, Canada
K. Nordstrom
US Geological Survey. USA
August 1988

TR 88-06
"Annual Report 1987"
June 1988

IR 88-07
"Site Characterization and Validation -
Results From Seismic Crosshole
and Reflection Measurements, Stage I"
C. Cosma
R. Korhonen
Vibrometric Oy. Finland
M. Hammarström
P. Morén
J. Pihl
National Defence Research Institute, Sweden
September 1988

IR 88-08
"Stage I Joint Characterization and
Stage II Preliminary Prediction using
Small Core Samples"
G. Vik
N Barton
Norwegian Geotechnical Institute. Norway
August 1988

IR 88-09
"Site Characterization and Validation -
Hydrochemical Investigations in Stage I"
P. Wikberg
M. Laaksoharju
J. Bruno
A Sandino
Royal Institute of Technology, Sweden
September 1988



IR 88-10
"Site Characterization and Validation —
Drift and Borehole Fracture Data Stage r
J Gale
Fracflow Consultants Inc.. Nfld . Canada
A Strähle
Swedish Geological Co. Uppsala, Sweden
September 1988

TR 88-11
"Rock Sealing - Interim Report on the
Rock Sealing Project (Stage I)"
R. Pusch
L. Börgesson
A. Fredrikson
Clay Technology. Sweden
I. Markström
M Erlström
Swedish Geological Co. Sweden
G. Ramqvist
El-Tekno AB. Sweden
M. Gray
AECL, Canada
W. Coons
IT Corp., USA
September 1988

1989
TR 89-01
"Executive Summary of Phase 2"
Swedish Nuclear Fuel and Waste Management Co ,
Stockholm
February 1989



ISSN 0349-5698

CM Tryck AB. S'omma 1989


