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AR.1. Introduction

This report comprises a revision, update, and elaboration of the
numerical aspects of the geological simulation methods of Appendix 2A
of the Sandia Laboratories report, "Risk Methodology for Geologic
Disposal of Radioactive Waste: Interim Report" (Campbell and others,
1978). That report in general, and specifically Appendix 2A, forms the
principal reference for the present report, and it is both assumed and
expected that a copy of that report will be available for cross
reference concerning aspects of the methodology not discussed here. 1In
order to facilitate comparison with Appendix 2A of the Sandia report we

have also attached it as an appendix to this report.

*Present address: Dept. of the Navy, Naval Pacility Engineering
Command, San Bruno, California 94066

t¢present address: Department of Bnergy, 505 King Ave., Columbus, Ohio
43201
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For convenience, the present report is organized in a manner that
is directly parallel to Appendix 2A (e.g. section AR.4.2.4 corresponds
to the subject matter of IR2A.4.2.4, where AR refers to the present
Annual Report and IR2A refers to Appendix 2A of the Interim Report).
Comparison of the descriptions in the respective sections should
provide the reader with an overall grasp of the methodology and
specifically what is new or revised in the present report.

Appendix 2A of the Interim Report gives a broad geological and
conceptual overview of the problems of geological analysis leading to a
specific set of simulation models for aspects of depository stability,
namely the access of ground water to the depository and the
vulnerability of the salt layer to dissolution by gfound water. The
present Annual Report, on the other hand, begins with description of a
specific revised simulation model for the dissolution of salt and
refers general questions about the approach and philosophy of analysis
to the Interim Report, except as arise in discussion of specific
aspects of the problem (e.g. compare this section with section
IR2A.1.).

AR.1.1. Simulation Models and Geological Perspectives

See IR2A.1.1. It is recommended that the user thoroughly study
Forrester (1961) because the philosophy of feedback systems analysis
described there is analogous to the approach used here for geological
feedback.

AR.1.1.1. Questions of Geological Stability -- The present report

addresses aspects of item (3) of IR2A.1.1.1: analysis of the behavior
in the immediate vicinity of the waste depository environment.

Furthermore, the analysis is limited to questions of gross thermal
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effects, compaction of porosity existing or created in the salt
horizon, and the creation of fracture pathways by which ground water
gains access to the salt.

AR.1.1.2. Strategies of Systems Analysis -- Peedback systems

analysis has proved to be an effective exploratory tool and stimulus
that has expanded the viewpoints of investigators in several aspects of
risk methodology. The basic strategy remains the same as in IR2A, and
in this report we explore effects of increased degrees of freedom in
the choice of fundamental relationships used in these sets of
simulation equations.

AR.1.1.3. Role of Approximations in Systems Analysis -- One of the

principal results of this report concerns the effect of approximations
used in functional relationships describing phenomena affecting
dissolution of salt. The admonition concerning "belief"™ in models is
the same.

AR.1.1.4. Conceptual Importance of Peedback Phenomena -- See

IR2A.1.1.4. Sets of equations are given in the present report that
demonstrate the competing effects of functional relationships involving
both positive and negative feedback.

AR.1.2. Numerical Simulation Methods

AR.1.2.1. Choice of Simulation Language -- The languages DYNAMO

and GASP IV were mentioned in IR2A.1.2.1. The operational procedures
for DYNAMO are described in Forrester (1961) and Pugh (1976), and for
GASP 1V they are given in Pritsker (1974).

In principle, GASP IV can be used for any calculation performed by
DYNAMO, and many others. It is written in PORTRAN and therefore it can

be more individually tailored to a problem than can DYNAMO. DYNAMO, on
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the other hand, is much simpler to use.

AR.1.2.2. Characteristics of DYNAMO -- Both DYNAMO and GASP 1V are

codes for the solution of sets of linear ordinary differential
equations. GASP IV uses a Runge-Kutta code (Pritsker, 1974). The
}nternal programming of DYNAMO is proprietary and can not be described
in detail (see Pugh, 1976), although it also uses standard techniques
for solving sets of differential equations. 1In practice the main
advantages of DYNAMO found in this study are its ability to
automatically order the sets of equations written by the user and to
test them for internal consistency and redundancy. Usually, specific
error messages are given that quickly identify inappropriate equations,
inconsistent constants, incorrectly coupled equations and so on. These
features of DYNAMO have often saved much time in searching for errors
and in avoiding hand calculations in search of redundancies. DYNAMO
certainly is recommended for anyone not already experienced in the use
of simulation languages, although the availability of DYNAMO is not
essential to the study of feedback models as discussed here.

At this point it is suggested that the user thoroughly study the
DYNAMO User's Manual (Pugh, 1973) and to study the applications and
principles discussed by Porrester (1961). Hhen that is done, glance
through the nomenclature, schematic system diagrams, and equation lists
givén in the present report and the Interim Report. It should then be
a simple matter to follow the later descriptions of specific equations
and to implement parallel or analogous simulation calculations.

With experience and ingenuity, DYNAMO can be applied to many kinds
of physical problems. Por example, we have used DYNAMO for the

approximate solution of problems in transient heat flow with
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intermittent heat sources and boundary conditions. Use of DYNAMO for
all sorts of trial calculations can greatly assist the development of
more sophisticated models which may be written independently in FORTRAN
or solved with other codes like GASP IV. Specific PORTRAN models may
be desirable for intricate problems where the need is to perform many
repeated calculations with the same basic model. Our purpose, however,
is to explore system structures for diversity and variability of

functional interactions, and so far DYNAMO has served that purpose

admirably.
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AR.2. Reference System for DYNAMO Simulation

See the Interim Report (Campbell and others, 1978, Pigure 1.2.2,
and Chapter 1) for specific descriptions of the Sandia Reference
System. Subsequently the cross section in Figure 1.,2.2. was revised so
that the Middle and Lower Sandstones meet near the position of River L;
}hat is, there is no intervening shale layer in the Sandia Reference
System currently applied to questions of regional ground water flow.
The distinction does not affect the hydrclogic assumptions of the
present report.

AR.2.1. Rudimentary Geometric Structure

DYNAMO simulation in IR2A was performed relative to a Simulation
Reference Volume shown in figure IR2A.1. This was done so that
properties could be averaged over a specified control volume, and
inputs and outputs of heat and mass could be similarly averaged over
that control volume, or over specifically defined subvolumes such as
the depository horizon, the backfill horizon, and so on. The same
basic control volume is used in the present report.

The DYNAMO model differs from finite difference or finite element
models such as Figures IR3.3.3 and IR2A 7 in that the calculated
balances refer to specified control volumes rather than to a geometric
grid of cells with rigidly defined dimensions. This means that many
parameters can be lumped together to roughly describe overall behavior,
but detail in terms of local values within the control volume is not
available without additional modeling.
| The above distinction between the DYNAMO models and finite
ﬂifference or finite element models represents a trade-off. In DYNAMO

simulation we sacrifice geametric detail to obtain ‘information on
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functional relationships that are interdependent, that is that involve
feedback. In the finite difference/element models, detail is available
in terms of constant properties per cell or properties that are changed
jiteratively according to some predetermined scheme. Fully implicit,
finite differences or finite element models that incorporate feedback
‘effects, however, are exceedingly difficult to program though they are
conceivable in principle. Such codes are being explored, but so far
they are much too cumbersome for practical applications.

AR.2.2, Capabilities of Increased Geometric Complexity Using DYNAMO

DYNAMO simulation can be used in a manner directly analogous to
finite difference calculations by subdividing the control volume and
writing parallel sets of equations for each subvolume. We have used
this technique to solve some simple problems in transient heat
transfer, using a 3 x 3 array, or 9 control subvolumes. 1In principle,
this could be done with the equations lists given in this report if it
were necessary to specify local behavior in more detail. The number of
equations and the length of computations, however, increase in
proportion to the number of subvolumes to be described. It is
suggested, however, that this technique should be attempted if it
becomes necessary to simultaneously describe behavior at different

horizons in a reference system such as figure IR2A.1,
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AR.3. System Diagrams

Study Porrester (1961, chapter 8) in detail. Those conventions
were used in IR2A and are followed here.

AR.3.1. Descriptive System

See IR2A.3.1.

AR.3.1.1. System Structure -- Read section IR2A.3.1.1.

Figure IR2A.2. is a schematic overview of the system structure.
That diagram is not an operational diagram and is intended only to
identify the general progression of interacting states and processes,
beginning with quantities involving heat and mechanical work at the
bottom, through terms involving fracture pathways and ground water in
the center, to terms involving transport of radionuclides at the top.
The purpose of the diagram is to demonstrate the types of relationships
and their interactions that would be required to create an overall
feedback systems analysis of the depository, even in the most
rudimentary terms. It is simply a mnemonic device to stimulate
thohghts about physico-chemical relationships and processes and how
they may relate to one another from the standpoint of feedback.

In figure IR2A.2 any one of the terms in the auxiliary and rate
equations, or in the system states of the level equations may be in a
feedback relationship with any other or all other terms and states.
Only a few of the possible feedback connections are shown by dashed
lines. A closed path connected by dashed lines with a direction shown
by the arrows is a feedback loop. A thermomechanical example is shown
by a dashed line connecting the heating rate dH/dt through auxi}iary
equations BA to the mechanical work rate aMW/dt, hence to the

mechanical work states MW, and through mechanical work auxiliary
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equations MWA (involving terms that identify components of the work
dissipated as heat) back to the rate equation for the rate of heat
generation dH/dt.

This is only one of many possible ways to schematically describe a
thermomechanical feedback loop. It serves as a reminder, however, that
no entity in a feedback system (and all natural systems are feedback
systems) can be evaluated a priori independently from all others.

The guantitative analysis in IR2A did not consider the functions
and states for radionuclide transport, nor does the present report.
Such an analysis is specific to the waste form, the specific inventory
as a function of time and distribution, and the distribution in terms
of hydrologic pathways leading outside the control volume. Bookkeeping
functions can be written to include radionuclide transport as the
nature of the system structure evolves. These functions would also
involve whatever retardation factors are characteristic of the
radionuclide species and media present.

In the present report worst case scenarios for radionuclide loss
from the control volume can be calculated directly from the mass
balances of brine transport rates out of the control volume following
the time the waste horizon is breached or overrun, depending on the
type of scenario it is assumed will apply. Transport times for arrival
of radionuclides at any other location, within aguifers or on the
surface, can then be estimated on the basis of regional hydrologic data
and/or hydrologic models.

Unfortunately, there is some ambiguity in the Acronyms and
Initialisms of section IR2A.3.1.1. They are not operating functions,

however, and are irrelevant to the nomenclature of the present report.
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The user is nonetheless advised to study the intent of figure IR2A.2
and to consider the appropriate functions relating the respective
level, rate, and auxiliary functions.

AR.3.2. Specific Diagram and Equations for Dissolution Feedback

The name of this section is changed from that in IR2A.3.2 because
.ie have eliminated the confusing term "sector.” That term is
appropriate if it is used in a manner like that of Porrester (1961)
where the system can be subdivided into distinguishable domains of
behavior. 1In the system of figure IR2A.2, however, it is difficult to
clearly define sectors.

Al though the organization of the following sections in AR.3.2 is
parallel to IR2A.3.2 there are major changes in nomenciature and
equations. In that sense we have attempted to define completely all
names and equations used in this report. A glossary of the names we
have defined is given in table AR.3.1 "LIST OF ACRONYMS AND INITIALISMS
USED IN DISSCC." The name DISSCC is an abbreviaton for the master
equation list of this report "DISSOLUTION WITH AND WITHOUT CRACK
CLOSURE."™ An annotated listing of these equations, and terms named in
the equations, is given in table AR.3.2. When in doubt about names
used in this report, refer directly to tables AR.3.1 and AR.3.2.

DISSCC actually refers to a series of master equations which
contain options for eight different modes of calculation as follows:

I. No Crack Closure

A. Number of cracks defined according to flexural crack
coefficient.

Mode I.A.l--Maximum brine pressure head.

Mode I.A.2--Decaying brine pressure head.
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B. Number of cracks defined by ratio of compaction volume to
reference crack volume.
Mode I.B.l--Maximum brine pressiure head.

Mode I.B.2--Decaying brine pressure head.

II. Crack Closure
A. Number of cracks defined according to flexural crack
coefficient.
Mode II.A.l--Maximum brine pressure head.
Mode II.A.2--Decaying brine pressure head.
B. Number of cracks defined by ratio of compaction volume to
reference crack volume.
Mode II.B.2--Maximum brine pressure head.

Mode 11.B.2--Decaying brine pressure head.

The reason we have included several different modes is heuristic.
It is sometimes not possible to determine the most realistic mode of
behavior of a geological system. By exercising different assumptions
and studying the system behavior in different modes, insight is gained
on the nature of feedback relationships. In many instances the system
behavior is similar in all of the eight modes; in other instances there
are combinations of parameters that identify sets of critical
conditions for either relatively slow or fast rates of dissolution.

The remainder of this report specifically addresses the above sets
of equations. This implies some repetition and redundancy, which are
included so that the user will become increasingly familiar with

adjusting the physical assumptions and modifying the manipulations of
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equations. Another purpose is to provide an example of the problems of
sensitivity analysis when the best choices of functional relationships
are not known and several variants are possible.

Figure AR.3.1 replaces figure IR2A.3 and is the Systems Diagram
showing the relationships among the equations of DISSCC. Table AR.3.3
gives a breakdown of the equations according to type: Level, Rate,
Auxiliary, and Supplementary equations. PFigure AR.3.2 shows the
schematics of the ordering of equations in DISSCC more or less
according to the sequence of actual calculations. This schematic
ordering is not necessarily accurate in the sense that DYNAMO
automatically determines the order of equations required for numerical
solution. Comparisons of table AR.3.3, figure AR.3.1 and figure AR.3.2
should clarify questions about the role of any function and the way in
which all the functions are interrelated.

Table AR.3.4 (A through D) gives actual DYNAMO listings for each of
the eight modes outlined above for calculations with DISSCC. Rach
equation listing simultaneously calculates results with and without
crack closure in one of the four modes above. Thus there are only four
equation sets for DISSCC representing the four modes of computation,
each one giving a result assuming that cracks remain open once formed
and a result assuming that cracks tend to close according to a
specified rate function. Therefore there are eight sets of dissolution
rates.

The above sets of tables and figures are self explanatory, but for
completeness each of the functions specifically described in the
Interim Report is reiterated. Where appropriate we describe

differences between the previously used functions and those defined in
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the present report.
AR.3.2.1. Heat Level--identical to IR2A.3.2.1.

AR.3.2.2. Thermal Expansion Level -- This is identical to

IR2A.3.2.2. except that the average heat capacity is introduced as a
9umerical constant in the TER equation (see tables AR.3.2 and AR.3.3).

AR.3.2.3. Compaction Level -~ This level is conceptually the same

as described in IR2A.3.2.3. The working equations, however, are
different and will be described in detail in section AR.4. Basically,
we are interested in the initial volume of pores or openings in the
control volume, the volume of pores or openings produced by
dissolution, and the volume of pores or openings closed by collapse
owing to the superincumbent load (see Table AR.3.3).

AR.3.2.4, Net Displacement ~- In IR2A.3.2.4 this section was

described as a Level. 1In the present report the same numerical
function is described as an Auxilliary equation representing the
algebraic sum of the Thermal Expansion and Compaction Levels (see
figure AR.3.1 and table AR.3.3).

AR.3.2.5. Practuring -- In this report functions describing the
numbers of cracks initially existing and created in the control volume
are described as Auxilliary equations (see figure AR.3.1 and table
AR.3.3). Two modes are considered; in one the nuhbering of cracks is
assumed to be proportional to the net vertical displacement (see figure
IR2A.4, p. 114), and in the other the number of cracks is determined
from the compacted volume relative to the volume of a reference crack.
These functions are defined in section AR.4.2.5.

AR.3.2.6. Solution Openings Level -- This section is almost

completely revised from IR2A.3.2.6. All calculations are referred to a
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U-tube syphon effect connecting the upper aquifer and salt layer. The
scenario is geometrically like the setup for ORSCUA, "Opening Rate from
Solutioning by Convection to the Dpper Aquifer" (see figure IR2A.9,
p. 123), but the equations for flow rates are different. In the ORSCUA
function, the aquifer flow rate and fracture flow rate were coupled
because flow through cracks was assumed to be proportional to the
aquifer flow rate and number of cracks. The present equations are
governed by the same limit in the.steady state, but up to that time
flow in cracks is calculated independently on the basis of crack
dimensions and pressure differences across the U-tube. This means that
there are more functions to consider; the dominant functions involve
the Reference Crack Width, RCW, and the function used to compute the
number of cracks. Additional functions are included to explore the
effects of crack closure and decreasing pressure head across the U-tube
as the steady state is aproached (see figure AR.3.1 and table AR.3.3).
As before, it is assumed that the brine is saturated instantly on
contact with the salt, but that dissolution is distributed over the
entire salt layer. This assumption is artificial. A more realistic
calculation will require a multicell version of the DYNAMO simulation
including kinetic factors in each cell for the dissolution rate.

AR.3.2.7. Dominant Feedback Loops -- See IR2A.3.2.7. The only

feedback loop investigated in the present report concerns dissolution
via the U-tube scenario of figure IR2A.9 (Interim Report, p. 123).
Included, however, are additional components involving negative
feedback resulting from crack closure and decay of the brine pressure
head as the steady state is approached.

One of our principal aims is to identify conditions where either

1355a Shaw and others
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positive (accelerating) or negative (decelerating) feedback will

dominate.
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AR.4. Physical Content of System Equations

AR.4.1. The Basic Assumptions

Our interest in using simulation methods is to learn the principles
of the behavior of feedback systems. Therefore, we emphasize the
nature of interactions of physico-chemical mechanisms rather than the
rigorous analytical description of each individual mechanism. The
results map out categories or regimes of behavior that can be refined
as the requirements for detail evolve out of the understanding that
accrues from the analysis itself. The refinements may involve other

modeling techniques and/or a multicell version of DYNAMO simulation.

AR.4.2. Simplified Physical Relationships

Rock properties for numerical analyses are listed in table IR2A.1
{Interim Report, p. 106).

We have used the properties of rock salt for heat capacity and
thermal expansion because the maximum thermal effects occur in the
vicinity of the depository horizon. On the other hand, we have used an
average thermal conductivity of Sx10-3 cal cm"1 sec-1 °C—1
because overall heat losses are largely determined by properties of the
super incumbent rocks. In refined calculations each of these properties
would be functions of time, temperature, porosity, fluid flux, and
position in the Control Volume.

Because we describe overall volumetric changes in terms of the
Depository Area (DA) times a depth factor, terms involving porosity,
.compaction or expansion are defined as a length. Numerical volumes are

determined from the appropriate length times the constant DA=7.9x1010

cmz. For numerical work the depth to the depository is taken as 600

meters.
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AR.4.2.1. Beat Input -- The total heat production of high-level
waste over a million years is given in Figure IR.1.4.2 (Interim Report,
p. 31) for the depository design described in Chapter 1 of the Interim
Report. This gives an initial thermal power of about 61 kw/acre for a
1000 acre site, though values as high as 150 kw/acre have been
mentioned (Parsons and others, 1976).

The DYNAMO equation for heat input is the same as in the Interim
Report (p. 105 ff.; also see table AR.3.3). The Dimensional
Coefficient of Power, DCP=0.094 cal/gm/yr, is the value of initial
thermal power (61 kw/acre) divided by the depth to the source and the
average density of the rock, in cgs. units (IR2A, p. 105). The heat
input rate (HINR) is this value multiplied by the Fractional Decay
function (FD); this function is expressed as a numerical table of
values taken directly from the total inventory of Figure IR.1.4.2
(Interim Report, p. 31). The curve of Figure IR.1.4.2 is divided into
twelve intervals, but it could be expressed in as much detail as
desired by expanding the TABLE Function, FDTAB.

AR.4.2.2. Heat Output -- Calculation of heat transfer is,
rigorously, very complex. It is an example of a mechanism that
requires sophisticated finite element or finite difference modeling to
evaluate accurately (see IR2A.4.2.5.1 for discussion of finite element
analysis). Approximations for heat transfer, however, are very
simple. We are principally interested in the maximum temperature
reached and the timing of the thermal peak. Because the DYNAMO
simulation model refers to a single Control Volume, ostensibly making
it impossible to describe the temperature distribution, we have used a

trick to estimate the conductive heat loss. PFirst an equation was
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written that defines what the heat loss rate would be if a steady heat
flow were established for each value of heat content H. This equation
is called the Steady Heat Loss Rate (SHLR), Because the rate of heat
loss lags in time behind the rate of heat input, the steady rate of
-heat loss is adjusted by introducing a delay time which is evaluated by
introducing SHLR as an argument of a DYNAMO Delay Function. Experience
has shown that a Third Order Delay (see Forrester, 1961, Chapt. 9) with
a delay time of 100 years is adequate to approximate the more rigorous
finite element analysis of Section IR2A.4.2.5.1., The delay time is
termed Delay of Surface Heat Plux (DSHF). Other delay functions or a
multicell subroutine could be used to improve the temperature
estimates.

The parameters defining SHLR are given explicitly in IR2A.4.2.2.
Using a thermal conductivity of leo-3 t:al-1 cm-l secn1 c’(!,m1 a heat
capacity of 0.2 cal gm.-l a density of 2.2 gm em,”? a depth to source
of 6x10% cm and a background geothermal flux of 1x10™° cal em 2 sec !

{corresponding to an undisturbed geothermal gradient of 20°b/km,

fajrly typical in the western U.S.) we obtain the DYNAMO equation:

R SHLR KL = 2 0E-4* (H.K-4.0) - 2.4E-4 STEADY HEAT LOSS RATE

(CAL/GM/YR)

Numbers calculated from this equation differ from those in IR2A.4.2.2
.by about 5 percent because of slight differences in rounding.

The term (H.K-4.0) is required by the assumption that the gurface
temperature is 20°C and the initial thermal gradient is 20°C/km. That

is, the initial temperature at 600 meters depth is 32°C, 12°¢ above
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the surface temperature; the initial mean temperature is 26oc, eoC
above the surface temperature, corresponding to an initial mean heat
content of 5.2 cal gm~1,

The Supplementary Equation SURFLX is not included in the present
analysis because the calculated values are not realistic with an
a&uifet existing between the surface and the depository depth. Heat
transfer into the agquifer can be approximated from the estimated rate

of heat loss, Heat Output Rate (HOUTR), given by the DYNAMO equation:

R HOUTR.KL = DELAY 3 (SHLR.JK, DSHF) HEAT LOSS RATE (CAL/GM/YR).

AR.4.2.3. Thermal Expansion —— The values of thermal expansion are

estimated using a linear thermal expansion coefficient of
1.5x10"30c~1; the Unit Expansion Coefficient (UEC) is this value
multiplied by 6x104 cm, the depth to the depository horizon giving

UEC = 0.9 cmoC~1, The Thermal Expansion Rate (TER) is UEC times

the mean rate of change of temperature per time step, given by the net
rate of change of heat content (HINR-HOUTR) for that time step divided
by the heat capacity of 0.2 cal gm-loc-1,

These are the same relationships given in IR2A.4.2.3. They assume
that expansion is dominated by heating in the salt layer.

AR.4.2.4. Compaction -- Beginning with this section there are some
major changes in the derivation of DYNAMO Equations between this report
and the Interim Report. Acronyms and Initialisms are not identical,
aﬁd therefore definitions should always be checked against the Glossary
aﬁd Equation Descriptions of this report (see tables AR.3.1 and

AR3.2). The principles of analysis remain the same, so the
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corresponding sections of the Interim Report still should be studied
for concepts and background.

The main difference in calculations of compaction concern the
detailed form of the compaction rate equations. Conceptually we are
concerned with compaction of any porosity that exists at the time the
analysis begins and any porosity created during the time interval
considered in the analysis. The term “"porosity” refers generically to
any form of open space, including interstitial pores between mineral
grains and any cavern-like voids that existed or are created.
Simplistically, we are mainly concerned with the porosity of the
backfilled region of the depository, assumed to be salt, and with the
volume of salt dissolved by access of ground water.

The initial backfill porosity is termed the Backfill Maximum
Compaction Length (BMCL), because it defines the maximum vertical
subsidence in the absence of dissolution.

The salt removed by dissolution is converted to an apparent layer
thickness termed the Average Compaction Length from Solution (ACLS).
Physically, this value would be literally accurate only if the U-tube
flow system removed salt uniformly from the top of the salt layer over
the total area of the repository. This assumption is dynamically
unrealistic, but it is the simplest scenario consistent with the
concept of the Control Volume. More realistically, salt would be
removed progressively beginning at the upstream end of the U-tube.
This means that the :aéionuclide canister horizon would be reached
sooner than is calculated by the time required to dissolve the entire
super incumbent salt layer. We allow for this discrepancy by also
calculating the dissolved volume as though it were concentrated at a
single spherical locus, described by the Single Cavity Diameter
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(SCDIA).

The resulting time required for the cavity to reach the

canister horizon is assumed to be the shortest time for penetration of

the salt layer by ground water according to the U-tube scenario.

The Compaction Length (CL) simply represents the linear subsidence

of the superincumbent rock as salt is removed. The characteristic time

a cavity can remain open in salt is taken to be the response time for

collapse of an empty void in a viscous medium, as defined in the

Interim Report (IR2A.4.2.1, p. 112).

The nature of the overall

deformation depends on the relative rates of subsidence of the

superincumbent nonsalt rock strata versus the convergence of the salt

laterally and from below.

Therefore, the assumption of viscous

collapse is oversimplified, but whatever form the deformation may take,

it is assumed that ultimately there will be disturbances in the

overlying shale layer within the depository area and concentrated near

the depository perimeter.

In section 1IR2A.4.2.4 the compaction rate was determined by the

dissolution rate, with a lag determined from the equation for the rate

of viscous flow of salt, the Linear Pore Volume Compaction Rate

{LPVCR), according to the functions:

L

L

1355a

CL.K = MCL.K -~ LPV.K
LPV.K = LPV.J + DT*LPVCR.JK
LPV = BMCL

CL =0

BMCL = 60

COMPACTION LENGTH (CM)

LINEAR PORE VOLUME (CM)

INITIAL COMPACTION REFERENCE
STATE (CM)
BACKFILL MAXIMUM COMPACTION

LENGTH (CM)

LPVCR.KL = LPV.K*EXP (-2.303*ELP*3E7*DT/EVISC.K)/DT - LPV.K/DT
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LINEAR PORE VOLUME

COMPACTION RATE (CM/YR)

C ELP = 1.3E8 EFFECTIVE LOAD PRESSURE
(DYNE/SQ CM)
A EVISC.K = TABLE (EVTAB, BFTEMP. K, 0, 250, 25)

EFFECTIVE VISCOSITY (POISE)
Note: See table AR.3.1 for
definition of EVTAB and
BPTEMP.
Algebraically, this set of equations expresses the volume balances
correctly, but because of the definitions of LPV and LPVCR the value of
Linear Pore Volume simply decreases from the initial value given by
BMCL. This means that the compaction rate is essentially forced to
follow the dissolution rate with very little lag.

Subsequently we defined the same balances by the equations

L CL.K = MCL.J - LPV.J COMPACTION LENGTH (M)

N CL =1 INITIAL VALUE CL (CM)

A LPV.K = BMCL + PVPS.K - PVDC.K LINEAR PORE VOLUME (CM)

c BMCL = 60 BACKFILL MAXIMUM COMPACTION
LENGTH (CM)

L PVPS.K = PVPS.J + DT* (BDRUA.JK) /DA

(LINEAR) PORE VOLUME

PRODUCED BY SOLUTIONING (CM)
N PVPS = 0 INITIAL VALUE OF PVPS (CM)
R BDRUA.KL = FIFGE (MBFA, ACDR.K, ACDR.K, MBFA)

BRINE DISCHARGE RATE TO

UPPER AQUIFER (CU CM/YR)
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Note: FIFGE defines BDRUA as
ACDR §f BDRUA is less than
MBFA; if not, BDRUA is set
equal to MBFA,.

C MBFA = 3El2 MAXIMUM BRINE FLOW IN
AQUIFER (CU CM/YR)

A ACDR.K = RCVR.K*NC.K (TOTAL) APPARENT CRACK
DISCHARGE RATE (CU CM/YR).
Note: RCVR and NC are,
respectively, the REFERENCE
CRACK VOLUME RATE, and
NUMBER OF CRACKS.

L PVDC.K = PVDC.J - DT* (LPVCR.JK) PORE VOLUME DESTROYED BY
COMPACTION (CM)

In both sets of equations LPVCR is the same rate equation (see
tables AR.3.2 and AR.3.3 for complete definitions of all terms). The
difference is that in the second set, LPV is calculated from the
independently computed terms PVPS and PVDC so that it can take any
value greater than zero and can either increase or decrease, depending
on the balance of these two terms. Because LPV is not constricted in
range, the compaction rate, LPVWR, and compacted volume, PVDC, can be
arbitrarily large, depending on the dissolution rate.

For example, say the dissolution rate is initially very rapid and,
. because of the viscous lag, compaction does not initially keep pace.
~Eventually, however, the magnitude of LPVCR increases as LPV increases
so that it eventually matches PVPS. If any factor causes PVPS to

eventually decrease with time, changes in PVDC can exceed those in PVPS,
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resulting in a decreasing Linear Pore Volume, LPV. Such factors are
described in subsequent sections as forms of negative feedback
affecting cracking functions and brine flow equations.

The viscosity term (BEVISC) remains identical to that in IR2A. The
TABLE function EVTAB defines the actual values of viscosity used, at
intervals of 25°C from 0 to 250°C. Interpolation and limited
extrapolation can be accomplished by constructing a graph of that
function. The viscosity values for salt were determined uniquely for
this study by comparison of the Salt Vault data of Bradshaw and McClain
(1971) with the viscous compaction function of Shaw and Swanson (1970);
temperature dependence was determined from the data in Heard (1976).

AR.4.2.5. Cracking -- Two different assumptions are used in this
report to calculate the numbers of cracks. One of them is identical to

the estimate in IR2A.4.2.5 though the names of terms are new:

A NC.K = CC*FIPGE(1E4, AVNEC.K, AVNEC.K, 1lE4) NUMBER OF CRACKS
FROM NET VERTICAL
DISPLACEMENT

Cc oC =5 CRACK COEFFICIENT

(PER CM)

This equation is numerically egquivalent to NECC in IR2A.4.2.5,

(p. 115); note that the initials NECC are used for a different function

in the present report. The function PIFGE limits the maximum number of
cracks to 1E4*CC.
The other method of computing numbers of cracks is to assume that

the volume of compaction at the depository level allows an
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approximately equivalent volume of cracks to open up in the overlying
rocks. This possibility was mentioned in IR2A but was not employed.
In the present analysis the master equation list DISSCC is written with
both options. The new volumetric estimate is called OPTION 1 and the
“0ld version is called OPTION 2. OPTION 1 overestimates the numbers of
cracks and can be considered to give the worst case scenario, other
stated assumptions being the same. OPTION 2 was written to give a
maximum number of cracks of 5E4 for a Reference Crack width (RCW) of
0.1 cm. Geologically this width may be excessive and our Reference Set
of example calculations uses values of RCW + 1E-2 CM. In order to
maintain the same volume ratio in OPTION 2 as in OPTION 1 with RCW =
1E-2 the maximum number of cracks would have to be increased by a
thousand. In that case the two options would give similar results for
brine flow. Therefore we chose to retain OPTION 2 with the original
proportionality as a geologically skeptical estimate of cracking, and
to use OPTION 1 as the conservative (worst case) estimate of cracking.
OPTION 1 has the advantage of being written explicitly so that the
dimensions and numbers of cracks are evident in each computer
calculation. Each dimension, therefore, could also be expressed as a
function of TIME, though for simplicity we have kept them constants

within each calculation of this report. The equations for OPTION 1 are

written:

A NC.K = DA*PVDC.K/(RCW*CTL*CPL) NUMBER OF CRACKS FROM VOLUME
OF REFERENCE CRACK

N NC =1 INITIAL NUMBER OF CRACKS

Cc DA = 7.9El10 DEPOSITORY AREA (SQ CM)

C RCW = 1B-3 REFERENCE CRACK WIDTE (CM)

c CTL = 6ES CRACK TRACE LENGTH (CM)
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Cc CPL = 1E4 CRACK PATH LENGTH (CM)

PVDC, of course, is the compacted volume defined before for the
potential volume of crack openings. An initial value of NC = 1 is
issigned to avoid the possibility of terms with zero in the
denominator, and also because some amount of initial fracture
permeability is geologically more realistic than none.

In addition to these two options for cracking, we have written a
parallel set of equations that is simulateously built into the master
equation list DISSCC that allows some proportion of the cracks to close
during compaction. 1In other words, a single set of equations
calculates results both with and without the assumption of crack
closure. The physical reasoning is that cracks may initially open as
described above in either OPTION 1 or 2 and then eventually close up
again as all of the superincumbent rock strata subside and compact into
the openings created by dissolution. 1In order to give a numerical
sense of that effect, we calculate a new term called the Active Number
of Cracks with Closure (ANCC) which represents the number of cracks
calculated by either OPTION 1 or 2 normalized by the ratio of the
Linear Pore Volume, LPVC, to the maximum compaction length, MCIC (C is
added to names otherwise the same to refer to the erack closure mode).
When the available pore space is entirely collapsed, this ratio is zero
and the number of cracks, hence dissolution rate, falls to zero. When
ﬁPVC is large those cracks that do form according to PVDCC remain open
#nd active. The detailed equations are given in table AR.3.2.

We do not consider fault-related cracking in this report. It will

contribute to either the initial numbers of cracks or to the number
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existing at a later time. In either case some variant of the U-tube
scenario will eventually dominate the flow unless hydrologic conditions
are totally modified by faulting. Fault related cracks will usually
increase the dissolution rates and the effects can be estimated with
DISSCC by varying the initial number of cracks or the numbers
introduced at any specified values of TIME. See IR2A.4.2.5, pp. 116
and 117 for discussion of faulting.

Note: Section IR2A.4.2.5.1, Digression on Two-Dimensional Stress

Analysis Calculation, remains unchanged and stands as a comparative

reference for calculations of temperature and potential strain
patterns. Figure IR2A.8 can be compared with outputs of DYNAMO
calculations of temperature and thermal expansion.

AR.4.2.6. Openings from Effects of Dissolution -~ Each of the

mechanisms described in IR2A.4.2.6 exists as a possible mode of
dissolution. The general spectrum of rates, however, resembles that of
the U-tube scenario, and numerous exploratory calculations have shown
that other scenarios often evolve into variants of the U-tube

scenario. We chose to concentrate on the one scenario in this report
8o the user can get a clear sense of its ramifications. Setting up
other scenarios is then a relatively simple matter if some physical
picture of a scenario can be written in even a crudely numerical
format.

The equations describing the rates-of dissolution for DISSCC are'
partly described in the foregoing discussion of compaction and
cracking. The approach differs significantly from that derived for the
function ORSCUA, the Opening Rate from Solutioning by Convection to the

Upper Aquifer. Although we derived an equation in IR2A for brine flow
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in cracks, we did not use it. 1Instead the function ORSCUA simply
proportioned the maximum potential rate, as defined by a fraction of
the total discharge rate of the Upper Aquifer (see IR2A.4.2.6.2,
p. 124-125).
- ORSCUA has two deficiencies: (a) it lumps the cracking rate
coefficient with the aquifer flow rate so that independent variations
are obscured, and (b) it underestimates the initial rates of flow
through cracks. In the present report we separate these effects.

Por a given pressure head the rate of flow in an individual crack
is defined by the dimensional equation given in IR2A.4.2.6.2 (p. 124).

In DYNAMO format it is expressed:

A RCVR.K = (3E7*BPH*RCW*RCW*RCW*CTL)/ (12*BV*CPL)

REFERENCE CRACK VOLUME RATE

(CU CM/YR)

Cc BPH = 2E6 BRINE PRESSURE HEAD (DYNE/SQ
™)

Cc RCW = 1E-3 REFERENCE CRACK WIDTH ((M)

C CTL = 6E5S CRACK TRACE LENGTH (CM)

C BV = 1p-2 BRINE VISCOSITY (POISE)

C CPL = 1E4 CRACK PATH LENGTH (CM)

Because this rate (RCVR) multiplied by the number of cracks can
exceed the Maximum Brine Flow in the Aquifer (MBFA), the Brine
Discharge Rate to the Upper Aquifer (BDRUA) is written so it does not
exceed the limit MBFA = 3E12 (CU CM/YR). MBFA is the calculated

capacity of the aquifer to carry away brine discharged from the
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U-tube. Incidently, this value is based on a balance of buoyancy
forces involving a head difference between the inlet and outlet of the
U-tube of 20 meters (see figure IR2A.9). We have retained this value,
though it is roughly 30 percent smaller than the exact gradient of the
"aquifer in the Sandia Reference System (see Interim Report, Chapters 1
and 3).

Though equations involving RCVR, NC, ACDR, and BDRUA are more
realistic than ORSCUA, there are still significant artificialities.
One is that the dimensions are considered constants. This deficliency
is easily corrected by making all terms in the crack dimensions
variables if there is a physical reason to do so. We have retained
them as constants in this report so we can more easily separate the
relative effects. A more serious deficiency is that the Brine Pressure
Head has been defined as a constant. Clearly, as the brine builds up
in the aquifer the pressure head decreases. Application of the limit
MBFA artificially truncates the rate so this is not a serious problem,
but it is of interest to demonstrate how yet another negative feedback
cycle, in addition to crack closure, can enter the analysis.

In order to allow the Brine Pressure Head to effectively decrease
with brine discharge, we have written equations for the total flow,
ACDR, so that the pressure term is decreased by factors involving the
ratio of total flow to maximum flow MBFA. When these are equal the
acting pressure head has reached a steady value. The normalizing
equations are written:

A ACDR.K = DCBPHA.K*NBPH*NC.K/(1.+(DCBPHA.K*DCBPHB.K*NC.k))
(TOTAL) APPARENT CRACK

DISCHARGE RATE (CU CM/YR)
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A DCBPHA.K = (3E7*RCW*RCW*RCW*CTL) / (12*BV*CPL)
DIMENSIONAL COEFFICIENT
FOR BRINE PRESSURE HEAD
PART A (CU QM*SQ
CM/DYNE/YR)

A DCBPHB.K = NBPH/MBFA DIMENSIONAL COEFFICIENT
FOR BRINE PRESSURE HEAD
PART B (DYNE*YR/CU CM*SQ
™)

c NBPH = 2E6 INITIAL VALUE OF BRINE
PRESSURE HEAD (DYNE/SQ

™)

These equations adjust the brine pressure in the following way:
When the Number of Cracks, NC, is small the value of ACDR is nearly
identical to the product RCVR*NC as in the case for constant pressure
head; when NC is large the value of ACDR simply approaches the limit
MBFPA, Maximum Brine Flow in Aquifer. This limit represents the
situation where the pressure head and consequent brine discharge rate
precisely balance the rate that the brine layer in the aquifer can be
carried away by the regional flow.

The effect of decaying brine pressure head depends on the regime of
overall behavior. In some instances where dissolution feedback
progresses rapidly, the effect of decaying brine pressure has
negligible effect on the outcome. In other cases where dissolution is
relatively slow at constant BPH, decreasing pressure has a major effect

on further slowing the rate of salt removal.
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AR.5., Computer Runs for Dissolution with and without Crack Closure

Note: This section condenses material equivalent to
subsections IR2A.5.1 though IR2A.5.3; subsection
AR.5.4 is added to describe Sensitivity Analysis,
which was not performed in the Interim Report.

In this section we describe a Reference Set (RFST) of calculations
for the U-tube scenario using DISSCC in all modes described in this
report., These consist of four basic equation lists (OPTIONS 1 and 2,
WITH AND WITHOUT DECAY OF BRINE PRESSURE HEAD) each of which calculates
dissolution WITH AND WITHOUT CRACK CLOSURE. Therefore, we have eight
sets of results describing different regimes of dissolution feedback.
We give all eight so the user can see the variations that result from
contrasting assumptions concerning the form of the equations.

The results are described primarily in terms of the time required
for dissolution to reach the canister horizon of the Depository either
at a single locus, expressed as the SINGLE CAVITY DIAMETER (SCDIA and
SCDIAC), or in a wholesale manner, expressed as the time the ABSOLUTE
VALUE OF NET EXPANSION MINUS COMPACTION (AVNEC and AVNECC) attain a
value of 100 meters (1E4 cm) representing the thickness of salt above
the canister horizon.

First we give examples of results for OPTION 1 and 2 using the most
complete sets of equations, with a printout of all variables and a plot
of selected variables for a Reference Crack Width, RCW = 1E-3 CM,
(tables AR.S5.), AR.5.2; figures AR.5.1, AR.5.2). 1In the printout, the

variables appear as rows in the heading, and the respective numerical
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values of the variables appear at each value of TIME also arranged in
rows in the same respective positions; a set of scaling factors appears
immediately following the names of variables. Particularly note the
behavior of the variables BACKFILL TEMPERATURE (BFTEMP), NUMBER OF
CRACKS (NC), ACTIVE NUMBER OF CRACKS WITH CLOSURE (ANCC), ABSOLUTE
VALUE OF NET EXPANSION MINUS COMPACTION WITH AND WITHOUT CLOSURE
(AVNECC and AVNEC), and SINGLE CAVITY DIAMETER WITH AND WITHOUT CLOSURE
(SCDIAC and SCDIA). The values of brine discharge rates are given by
BDRUAC and BDRUA, and the total volumes of salt removed are given by
80C and SO; BDRAT gives the ratio of brine discharge rate with closure
to brine discharge rate without closure. PVRAT and PVRATC give the
ratios of collapsed pore volume to maximum pore volume with and without
closure; these two ratios give a measure of the lag of compaction rates
relative to dissolution rates. This lag is also seen in the time
required for the volume of dissolved salt to approach the limit SO or
80C = 1E4*DA = 7.9El4 CU M, versus the time required for the
subsidence, measured by AVNEC or AVNECC, to approach the limit 1E4 OM.
We repeat this statement for emphasis in the following examples.

Prom the printout in table AR.5.2, OPTION 2 WITH DECAY OF BRINE
PRESSURE HEAD we obtain sets of values representing nearly complete
dissolution of salt above the cannister horizon; the corresponding

value of TIME is referred to as the "OVERRUN TIME:"

TIME = 65,000 YRS

80C = 789.1E12 CU CM
AVNECC = 8,882 O™

BDRAT = 0.1448
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PVRATC = 0.8856

TIME = 5,000 YRS

80 = 924.E12 CU OM
AVNEC = 8.2E3 M
BDRAT = 0.0000

PVRAT = 707.06

In the equilibrium situation Overrun would occur when SOC and SO
have the exact value 790El12 CU CM and AVNECC and AVNEC have exactly the
value 1E4 CM. 1In the tabulated results the values of SOC and SO
respectively, equal and exceed the theoretical limit, whereas AVNECC
and AVNEC have not attained the value 1E4 CM. These results reflect
the dynamic lag of compaction relative to dissolution; the lag is
relatively greater without crack closure because the rates are faster.
The values of TIME corresponding to the exact limits are obtained by
interpolation. The contrast in lag is also shown in the ratios BDRAT,
PVRAT and PVRATC. At 65,000 years the brine discharge rate with
closure is about 15 percent of the value without closure, and the
compacted pore volume is nearly 89 percent of the maximum possible. On
the other hand, at 5,000 yrs the brine discharge rate with closure is
less than 0.00 percent of the rate without closure, and the compacted
pore volume is only 71 percent of the maximum possible. This means
that dissolution rates without closure are very high so that compaction
rates have major lags relative to dissolution rates and the lag with
closure greatly exceeds the lag without closure (i.e., feedback is weak

in the closure model at the earlier times, whereas it is strong in the
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model without closure).

By comparative study of the tables, considerable insight can be
obtained about the behavior of the respective models. Insight is
increased by comparing sets of calculations with varying crack widths,
RCW, which clearly plays a dominant role. Yet more insight is gained
by simultaneously varying several of the significant variables. This
aspect of the study is described in the section on Sensitivity
Analysis. In the present section, however, we demonstrate how the
results are affected by varying RCW over a range of 3 decades, from
1E-2 CM to 1E-5 CM. The other variables are held constant in this
section and are listed in table AR.5.3.

In principle, all of these "constants” should be varied in
sensitivity analyses. We demonstrate the principles of variation,
however, by first looking at simple variations, beginning with only RCW
in this section, and then considering the combinations DCP, BMCL, CC,
and RCW. These four variables represent the dominant initial forcing
functions for heat, porosity, intensity of fracturing, and crack width
(the primary influences on potential flow rates).

Table AR.5.4 gives a listing of results for a variation of RCW from
JE-2 to 1E-5 CM, PFigure AR.5.3 illustrates the corresponding
dissolution curves of contrasting form and duration as functions of
time. Figures AR.5.4 and AR5.5 show the respective regimes of behavior
in terms of PENETRATION TIME and OVERRUN TIME,

Figures AR.5.4 and AR.5.5 demonstrate some valuable generalizations
about flow in cracks., RFST 1 and 2 represent OPTION 1, and RFST 3 and
4 represent OPTION 2 for calculating numbers of cracks. OPTION 2

determines the number of cracks independently of the crack width, RCW,
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whereas in OPTION 1 the number of cracks depends directly on RCW. At
values of RCW below 10'3 CM, OPTION 2 always gives much longer
dissolution times than OPTION 1 because of the rapid decrease in
overall conduit volume. On the other hand, for values of RCW > 10 > CM
dissolution according to OPTION 2 may go to completion in times
comparable to OPTION 1l; the numbers of large cracks are not
auvtomatically normalized by the value of RCW in OPTION 2.

The results for OPTION 1 show the interesting characteristic that
dissolution times are not greatly increased with decreasing RCW until
RCW falls below about 10'4 CM, and then at critical values in the
neighborhood of 107> oM dissolution times become infinitely long. We
reserve additional comment until the sensitivity results are described,
but clearly dissolution times are extremely sensitive to the mode of
cracking mechanisms.

Comparison of figures AR.5.4 and AR.5.5 show that crack closure and
decay of brine pressure head affect the limits of the respective flow
regimes but do not change the form of behavior. These negative
feedback effects, however, become very important for OPTION 1 near the
critical value of RCW.

AR.5.4. Computer Runs for DISSCC: Demonstration of Sensitivity Analysis

Our approach is to simplify in the extreme so that essentials of
the analysis are conspicuous. Accordingly, the number of parameters
chosen are the fewest that represent the principal source factors for
héat, compaction and brine flow (to clarify this point go back to
section 5.3 and the comments concerning "constants® in table AR.5.3).
Therefore we selected for variation DCP, BMCL, RCW and CC.

Numerical ranges were chosen for each parameter that represent
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maximum plausible limits as follows:
0 <DCP < 0.376
0 < BMCL < 540

~4 < row < 107!

10

B 0 <CC <5

For example, the range of DCP represents thermal loads from 0 to
about 250 kW/acre; the range of BMCL represents total porosities of the
mined region ranging from 0 to 30 percent; the range of RCW represents
cracks from submicron widths to a tenth of a milliﬁeter; and CC ranges
from zero to 5 reference cracks per centimeter of vertical displacement
(see section IR2A.4.2.5, p. 115).—/

Within these ranges each parameter was assigned 20 values using the
Latin Hypercube Sampling technique, LBS (McKay and others, 1978).
These twenty values were chosen as a number that is manageable and yet
gives a reasonable test of the statistical approach (R. Iman, oral
communication, September, 1979). Even with this small a sample per
reference set, a minimum of 80 runs are required to calculate the
corresponding ranges of penetration and overrun times. Tests involving

different choices for the parameter ranges increase this number. Our

conclusions are based on about 140 runs.

/

—'The ranges of these parameters is based on inference and hearsay.

By "hearsay,” we mean that the ranges of DCP and BMCL represent values
iéntioned in verbal discussions with many participants in evaluations
of Depository Design (see Interim Report, Chapt. 1). By "inference,"
we mean that we have chosen ranges of RCW and CC based on our

particular subjective evaluations of geologic plausibility.
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The results of sensitivity calculations essentially confirm that
RCW is the dominant parameter and that the form of behavior is
anticipated by the results illustrated in AR.5.4 and AR 5.5.

Regression analyses were done for two models. The dependent
éiriables were the times of termination of the runs, i.e., the
Penetration and Overrun Times as illustrated in figures AR.5.4 and
AR.5.5. The first model used the DYNAMO results directly ("raw data")
and the second used a ranked set, as defined below. The data basically
represent times when the waste horizon is breached either at a point,
as defined by the single cavity diameter (penetration time), or in a
wholesale manner, as defined by the total amount of salt removed; a
related time represents completion of subsidence over the entire
repository area. Thus, regressions for each reference set of
calculations were done for each of the variables SCDIA, SCDIAC, AVNEC,
AVNECC, SO and SOC.

Figures AR.5.6 and AR.5.7 give examples of plots of Penetration
Time, determined from SCDIA, versus each of the parameters chosen by
the regression to fit the output (raw data and ranked data). The
regression chooses the minimum number of parameters that fit at least
fifty percent of the output range. It then continues to choose
additional variables until an optimum combination is achieved as
determined by the variation of the predicted error of the sum of the
squares (PRESS value). In this instance two sets of three combinations
;ere chosen successively by the computer code: CC, CC and RCW, and CC,
RCW and ccz.

In each iteration, regression equations are derived for the output

in terms of the chosen variables. We do not give these equations

1355a Shaw and others

37



because they apply only to the appropriate range and must be viewed in
terms of the full array of statistical tests, which we do not have
space to reproduce. Out of context, the equations can give grossly
misleading results. The significant results are the sequences of
variables chosen in the two modes to fit the scatter shown by figures
AR.5.6 and AR.5.7.

Comparison of the raw data and ranked data (compare figure AR.5.6
with fiqure AR.5.7) shows an interesting statistical result that was
discovered accidently. This set of results used equation sets for the
OPTION 1 cracking mode (numbers of cracks calculated from the crack
width) for which the dominant sensitivity parameters should be RCW,
DCP, and BMCL; the parameter CC applies only to the other cracking
mode. Inadvertantly, however, the regressions were performed including
CC as a Bensitivity variable, and, by chance, the sampling of CC
happens to correlate so strongly with the other variables that it was
chosen as the dominant variable in regressions on the raw data (figure
AR.5.6). The correlation, however, is inverse to what would be
expected if CC were a variable parameter, and the regressions are
totally spurious. The strong correlation occurs because the result is
weighted by a large value of CC which happened to be cambined in
sampling with a small value of RCW. Bven such a highly spurious
result, however, was corrected by the ranked regressions.

Ranking of data is based on choosing an artificial scale in which
éach value of input and output is ranked sequentially from 1 to 20 and
éiven that number as its numerical value. In terms of the rank scale,
RCW is the dominant variable and shows an almost linear proportionality

to all the output variables (i.e., end times calculated from SCDIA,
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SCDIAC, AVNEC, ANECC, SO and SOC), as illustrated in figure AR.5.7 for
SCDIA. The strongest secondary correlation is with the product
DCP*BMCL, though the scatter of values is much greater.

Regression by rank agrees with our physical interpretation of
parameter importances. It is clear that statistical results without
knowledge of expected correlations can be misleading or totally
spurious. With knowledge of expected correlations, however, the
statistical method can quantify both the ranges of uncertainty and the
appropriate hierarchy of parameter importances. 1In order to place the
statistical results on a sound footing, however, it is advisable to
test various sample ranges and distributions and to increase the sample
gize within the final distributions chosen. The output of such
repeated trials is much too voluminous to attempt to include in this
report.

Refinement of the sensitivity results should also be performed by
testing the parameter sequences as a function of time. This means
performing the regressions at several time intervals. Our exploration
of such sequences, to date, has directly supported our interpretation
of physical importance based on the results of selected simulation
exercises. That is, the process of exploration of system behavior
using simulation methods contains an implicit “"sensitivity analysis"
which, though not based formally on statistics, is confirmed by
rigorous statistical methods.

In the present instance the dominance of RCW in the statistical and
simulation tests is clear, and we can evaluate the separate effects of
DCP and BMCL from the physical equations themselves (see AR.5.4.1).

Time series regressions are more useful if the variables are less
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obviously correlated or if there are more variables with possibilities
of combined effects of less obvious nature. Like the simulation
analyses, sensitivity analyses represent methods for learning more
about system behavior by studying the evolution of the results
themselves. 1In that sense, the statistical methods described represent
a powerful complement to simulation analysis,

In fact, we suggest that the philosophy of analysis, whether by
simulation or statistical methods, is basically the same; that is, the
aim is to create an evolving methodology that leads to an understanding
or a knowing about how a prescribed system will behave when subjected
to variation of any of the system parameters. This “"knowing" is
essentially a function of experience, and we suggest that this
experience should be based on as wide an array of analytical techniques
as can be brought to bear on the problem, including subjective,
statistical, simulation, probabilistic and specifically deterministic
methods of analysis. In this context we distinguish "simulation" and
"deterministic™ methods because simulation methods, while physically
deterministic in the prescription of equations, contain an implicitly
statistical element by virtue of the repetitively exploratory strategy
of its application to system behavior.

AR.5.4.) Single-Parameter Sensitivity —— The purpose of the

genera) sensjtivity analyses was to establish ranges of simulation
response time and relative importances of parameters without having to
edmpute the limitless combinations possible. The Latin Hypercube
Sahpling technique reduces the problem to manageable size within the
specification of ranges and forms of parameter variations. There are
aituafions, however, where the correlations may not be clear, or where
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there are abrupt changes or discontinuities beyond the upper or lower
bounds of the sample range. In order to check these possibilities, we
found it necessary to make a variety of runs in which only one
parameter at a time was varied, in a manner analogous to figures AR.5.4
and AR.S.5.

Another purpose of single-parameter variations is to test
individual functions or groups of functions to verify that they are, in
fact, operating correctly with the ensemble of other equations. A
related test is to check the internal consistency of initial values of
all equations.

We {llustrate these points by reference to the behavior of DISSCC,
OPTION 1. Recall that Option ) defines the number of cracks, NC., as
the ratio of collapsed volume PVDC, to the volume of a reference crack
(given by the product RCW*CPL*CTL). The activating equation is (see
Table AR.3.4.A):

A NC.K = DA*PVDC.K/(RCW*CTL*CPL)

Physically, this form of the relation assumes that cracking
responds to an actual collapse of openings, SO; thermal expansion or
contraction does not produce openings and therefore does not contribute
to cracking. Option 2, on the other hand, calculates the number of
cracks from the vertical displacement, and therefore thermal effects
are directly included. A more complete formulation would combine
aspects of compaction cracking and flexural cracking.

The point is, in testing single~parameter variations, there is no
dissolution in Option ) when all of the porosity parameters (BMCL,
PVDC, PVPS, CL, SO) are initially set to zero, regardless of the

magnitude of thermal input, DCP. In Option 2, the thermal input
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triggers cracking and initiates dissolution over similar time spans
even if porosity is initially zero.

In order to obtain a qualitative test of a coupled response in
Option 1, we replaced PVDC with AVNEC in the cracking equation:

A NC.K = DA*AVNEC.K/ (RCW*CTL*CPL)

This equation is inconsistent with the physical assumptions, unless
it is assumed that thermal expansion actually creates some pore space
that can then begin to collapse to induce cracking. We illustrate this
version in Table AR.5.6. as Option 1 (TEF), where (TEF) refers to the
component of Thermal Expansion Feedback.

We have also modified Option 1 (TEF) in other ways to facilitate
testing single-parameter variations. One of these is the addition of a
constant term permitting an independent specification of the initial
number of cracks, as follows:

A NC.K = NCN + DA*AVNEC.K/(RCW*CTL*CPL).

Another modification is the introduction of a multiplier constant in
the equation for steady Heat Loss Rate; the constant is SHLROM and the
equation is written:

R SHLR.KL = (2E-4*(H.K-4.0)-2.4E-4)*SHLROM

The purpose of SHLROM is to permit an arbitrary and independent
reduction of the heat loss rate, for test purposes only. Other changes
are the removal of terms that result in division by zero, such as ANCC,
or the logarithm of zero, such as LNVFU, when initial values are set to
zero.

We emphasize, therefore, that OPTION 1 (TEF) IS A CHECK LIST ONLY
AND DOES NOT GIVE PHYSICALLY CORRECT RESULTS. It does, however,

illustrate some important points about simulation analysis:
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(1) It is important to learn the numerical behavior of a
simulation model when the equations are deactivated by specifying
zero values, or values that give zero result.

(2) Because of rounding by the computer, it may be impossible to

"zero" some equations; this is true of the SHLR equation that

involves differences of small numbers.

(3) There may be threshold effects of numerical origin that might

be interpreted as physically valid if the single-parameter tests

are not made.

The smallest initial value of SHLR that can be computed is of the
order E-270. Even this small a value, however, activates the
dissolution feedback equations in a time of the order of 1E4 years (see
figure 5.8). Physically, the initial numbers of cracks and dimensions
of flow are far below the limits of validity of the transport
equations. This observation identifies two important points: (a)
simulation analysis may calculate sets of internally consistent results
that include physically inadmissable numerical regimes, and (b) in
DISSCC OPTION 1 there is some threshold condition that determines the
effective starting time of dissolution feedback.

The implication of (a) is that a general or multiparameter
sensitivity analysis may be misleading if inadmissible numerical ranges
are included. The implication of (b) is that some form of additional
physical assumption or modeling is required to determine the inception
of cracking that can then grow according to the feedback relations.

For example, the hypothetical curves of figure 5.8A could be viewed as
nucleation functions for the inception of macroscopic cracking rates.

Unfortunately, we do not know what form those functions should take.
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Therefore, all we can do is to specify some arbitrary nonzero initial
condition. According to OPTION 1 (TEF), virtually any such choice that
is physically plausible leads to overrun in times comparable to the
results in figure AR.5.4. as functions of RCW.

The same effect is true whether or not we are including thermal
expansion as a factor (compare figures AR.5.8.A, B and C).

AR.5.4.2 Threshold Effects —- The preceding exploration has very

interesting conceptual implications that could have been overlooked if
we had taken either OPTION 1 or OPTION 2 at face value (a combined
model would give results essentially like OPTION 1, because it
represents the dominant rate-determining feedback).

The interesting conclusion is that the process of exploring
combinations of simulation options focuses on and virtually demands
resolution of the factors, or threshold effects, that create the
inception of feedback. In this case we have proceded as far with the
analyses as is meaningful until we can discover the processes that
govern nucleation rates for crack growth and hence the threshold times

for dissolution feedback.
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AR.6. Conclusions and Recommendations

The principal conclusion of this study is that the mechanisms
controlling the number of cracks and/or the crack widths are the
crucial determinants of the dissolution rate. Maximum potential rates
of dissolution are very high if crack widths can exceed about 10-4 cm
and if an unrestricted U-tube scenario as described here is operative.
The reality of that scenario depends on statistical tests of geologic
observations and on refinement of deterministic mechanical models not
addressed in this report. On the other hand, if likely scenarios exist
that indicate small crack widths (of order 10"5 cm) then mechanisms
involving crack closure and decreasing pressure head in the brine
column can result in very slow dissolution rates. In fact, below a
certain range of crack widths the corresponding dissolution rates are
negligible. Extensive simulation and sensitivity studies, however, are
required to establish this limit in any specific case.

On the basis of these results it is recommended that studies of
cracking mechanisms be expanded both geologically and by deterministic
modeling and that more attention be given to scenarios involving
detailed analyses of the geometry of flow paths coupled with the
information gained on cracking mechanisms. With such information, the
statistical techniques of sensitivity analysis described in this report
should give a very quantitative picture of the expected ranges of
dissolution effects. On the basis of present information, potential
mechanisms for dissolution of salt must be considered a major deterrent
to any affirmative conclusions about the suitability of bedded salt

environments as sites of radioactive waste storage or disposal.
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AR.503.

AR.5.4.

AR.5.5.

AR.5.6.

AR.5.7.
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Tables

List of Acronyms and Initialisms in DISSCC

Annotated Listing of Equations in DISSCC

Breakdown of Equations by Type

(A-D) DYNAMO Equation Lists 4 (X2} Modes of DISSCC
Example of Printout of all Variables; DISSCC OPTION 1
(A,B) Examples of Printout of all Variables; DISSCC
OPTION 2

Numerical Values of Constants in DISSCC

(A,B,C) Tabulation of Penetration and Overrun Times
varying RCW from 1E-2 to 1E-5 CM, other parameters held
constant

(A-G) Tabulation of Penetration and Overrun Times; from
Sensitivity Analysis

DYNAMO Equation Test List-OPTION 1 for Thermal Expansion
Feedback

DYNAMO Equation List-OPTION 1 (CLTST) CL Loop Test Program
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AR.3.1,

AR.3.2,

. AR.5.17,

AR.5.2.

AR.5.3.

AR.5.4.

AR.5.5.

AR.5.6.

AR.5.7.

AR 5.8.
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Fiqures

System Diagram for DISSCC
Schematic of Equation Ordering for DISSCC
Plot from DISSCC OPTION 1
Plots from DISSCC OPTION 2
(A-H) Computer plots of dissolution Variables versus
Time, varying the Reference Crack Width, RCW from JE-2 to
1E-5 CM
(A and B) Penetration and Overrun Times versus Reference
Crack Width, RCW; (A, B) OPTION 1, RFST 1 and 2
(A and B) Penetration and Overrun Times versus Reference
Crack Width, RCW; OPTION 2, RPST 3 and 4
(A, B and C) Example of Sensitivity Result Using Raw
Data; SCDIA versus CC, RCW and CC2
(A and B) Example of Sensitivity Result using Ranked
Data; (A, B) SCDIA versus RCW and DCP*BMCL
(A) Threshold times as functions of SHLROM in OPTION

1 (TEF)
(B) Threshold times in DISSCC OPTION 1 (CLTST)
(C) Composite diagram of relative effects of initial

values of heat and compaction parameters
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List of Acronyms and Initialisms in DISSCC.

Shaw and others

49



TABLE AR.3.2.
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Annotated Listing of Equations in DISSCC.
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Table AR.3.3.
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Breakdown of Equations by Type.
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TABLE AR.3.4 (A-D).
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DYNAMO Bquation Lists 4(X2) Modes of DISSCC.
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TABLE AR.5.1. RExample of Printout of all Variables: DISSCC OPTION 1

(results are identical with and without crack closure for this set of

parameters); selected interval (see figure AR.5.1).
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TABLE AR.5.2(A,B). Examples of Printout of all Variables; DISSCC

OPTION 2, With Decay of BPH; Selected intiervals (see figure AR.5.2)

A. Tabulation of numerical results for first 10,000 years.

- B. Tabulation of numberical results for first 100,000 years.
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TABLE AR.5.3. Numerical Values of Constants in DISSCC: these constants

were used in compttations varying the Reference Crack Width, RCW (see

table AR.5.4 and figures AR.S5.3, AR.5.4 and AR.5.5).
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TABLE AR.5.4 (A,B,C). Tabulation of Pentetration and Overrun Times,

varying ROW from 1BE-2 to 1E-5 CM; other parameters held constant (see
table AR.5.3).

A. Data from results for LENGTE = ]E4 YEARS.

B. Data from results for LENGTH = 1E5 YEARS.

C. Data from results for LENGTE = 1E6 YEARS.

Legend: PT Penetration Time, based on time when either SCDIA or

SCDIAC reaches 1E4 CM.

TCT - Total Compaction Time, based on time when either
AVNEC or AVNECC reaches 1E4 CM.

OT - Overrun Time, based on time when either SO or SOC
reaches 7.9E14 CU OM.

TDT - Termination of Dissolution Time, based on time when
crack closure is effectively complete, ANCC = 0 and

dissolution has stopped.

(L) - Values based on linear interpolation.

Note: Numerical values cited from these results should be
for the shortest value of LENGTH that gives the result
sought. Results read from the longer runs have larger
errors at the shorter times because of the larger value of

the time step, DT.
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TABLE AR.5.5(A~-G). Tabulation of Penetration and Overrun Times; from

Sensitivity Analysis.

Note: Numerical values are tabulated according to run length, as in
table AR.5.4. Results used for regression analysis, however, are from
the runs of shortest length that gave results for PT, TCT or OT (see

caption of table AR.5.4).
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TABLE AR.5.6.

Peedback.

1355a

DYNAMO Egquation Test List-OPTION 1 for Thermal Expansion
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TABLE AR.5.7.

Program,

1355a

Dynamo Equation List-OPTION 1 (CLTST)CL Loop Test
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PIGURE AR.3.1. System Diagram for DISSCC. The diagram gives a layout

"of the Level, Rate and Auxilliary functions (see Legend for symbols)
used to describe Dissolution With and Without Crack Closure. Names are
identified in table AR.3.1 and equations are annotated in table AR.3.2;
;bbreviated equations are shown for identification only. The lower
part of the diagram (below the Thermal Expansion box) refers to the

sets of functions that describe dissolution with time-dependent closure

of cracks.
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PIGURE AR.3.2. Schematic illustration of the approximate sequence of

calculations using DISSCC. Lines with arrows indicate the connections
of constants, initial values and functions with the equations they
feed. Self-contained portions of feedback loops are identified by
heavy dashed lines. Blocks of directly coupled equations are

identified by the symbol of their active function.
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FPIGURE AR.5.1. Example of computer plot for DISSCC, OPTION 1; results

are identical with and without crack closure. The functions plotted.
are identified by single letter symbols shown at the top of the
diagram. The numerical scale for each symbol is listed immediately
below the list of identifications; where more than one function symbol
is indicated, the numerical values are the same for each symbol. The

scale symbols are given in the DYNAMO User's Manual (PUGH, 1976;

Appendix A).

10° (billions)

106 {millions)

x
"

T = 103 (thousands)
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FIGURE AR.5.2. Example of computer plot for DISSCC, OPTION 2 WITH

DECAY OF BRINE PRESSURE HEAD (see FIGURE AR.5.1 caption for symbols);

intervals identified by braces are tabulated (TABLE AR.5.2-3).

A. Plot of first 10,000 years illustrating behavior without crack
closure.

B. Plot of first 100,000 years illustrating behavior with crack
closure. Note that there is no sign of an instability for
functions A and C (compaction and numbers of active cracks,
respectively, with closure) during the first 30,000 years or so
and then a wholesale instability develops between about 50,000

to 65,000 years.
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FIGURE AR.5.3(A-H). Computer plots of Dissolution With and Without

Crack Closure, allowing for decay of brine pressure for different
values of reference crack width (RCW), holding other parameters
constant.

A, B, C, and D: Results for OPTION 1 with RCW of 10°2, 103,

1074 ana 107° oM.

E, F, G, and H: Results for OPTION 2 with RCW of 10~ 2, 10”3,

1074 and 1070 owm.

Note: Run lengths were determined according to time required to
achieve the result sought; in some instances these results were not
achieved in a million years.

Penetration Time, PT (see tables AR.5.4 and AR.5.5), is
identified by the time for SCDIA or SCDIAC to reach 1E4 CM; Total
Compaction Time, TCT, is given by the time for AVNEC or AVNECC to reach
1E4{ CM. Overrun Time, OT, is not plotted explicitly and is somewhat

shorter than TCT in each instance.
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FIGURE AR.5.4. Penetration Time, PT, and Overrun Time, OT, versus

Reference Crack Width for OPTION 1 With and Without Crack Closure,
holding other parameters constant (see table AR.5.4). Penetration
Tfmes are defined by SCDIA (without crack closure) and SCDIAC (with
crack closure). Overrun Times are defined by SO (without crack
closure) and SOC (with crack closure). The dependent variables AVNEC
(without crack.closure) and AVNECC (with crack closure) defipe times
for the net subsidence compensating the dissolved volumes (includes
thermal expansion), called the Total Compaction Time, TCT.

A. Constant pressure head of brine (BPH).

B. Pressure head of brine decreasing with time.
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FIGURE AR.5.5. Penetration Time and Overrun Time versus Reference

Crack Width for OPTION 2 With and Without Crack Closure (see FIGURE
AR.5.4 for definition of variables), other paramteres held constant.
A. Constant pressure head of brine (BPH).

B. Pressure head of brine decreasing with time.
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FIGURE AR.5.6. Sensitivity results (raw data) plotted in terms of

dependent variables (ordinate) versus independent variables (abscissa)
chosen from regression analysis using the Latin Hypercube Sample given
in TABLE AR.5.5. The dependent variable represents actual values of
either Penetration Time or Overrun Time as identified by the name on
the ordinate.
A. Penetration Time, determined from SCDIA, versus Crack
Coefficient, CC.
B. Penetration Time, determined from SCDIA, versus Reference Crack
width, RCW.
C. Penetration Time, determined from SCDIA, versus the square of

the Crack Coefficient, CCZ.
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FIGURE AR.5.7. Sensitivity results (ranked data) plotted in terms of

dependent versus independent variables (see caption PIGURE AR.5.6).
The data of TABLE AR.5.5 are assigned values ranging in relative rank
from 1 to 20 for each variable, and these rank values are the plotteé
values in the figures. Conversions between "raw" and "rank" data are
described by Iman and Conover (1979).
A. Penetration Time, determined from SCDIA, versus the Reference
Crack Width, RCW.
B. Penetration Time, determined from SCDIA, versus the product of
Dimensional Coefficient of Power, DCP, and Backfill Maximum

Compaction Length, BMCL.
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FIGURE AR.5.8. Threshold times for dissolution feedback.

A. Threshold times for dissolution feedback as functions of SHLROM
in DISSCC OPTION 1(TEF). The horizontal dashed lines identify limits
of dissolution for complete release.

B. Threshold times for dissolution feedback in DISSCC OPTION 1
based on CL Loop Test Program (Table AR.5.7.) in which the block of
thermal equations is deleted to suppress thermal expansion threshold
effects, as in figure AR.5.8.A.

C. Composite diagram showing relative effects of initial values of
heat and compaction parameters. Other things equal, dissolution is
triggered faster by the initial thermal input than the initial value of
backfill porosity relative to the test forms of DISSCC: OPTION 1 (TEF)

and OPTION 1(CLTST).
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APPENDIX 2A

Methods of Simulation Analysis Applied to Questions
of Geological Stability of the Reference System

2A.1 Introduction

At the present stage of development there is relatively little cohesion between the model
types described earlier in this chapter. Need exists to integrate the several modeling efforts
to: (a) quantify their implications in a comprehensible format, and (b) test for interactions

between different models and for feedback loops connecting two or more process models.

Toward this goal several integrating methodologies are available, in principle to define
the scope of such relationships. One of these consists of various forms of fault tree analysis, in
the broad sense discussed by Barlow and Lambert(ZA’l); another is simulation analysis using
some form of the many computer simulation languages available today. * The analysis in previous
parts of this chapter explores some of the difficulties in trying to describe a geoloéic system in
probabilistic terms. These difficulties include: (a) problems of scale-- i.e., what are the
physical and temporal bounds of the system which must be analyzed? (b) problems of knowledge --
there is a lack of rigorous numerical constitutive relations for geologic behavior and a lack of
geophysical data and time series to generate probabilities, (c) problems of coupling and feedback--
there is usually no simple way to take account of complicated interactions using probabilistic
methods, and (d) probabilistic methods often obscure some of the common sense physical relation-
ships in the system. Point (b) is analogous to problems of weather predictions, except that we
have the additional problem of analyzing both the geological system (the geological "weather"
system) and an engineered structure that interacts with and affects geological "weather'' changes.
With respect to probability analysis, we also have the problem of generating the geological analog
of the performance characteristics normally supplied for the analysis of engineered structures,
Simulation methods seem necessary to make any substantial progress toward that goal in the
foreseeable future. Geological data collection is notoriously slow and difficult by comparison

with engineered systems because of the limited accessibility and long times involved,

E 3

We have chosen in this report to use the language, DYNAMO, distributed and maintained
by Pugh-Roberts Associates, Inc., Five Lee Street, Cambridge, Mass., 02139; see references
2A,4 and 2A, 11,
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2A.1.1 Simulation Models and Geological Perspectives

The method of simulation used in this report was chosen because it is highly developed
. . (2A.4 . - -
in many fields of systems analy31s( ) and is particularly useful in problems where boundary
conditions and system variables are poorly known - e.g., as in applications to economic

(24.5)(24.9) Application to natural systems is not known to us, but the method is

models.
promising in that context because of the ability to simplify system behavior both conceptually

and mathematically. To us, this approach to geological simulation has the following advantages:

1. It does not obscure common sense relations or mask the identity of

simplified functions,

2. It is very easily modified or completely rearranged as experience
accrues on boundary conditions or as other research modifies various

constitutive relations,

3. It provides a united framework against which to view total system

behavior,
4. It allows for feedback loops of conceptually any length or complexity;

5. By its physical simplicity it keeps the analyst aware of model

limitations that are sometimes lost in a more mathematical format.

This last point cannot be overemphasized. We are dealing with idealogical models that simply
reproduce relationships that are either known or reasonably suspected and are permitted to
interact in ways that suggest, but do not predict, how the real world may behave. We repeat

this for emphasis.

Simulation calculations of the sort described remind us by their very simplicity that
they are just idealized models. They only reproduce phenomena already known or reasonably

suspected and suggest, but do not predict, how the real world may behave.

2A.1.1.1 Questions of Geological Stability -- Three types of questions challenge our

ability to evaluate the containment potential of a repository site: (1) How accurately can we
describe the natural changes that affect the integrity of a given volume of rock over specified
intervals of time from tens of years to a million years? (2) With what confidence can we state
how these natural changes will be_modified by the disturbances invoked by a radioactive waste
repository? (3) How comprehensively can we describe and analyze the behavior of the waste
repository facility -~ an engineered structure which presents problems somewhat analogous in

difficulty to those of nuclear reactor safety studies.

B



2A,1,1.2 Strategies of Systems Analysis -- We view the methodology development as an

evolving process dependent on interaction of many analytical methods, The examples cited above
indicate that geological analysis is a key phase without which others may be meaningless exercises,

There may be stages at which analytical progress will be directly contingent on the laborious

process of geological data collection. In the meantime, however, the array of problems that

may have to be addressed geologically can be sorted and organized by the artificial creation of
system structures involving simulation analyses. These may take the form of detailed geochemical
transport modeling, thermochemical-mechanical interaction simulation, simulations of multiple
dynamic feedback processes, or possibly even some forms of fault-tree/event-tree analyses

when there develops a sufficient understanding of processes to warrant them., Though feedback
simulation is addressed in this part of the chapter, there is no recommendation that it supersede
any other, except in the sense of exploring new terrain for study and in the possibility of providing

a communications medium for coordinating other techniques,

2A.1.1.3 Role of Approximations in Systems Analysis -- Approximations are implicit,

though often hidden, in all analytical efforts however sophisticated the final product may appear,
To address analytical goals of system behavior, the system must be defined in terms of consistent
relationships between the dimensional scales of the phenomena involved, For instance, in
petrography we do not go directly to the oil immersion lens or scanning electron microscope,
First we examine the rock in the field setting, in hand specimen, in rough cut, in binocular

field, petrographic microscope, etc,, sometimes winding up with highly focused and sophisticated
x-ray structure analysis of one of the mineral grains, There are many levels of meaning and
information at all stages of this process which interact and potentially form part of what we call
our knowledge of that rock, Even this multistage process is a small part of the total effort,
There are chemistry, geochronology, physical property measurements, other field surveys

(such as provided by mapping, paleontological and geophysical techniques), and so forth,

The point is that numerical simulation analysis consists of similar hierarchies of
effort, The reconnaissance survey is often of crucial importance in either the actual or simulation

cases to the value of any highly sophisticated analysis,

Taken together, these questions pose a problem of incredible intricacy No unequivocal
statement seems possible concerning the precise nature of future system states. With respect
to question (1) alone, our understanding of the composite history of any given geological site on
this dynamic planet is insufficient to give evaluations other than by educated opinion or assertion.
Entire continents are postulated to move distances commensurate with their half-widths on time
scales of the order of 100 million years. To be sure, old rocks of relatively undisturbed character
exist, but the rocks that are now of entirely different character or have been chemically broken
down, dispersed and reconstituted in various ways were once represented by states resembling
these so-called stable rock types. The problem is that usually we are not able to say exactly

where and when these changes have taken place or will take place., An example pertinent to this
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report is shown by 200 million-year-old salt beds that still exist today, except for those beds
that have been partly or totally dissolved away. This would be a conundrum but for the traces
derived from indirect geological deductions based on local and regional studies of structural,

geochemical, stratigraphic, and geochronological continuity.

Another case in point is the phenomenon of the 1.8 billion-year-old 'fossil nuclear
reactor'' Oklo in the Republic of Gabon, (24.3) This natural situation demonstrates the potential
retention capacity of some geological settings. Oklo, however, also illustrates some of the
above questions. With what assurance can we state that another site has exactly the same
characteristics? Although "most' of the fission products generated at Oklo have been retained,
what precisely is that amount and what is the geometric scale of dispersal of the percentage
lost? Is it possible to say what percentage of the radionuclides reached surface waters? Is
there any major distinction between 10 percent, 1 percent, etc., from the standpoint of potential
pathways to humans ? An event of major chemical alteration apparently affected some of the
Oklo rocks about 10 million years ago (Ref. 2A.3, p. 257). Could that have been predicted at a

million years or less before its occurrence?

The point concerning Oklo is that evidence of radionuclide retention does not necessarily
answer the more relevant questions concerning conditions and mechanisms of fractional loss.
It does demonstrate, however, that geological data, if extensive enough, can delimit a time-space

framework against which evaluations of dispersal mechanisms can be tested,

Another aspect of geological stability is that macroscopic chemical integrity is possible
even though there has been extensive chemical exchange at the levels of trace element concentra-
tions (e.g., less than parts per thousand; see Ref. 2A,15), The fact that a rock has existed with
mineralogical and textural integrity for a long time is not in itself admissable testimony to its
chemical integrity. Documentation of the sort partially compiled for Okle is essential to such
claims. The opportunity to document analogous cases for other geological media exists at the
sites of past underground nuclear explosions (e.g., the Gnome Site near Carlsbad, N.\., which
is in rocks similar to those of another site in that vicinity which is being considered for a possible

radioactive waste facility).

In our view the most important,” and seemingly contradictory, value of approximate
("lumped parameter'') analyses, is that the very nature of the simplifications used for numerical
relationships enforces the reminder that numerical simulation under any circumstance is an

approximation technique. We are continuously warned against believing the result simply because



we know that the primary relationships themselves are incomplete approximations, ''Belief' is
often a subtle and powerful tendency when great effort and intricacy has gone into building a sophis-

ticated model, *

It is usually easier to change or abandon parts of a DYNAMO simulation, for example,
than it is to change or abandon results of sophisticated finite difference or finite element modeling,
Reconnaissance calculations also are many times faster and much cheaper, A hundred DYNAMO
runs involving many coupled phenomena can be made probably with less expenditure of time and
money than one relatively refined (but still incomplete) three-dimensional heat conduction calculation
(presupposing similar levels of prior analytical experience and insight in the two cases), In
either case the greatest time, effort, and importance goes into "'setting up the problem'' or
formulating the ideas and numerical content of the system structure, QnCe a question can be
addressed hypothetically or approximately, however, simulation languages like DYNAMO can

give conditional answers very quickly.

2A.1.1,4 Conceptual Importance of Feedback Phenomena -- There are three general

categories of functional relationships important to system behavior: (a) independent phenomena,
(b) directly coupled phenomena, and (c) phenomena that are part of feedback cycleé. These
categories are artificial in the sense that (b) may partly imply (a), and (c) usually involves

aspects of both (a) and (b),

Independence was assumed, for example, in the probabilistic discussion of this
report (Section 2,5) and requires no further explanation here, However, one qualification is
offered, Events or processes that can be treated in isolation from other events or processes in
one time-space framework may be influenced by feedback mechanisms on other scales of behavior,
A patently distorted, but graphic, example of this sort of effect can be imagined relative to
meteorite impact, Suppose that the current incidence of impacts were sufficient to effect changes
in the earth's orbital parameters so as to bring it into more direct intersection with asteroid
orbits which resulted in much higher incidences of meteorite impacts? The independence of the
event is no longer defined only by external conditions, In this case the energy and time scales
indicate that the effect is inappropriate to the scale of our problem, but the existence of this type
of behavior requires diligent searching for analogous cases that may be relevant, Other large-
scale examples can be found in relationships between atmospheric circulation, climate, and

vegetation zones,

*
There is a major distinction between building an isolated sophisticated model and a

sophisticated numerical scheme that is capable of rigorous calculations involving many variables,
The latter is used in conjunction with reconnaissance techniques and field observations to force
part of the analysis to its logically rigorous conclusion if justification exists, This capability
(like the transport modeling capability described in the main report) will be of crucial importance
to any future abilities to make more specific statements, The rougher structural framework,
however, remains as a check on tendencies to follow this special path to the exclusion of others,
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Coupled phenomena represent the class of problems most often encountered in
engineered systems, For example, flow of the working fluid in some gort of chemical reactor
may influence the behavior of other parts of the system by heat and/or chemical transfers, but
the resulting changes in behavior may have no reciprocal influence on the thermal or chemical
sources, Evaluation of the consequences is in practice often difficult and intricate, but it is

relatively straightforward,

Feedback phenomena exist in a variety of forms, There are types involving phenomena
that are also highly coupled and types involving remote and circuitous paths. We can never say
that we have discovered all of the latter, but we must continue to look for their existence if we
are to operate by other than blind faith in functional independence., Feedback may be positive (or
regenerative) leading to unstable system states, or negative tending toward steady or equilibrium

states,

An example of a highly coupled feedback phenomenon that is easily grasped and
documented, and is of potentially major concern to the behavior of mechanical systems, consists
of the relation between mechanical work, dissipation as heat, and thermal effects on system
properties. In many cases a feedback loop is established in which the mechanical work rate
itself becomes influenced by this chain of events, thereby perpetuating the cycle, The situation
is easily visualized in the flow of viscous liquids, particularly as it has been placed in dimensional

perspective by Gruntfest, (2A.8,7)

Here the heat generated by frictional resistances in viscous
flow decreases the viscosity and thereby increases the flow rate, the local heat generation rate,
and the rate of decrease of viscosity for a given driving potential, This sort of positive feedback

cycle is highly unstable,

Positive thermal feedback phenomena have been shown to be important to the flow
behavior of rocks at high temperatures and pressures by several workers (see Ref, 2A,12 for
relationships between melting and deformation phenomena). Since we are concerned with rock
deformation in connection with repository stability, a simple test of this sort of feedback was
performed relative to possible stresses and deformation rates that could be encountered in a
repository in a bedded salt deposit, At shallow depths, low stress differences and temperatures
in the neighborhood of 100°C (+10°C), energy balance calculations indicate that the time scale
of a possible thermal feedback instability is much greater than the time scale of interest (i.e.,
>>1 million years), Hence we conclude that the laboratory and the in situ field measurements
concerning behavior of salt deformation are applicable to salt deposits at shallow depths and low

stress concentrations to the extent that other sorts of phenomena are not involved, *

*
Thermal feedback effects become enhanced at higher pressures and temperatures,
hence further analyses are indicated relative to behavior of large-scale salt diapirism.



Several other phenomena in salt deposits appear to call for feedback analyses which we
have not performed, Important among these are the behavior of fluid inclusions and possible
interactions between the chemical stability of mineral hydrous phases and the mechanical pro-

perties of the rocks.

The migration of fluid inclusions in salt caused by thermal gradients is known to
represent a form of feedback (Ref, 2A,2, p, 164), Without going into details, the temperature
dependence of the solubility of salt in liquid water leads to inclusion migration up the thermal
gradient, This effect is countered by an inverse solubility relation if temperatures become
high enough to form a vapor phase., In that case the migration tendency is reversed and inclusion
distributions in principle would become stabilized, This would seem to represent a form of
negative feedback tending toward dynamic equilibrium and quasisteady inclusion distributions,

In our opinion, however, the reality of this conclusion is not completelb'r established, and further
work is needed from the standpoint of mechanical interactions and relation to temperature
histories. This report has given attention only to some questions of potentially greater whole-

sale consequences,

2A.1.2 Numerical Simulation Methods

2A.1.2,1 Choice of Simulation Language -- Several simulation languages are in wide-

spread use, We have chosen DYNAMO as the initial vehicle because of immediate availability,
simplicity, and convenience of operation, We plan to explore the possibility of using GASP
IV(ZA‘ 10) or other such languages, that offer greater options for handling discrete and discon-

tinuous phenomena,

2A.1,2,.2 Characteristics of DYNAMO -- DYNAMO is a computer technique for the

ordering and approximate solution of sets of ordinary differential equations, Its advantages stem
from many years of widespread use and consequently many built-in conveniences involving
automatic equation ordering, internal tests for consistency and redundancy, automatic or
specified plotting limits, relatively complete and convenient error messages, speed, and flexi-
bility, The equations are essentially statements concerning quantities (Level Equations), their
rates of change (Rate Equations), and statements concerning any other relaticnships required to

define the Rate and Level Equations (Auxiliary Equations),

The calculation consists of evaluation of all Auxiliary Equations at a given time based
on previous statements for the Levels (obtained either from specified initial values or previous
calculations) followed by calculations of the Rate Equations and their inputs to the Level

quantities over some specified time change. The output is in a form displaying the continuous
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functions (ten functions at a time can be plotted), * Depending on purpose, it may be desired to
compare different functions on the same plot or the same function with several choices of para-
meter variations., In the latter case one need only be sure that the equations are uniquely
specified for the different choices, Equation listings for examples of the two modes are given

in the section on results,

Although time is plotted linearly, the effect of logarithmic variation can be examined
by means of repeated calculations with lengths and plotting periods progressively increasing,
for example, by factors of ten. A time sequence can thereby be pieced together which
simultaneously illustrates on the same plot contrasts of short-term and long-term variations

of the prescribed sets of quantities,

More complete descriptions and instructions for DYNAMO are giv'en in Refs. 2A .4 and
2A.11, With these guides in hand, the more specific characteristics of DYNAMO are quickly
picked up by making test runs of functional behavior using test problems with real or invented

equations,

2A,2 Reference System for DYNAMO Simulation

The reference system used for DYNAMO calculations is similar to that described in Chapter 1.
Any differences reflect approximations assumed for the sake of illustrating numerical capability.

All numerical quantities and relationships in this report are subject to review, correction, or

revision,

2A.2,1 Rudimentary Geometric Structure

The simplified reference system is shown in Figure 2A,1, The approach is to portray
as many physically meaningful relationships as possible with the fewest possible geometric
constraints, In other words, as many parameters as possible are lumped into relationships that
approximate general behavior as though describing a one-cell model, For example, heat distri-
butions are treated only in terms of conservative input-output balances for a single volume
element, As will be shown, considerable information is obtained from such a simplistic "model"
even though little spatial detail is available, The latter sort of information is independently
available from the multi-cell modeling techniques (thermal-elastic modeling and transport
modeling), Comparison with DYNAMO results shown later illustrates the degree of approximation
available from the one-cell approach and reinforces our position that several different integrated

techniques are needed to build understanding of system performance,

*The fact that the functions are continuous is sometimes an apparent drawback. It is possible,
however, by judicious consideration of system structure to simulate discontinuities by continuous
but rapidly changing functions, Many kinds of variation can be considered so long as care is used
in choices of time steps and in checks for physical plausibility, etc,
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Figure 2A,1. Simulation Reference Volume for DYNAMO

Other relationships such as thermal expansion uplift, compaction, subsidence, cracking
and so forth are also lumped or averaged over the same volume element, The form of these

approximations will be evident when the system equations are defined,

The several groundwater pathways schematically portrayed in Figure 2A,1 are used
only to guide the form of potential access of water to the salt horizons, Mass transport mechanisms
appropriate to a given path are then examined for their potential magnitude limits, The potential
reality of these conditions are subject to other considerations (further modeling, geological data
synthesis, etc.)., Our general aim will be revealed more clearly when we describe flow diagrams

of functional system structure.

2A,2,2 Capabilities of Increased Geometric Complexity Using DYNAMO

There is no theoretical restriction on the number of cells that might be defined for feed-
back calculations, We feel that such refinements should only be attempted, however, when the
system interactions of interest are well known in the lumped parameter mode so that deviations
originating in geometric factors (including variations of physical properties, etc,) can be
meaningfully isolated. Therefore, we restrain our calculations to aspects that are, or may be,
generically meaningful in the absence of spatial detail, recognizing that greater detail is obtainable
at a price, The price is not primarily computer time and money, but the potential distraction of
analysis from pursuit of unexplored causal relationships for the sake of numerical precision in

relationships that are only partially understood,
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There are times, however, when detail may be very important to other aspects of
feedback approximation if system responses are sensitive to, or triggered by, small fluctuations
in some specific variable (e.g., temperature), Recognition of such situations inevitably depends
on the insight of the analyst. Again, this emphasizes the need for parallel and simultaneous

analytical tools,

2A,3 Systems Diagrams

The beginning of any numerical simulation consists of organizing the active functional
relationships. For consistency with DYNAMO and previous practice, we have used the form of

systems diagram and symbols described by Forrester, (24.4)

2A,3.1 Descriptive System

An attempt is made to verbally describe the nature of the reference system structure
as it is viewed from the standpoint of potential feedback relationships, The terms described in
Section 2A,3,1.1 are given no quantitative values, Explicit terms for numerical work are

defined in Section 2A.3.2,

2A,3,1,1 System Structure -- Figure 2A, 2 shows a schematic diagram of system structure

as it pertains to questions addressed to the reference system shown in Figure 2A.1. Minimum
complexity is again emphasized. An effort is made to involve the fewest possible level and Rate
Equations that still might be capable of identifying processes in the schematic system affecting
geological stability and radionuclide dispersal. Actual mechanisms of dispersal, however, have
not been addressed in the numerical demonstrations subsequently described, because considerably
more effort is desirable in probing the kinds of behavior symbolized in the lower portions of the
diagram. Currently, we have only studied some questions relevant to possible access of ground-

water to the salt horizons of Figure 2A.1.

The Levels of Figure 2A,2 (rectangles) are mostly self-explanatory and simply
represent conservation statements concerning the respective quantities. Most of the Levels are
composite, For example, the mechanical work (MW) Level represents several effects such as
thermal expansion (TE), compaction (C), work of earthquakes and faulting (EF), and other

mechanical work terms (OMW),

The ways in which the levels are organized depends on the aim of the analysis, Our
idea in this particular scheme is to explore various effects on potential groundwater access to the
repository, Levels labeled FRACTURES and OPENINGS are separated because, in principle,
fracturing does not necessarily create porosity (in fact, it could create barriers to flow with con-

sequent major changes in flow paths),
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The interactions portrayed in Figure 2A,2 involve effects of the following general
kinds: (1) effects of radionuclide decay on thermal mechanical and chemical states, (2) effects of
mining and backfill properties on lithologic integrity, porosity and compaction, (3) effects of these
work mechanisms and faulting mechanisms on fracturing, (4) the above composite effects on rock
openings, (5) composite effects on groundwater quantities and flow states, (6) effects of ground-
water on rock openings via influences on mechanical and chemical properties (particularly salt
solubility in the context of the reference system), (7) effects of all processes on the potential
access of groundwater to radionuclides and rates of their incorporation in the groundwater system,
and (8) net effects on dispersal of radionuclides out of the system via either aquifer or surface

water pathways,

Changes in the above relations are schematically described by a_series of rate
equations that govern input-output balances via the schematic valve symbols, The source-sink
"cloud" symbols simply indicate that the quantity may relate to mass and energy reservoirs of
different kinds that are defined outside the system; physically, they remind us of various possible
initial conditions, boundary conditions, and time dependent influences of external origins (changes
in geothermal flux, tectonic effects, and so on), Some types of point events (e,g., meteorite
impact) and intermittent or pulse events (e,g., earthquakes) might be crudely apprﬁximated
as to very simplified consequences using DYNAMO, but this is an area of simulation technique

that needs innovative research attention,

Level and Rate Equations are related by sets of Auxiliary Equations. In a completed
diagram the interrelationships are displayed by a network of dashed Information Lines. In
Figure 2A.2, the Auxiliary Equations are completely lumped in one general symbol for each
Level; many different kinds of functions are implied by each symbol, Here the Information Lines
are shown only to indicate their purpose; i.e,, the Information Lines of Figure 2A,2 are not
complete and are not necessarily even rigorously correct. We have included some improbable
connections to emphasize that fact, It is suggested that other persons involved in the analysis of
radioactive waste management study this diagram or reconstruct others of their own in terms of

attempts to identify functional dependencies, *

*The Information Line between RNSW and SWA, for example, may be misleading in the
present physical context., The amount of radionuclides in surface waters is not expected to have
an effect on the hydrology, unless there is a bizarre effect like influence on growth of massive
algae deposits that influence stream flow, Effects of radionuclide interactions on aquifer properties
are possibly less farfetched (e.g., as regards heat).



The symbols for the Auxiliaries in Figure 2A,2 are simply the Level symbols

followed by A. Later on, the terms included in the various equations will be assigned specific

descriptive name symbols, Symbols in the schematic Rate Equations are also the same as the

Level symbols, with the following additions:

HRN

HT

GF

HMW

TE

EF

OMW

RSP

ocC

PH

FG

SC

ST

- Heat produced by RadioNuclides as originally placed in the

repository,
- Heat Transfer by conduction and convection.
- Geothermal Flux balances,

- Heat produced by dissipation of Mechanical Work.
Note: Dissipation is included as an example of an
input that might be overlooked; as discussed in the
text, this term probably is not significant in the
context of the general balances relative to the

conditions of the reference system.

- Thermal Expansion (in context of reference system,

this takes the form of uplift).

- Compaction of pore space (such as produced by residual

porosity of mining activities, salt dissolution, etc.).

- Tectonic energy induced by Earthquakes and/or Faulting.

Other Mechanical Work (e.g., induced by buoyancy forces

of various origins).

- Rock Solubility Parameters (mineralogical phases present,

their stabilities, solution properties, etc.).
- Openings Connectivity (in part overlaps with FG).

- Pressure Head (in present context defined externally by

reference to hydrologic modeling; see discussion in Chapter 3),

- Flow Guides (in present context, identified by geometric structure
and specified assumptions relative to Figure 2A . 1; repetitive

modeling of hydrologic options is essential to sorting the relative

importances of artificially imposed flow conditions ).

- Solute Concentration (as it affects solubility, hydraulic properties

of water, thermodynamic stabilities of minerals and so on).

- Source Terms (local conditions of water access to canisters,

canister stability, leaching, etc.).
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FTP - Fluid Transport Properties (relative to hydrology,
radionuclide distributions influenced by distribution

coefficients, etc.).
AW - Aquifer Water (hydrologic factors in aquifer flows).

SwW - Surface Water (hydrologic factors in surface flows),

Inspection will show that this is not a comprehensive list of the Rate Equations and variables.
It is given to indicate the general idea and to stimulate searches for the relevant variables and

their interdependencies.

Closer inspection of Figure 2A.2 will disclose various types of potential Feedback
Loops. Possibly, the most conspicuous type of feedback is of the sort already described (e.g.,
mechanical work-heat cycles). Another fundamental kind is the effect of a Level quantity on the
rate of change of that quantity. In one way or another this form of feedback affects every Level.
For example, the amount of heat stored in the reference system affects the rate of heat loss and
hence the subsequent heat quantity. The amount of mechanical deformation (relative to some
initial reference configuration) performed on a system influences the mechanical states and
properties of the rocks of the system, hence the future mechanical work rates. Similar statements
are true of fracturing and production of rock openings. Groundwater quantities influence future
Level states via consequent hydrologic flow rates. Radionuclide quantities in solution influence

future rates of incorporation by depletion of the finite source, and so on.

Many types of indirect Feedback Loops can be found by careful study of diagrams
like Figure 2A.2. Formally, all closed circuits in the directions of Information Arrows represent
Feedback Loops. There is virtually an infinity of involutions and convolutions of these possible
connections. The problem forced on us by questions of radioactive waste containment in geological
media is to find the dominant loops and to understand their magnitude-time relations as regards
geological stability, Diligent and repetitive construction of such Systems Diagrams, Information

Lines, and Feedback Loops assists these hierarchical sorting processes.

Only two indirect Feedback Loops will be mentioned as type examples. The first of
these is very simple to understand, but it is the most indirect and is quantitatively contingent
on some form of numerical solution of all system variables which has not been accomplished to
this date. Starting with the Heat Level on the lower right of the diagram, Information Lines can
be traced through the entire diagram and back to the Heat Level. That is, the amount and distri-
bution of heat generation by radioactivity simply depends on what happens to the radionuclides other
than simple decay in their original configurations. From the standpoint of the overall system
this represents a Negative Feedback Loop tending toward thermal equilibrium. This conclusion,

however, should not encourage complacency concerning other forms of potential thermal feedback.



Local Positive Feedback Loops of thermal origins are conceivable within this system-wide
negative feedback cycle (a simple case being thermally induced chemical reactions triggered by

transport of hot solutions).

The second specific example considers feedback between Mechanical Work, Fracturing,

Openings and Groundwater. The Heat Level is an input via Thermal Expansion (TE) and via the
temperature dependence of mechanical properties. Hydrologic parameters, in particular the
Pressure Head (PH), can be defined outside this particular subsystem, but it should be possible
to incorporate the hydrology as part of the Feedback Loop by judicious iterations in sequence

with the Hydrologic Transport Model of this Report (Chapter 3).

The main feedback of this artificial subsystem, which will be referred to as the
H-MW-F-O-GW Sector, is a consequence of salt solubility and brine transport, The feedback is

strongly positive, The rest of this appendix, other than the section on Recommendations, deals

with numerical approximations for this Sector,

2A.3.2 Specific Diagram and Equations for the H-MW-F-O-GW Sector

The bottom half of the system diagram of Figure 2A,2 is redrawn more explicitly in
Figure 2A,3, For practical reasons, some Levels, particularly Mechanical Work, were sub-
divided into several Levels, The remainder of Section 2A,3 identifies the respective equations
within a DYNAMO format, without going into their physical content, Section 2A.4 discusses the
physical approximations and dimensional content of the equations and attempts to identify their

limitations. Section 2A.5 gives the computer results,

2A,3.2.1 Heat Level -- Letter symbols at the left margin for each equation shown in the

following paragraphs indicate its type: Level (L), Rate (R), Auxiliary (A), Constant (C), Initial
Value (N), Table (T), Supplementary (S), Continuation (X).

L H.K. - H.J + DT*(HINR.JK - HOUTR, JK) HEAT
The indices J, K, L refer, respectively to an immediately preceding time (J), the current

time (K) and immediate future time (L). The time step of the calculations is DT and corresponds

in length to the past interval (JK) and future interval (KL), Algebraic symbols are standard,

except that the asterisk indicates multiplication., For algebraic conventions and other elaborations

(2A.11) (2A.4)

of equation writing for DYNAMO, see Pugh and Forrester,
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Figure 2A,3., System Diagram for H-MW-F-O-GW Sector

The active equations for the Heat Level are as follows (in this section equations are

simply named without derivations or dimensional quantities; where equations could not be completed

without discussion of physical principles, their types are indicated parenthetically - see Sec, 4):

R

>

HINR,KL = DCP*FD.K HEAT INPUT RATE
FD.K = (Table function) FRACTIONAL DECAY
DCP = (Constant) DIMENSIONAL CONSTANT FOR THERMAL POWER

HOUTR.KL = DELAY (SHLR.JK, DSHF) _PIEAT OouUuTPUT BATE
(Note: "DELAY' refers to built-in DYNAMO functions that introduce

delayed responses of output to input functions; see Ref, 9,4, Chapter 9)
SHLR.KL = (Analytic function) STEADY HEAT LOSS RATE

DSHF = (Time Constant) ~ DELAY OF SURFACE HEAT FLUX



2A,.3,2,2 Thermal Expansion Level -- Thermal expansion is, of course, directly coupled

with the Heat Level via equations of the following type:

L  TE.K:TE.J + DTXTER.JK) THERMAL EXPANSION UPLIFT

R  TER.KL = UEC*(HINR,JK - HOUTR.JK)*HC THERMAL EXPANSION RATE
C  UEC = (Constant) UNIT EXPANSION COEFFICIENT

C  HC = (Constant) HEAT CAPACITY (AVERAGE)

2A,3,2,3 Compaction Level ~- Compaction refers primarily to average vertical dis-

placements caused by collapse of pore space in the salt horizons due to the weight of the overburden
strata; the pore space arises from both mining activities and imagined salt solutioning mechanisms,

The equations are written for the one-dimensional case as follows:

L CL.K =MCL.J - LPV.J COMPACTION LENGTH

A MCL.K = {Constant + Qutput of Solution Openings Level)
MAXIMUM EOMPA CTION LENGTH

L LPV.K - LPV.J + DT* (LPVCR.JK) LINEAR PORE VOLUME

R LPVCR,KL = (Analytic + Table Functions) LINEAR PORE VOLUME
COMPACTION RATE

2A,3,2,4 Net Displacement Level -- This Level represents simple algebraic summation

of the Thermal Expansion and Compaction Levels:
L NEC.K=TE.K - CL.K NET EXPANSION MINUS COMPACTION

2A,3,2,5 Fracturing Levels -- In any rigorous analysis, this composite Level involves

many intricate and complex phenomena which in themselves depend on other forms of interaction
and feedback not explicitly represented in the simplistic system structures of Figures 2A.2 and
2A.3, In order to carry through with the demonstration, these relations have been given con-
ditional roles. For the purposes of the feedback demonstration, the dominant relation appears to

be the connection between net vertical displacements (NEC) and fracturing:

L  NECC.K = NECC.J + DT*CREC,JK) NET EXPANSION COMPACTION
CRACKING
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CREC.KL - (Analytic function of NEC,K) CRACKING RATE FROM
EXPANSION AND COMPACTION

CTLF.K = CTLF,J + DT*(CRF.JK) CRACK TRACE LENGTH FROM
FAULTING

CRF.KL = (Analytic function of external sources)
CRACKING RATE FROM FAULTING

2A.3,2,6 Solution Openings Level -~ The production of openings by salt dissolution is

explored artificially by means of assumed pathways like those shown in Figure 2A.1 using externally

defined hydrologic parameters. Each of these modes requires internally consistent modeling to

ascertain pressure-velocity relations and pathways resulting from special permeability distributions

such as are caused by fracture networks and solution cavities. Solutioning, however, depends on

some of the following specialized forms of transport:

L

o o oo t

SO.K = SO.J + DT*(ORSD, JK + ORSCUA, JK + ORSCLAS.JK
+ ORSEDLA .JK) SOLUTION OPENINGS

ORSD. KL = (Analytic function of fracture openings) OPENING
RATE FROM SOLUTIONING BY DIFFUSION

ORSCUA. KL - (Analytic function of fracture openings)
OPENING RATE FROM §OLUTIONING BY CONVECTION TO
UPPER AQUIFER

ORSCLAS,.KL = (Analytic function of fracture openings)
OPENING RATE FROM SOLUTIONING BY CONVECTION FROM
LOWER AQUIFER TO SURFACE

ORSEDLA, KL = (Analytic function of fracture openings)
OPENING RATE FROM SOLUTIONING BY EDDY DIFFUSION
TO LOWER AQUIFER

ACLS.K = SO.K/SA AVERAGE COMPACTION LENGTH FROM SOLUTIONING
SA - (Constant)  SURFACE AREA (REPOSITORY)
MCL.K = BMCL + ACLS, K MAXIMUM COMPACTION LENGTH

BMCL = (Constant) BACKFILL MAXIMUM COMPACTION LENGTH



2A,3,2,7 Dominant Feedback Loops Investigated in the H-MW -F-O-GW Sector -- Two loops

are considered. In the first loop, Heat affects Thermal Expansion (TE) directly and Compaction
(C) indirectly via influence on the effective viscous response of a porous salt medium (EVISC) to
loading. The Net Displacement (NEC) affects Fracturing (F) by directly coupled responses;
Fracturing is additionally affected by externally defined inputs from Faulting (CRF). The amount
of Fracturing affects Solutioning (SO) which affects the amount of pore space (LPV) available for

renewed Compaction (C). At this stage a Positive Feedback Loop is established and the solutioning

effects progressively increase.

The second loop considers the effect of the transport cycle on the cooling history
(HOUTR) and hence on the TE-NEC-F-SO-C loop, This coupling has not been examined in detail
to date, however, because the solutioning feedback is so strong that small perturbations are
sufficient to set it in motion. This latter point is explored quantitatively in Sécti'on 5 on Computer
Calculations, Groundwater effects on cooling have been studied using the Hydrologic Transport
Model of Chapter 3, Heat transfer by groundwater is very important to the long term cooling
history but does not significantly influence early thermal effects relative to the feedback processes

discussed in this section,

2A.4 Physical Content of System Equations

2A.4.1 The Basic Assumption

The working principle adopted for the trial calculations was to keep them simple
enough that the roles of the individual effects could be detected when the composite system was
permitted to interact, Thus, heat transfer functions, mechanical equations of state, etc,, are
simplistic without being totally hypothetical, Rock properties are essentially those of the

reference site: for convenience, rock properties are listed in Table 2A,1,

2A.4.2 Simplified Physical Relationships

The equation forms are described in words and then in DYNAMO format (i.e,, as typed
on computer input cards); quantities usually are in c,g.s. (centimeter, gram, second) units which
are then scaled to dimensions more suitable to the scope of the problem (meters, kilometers,

years, etc), DYNAMO equations are normally labeled with their numerical units.

2A.4.2.1 Heat Input -- Heat input (HINR) is determined from the waste load specifications
given in Chapter 1. It is expressed as a Table Function of decay fraction versus time which is

multiplied by a dimensional constant representing the assumed initial thermal power:

HINR = (sec/yr)(Initial Power; watts/acre)(Fractional Decay Table)
(joules/cal)(sq.cm/acre)(Depth to Source;cm)(Density;gm/cu.cm,)

cal/gm/yr,
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For an Initial Power of 61 kw/acre, this function in DYNAMO

is written:

R HINR.KL = 0.094*FD,K RN POWER (CAL/GM/YR)

The Dimensional Coefficient of Power (DCP = 0,094 cal/gm/yr) is an amount that would produce
an initial average thermal rise in overlying rock of roughly 1/2°C per year, a rate which rapdily
decreases with time because of radionuclide decay, This decay is described by the nondimensional

ratio:

_ Thermal Power at TIME

FD =
Initial Thermal Power

Note: TIME is the built-in DYNAMO name for the value of time starting from

a specified zero, or from a specified initial value,

For the numerical work, a TABLE Function was generated in DYNAMO Language
making use of Auxiliary relations for logarithmic transformation (see the DYNAMO User's
Manual; Ref, 2A,11), where N at the left margin indicates an Initial Value Equation and T
indicates the values of the TABLE Function; X indicates a Continuation Card when more than one

card is needed to list the values,

A FD.K = EXP(2.303*LOGFD,K) RN DECAY FRACTION
N FD=1.0

A LOGFD.K = TABLE(FDTAB,LOGT.K,0, 6, 0.5) LOGTEN DECAY FRACTION
Note: The values of FDTAB are LOG10 values of FD at values of I_.OG10 TIME
ranging from 1 to 106 years at intervals of LOG10 TIME = 0,5,

T FDTAB =0/-0,03/-0,11/-0.38/-1,00/-1,80/-2,17/-2,51/-2,80/
X -3.84/-4.0/-4.0 LOGTEN DECAY FRACTION TABLE
Note: Any date identifies a particular set of data when more than one set is
used in the same context,
A LOGT.K = LOGN(TIME.K)/2,303 LOGTEN TIME (YEARS)

Note: The built-in Log function in DYNAMO, LOGN, is to the Base e,
N LOGT =0

Note: The starting time for DYNAMO runs as displayed here is at 1 year;

injtializing the TIME depends on the problem scale of interest.
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2A,4,2,2 Heat Output -- If a constant heat source were turned on at TIME = 0 at a
specified depth in the earth, a steady-state heat flow from source to surface would be approached
in a time given roughly by the ratio (depth;cm)zl(Avg, Thermal Diffusivity Rock; cm2/sec). The
source depth of roughly 600 m (see Chapter 1) indicates that this characteristic time would be of
the order 10,000 years, although detectable surface loss would begin at a time of the order of

1000 years.

This simple test gives an idea of the time delay involved in the average thermal
response, though the actual heat source decreases with time, The response near the repository
level is, of course, much faster and requires detailed calculations of transient heat transfer
mechanisms. The point is that a range of delay functions is indicated by this kind of relation
that will give an idea of thermal responses over different length scales, Some of these choices

are displayed later and are compared with the more complete calculations, '

For an initial estimate, we let the output be defined as proportional to twice the
mean temperature (e.g., as though the steady gradient were linear between a surface at 20°C and
the repository source)., We also imposed an initial geothermal gradient of 20°C/km and assumed
that all radioactive heat is eventually lost to the surface. This means that the initial temperature
at the repository depth is 32°C, for a surface temperature of 20°C, and the initial mean

temperature is 26°C,

The mean temperature is given by the mean heat content divided by the mean heat

capacity. This defines the initial value for the Heat Level:

H = (Mean Temperature;°C)(Mean Heat Capacity;cal/gm/°C)

5,2 CAL/GM INITIAL HEAT (MTEMP = 26°C)

4
s¢)
"

Thus, the Heat output in the steady state can be written as Steady Heat Loss Rate
(SHLR) (note that the geothermal flux is both input and output and therefore cancels out):

(2) (Mean Heat Content; cal/gm) (Thermal Conductivity; cal/cm/sec/°C) (sec/yr)

SHLR - (Heat Capacity; cal/gm/°C)(Depth to Source; cm)2(Density; gm/cu cm)

(Steady Geothermal Flux; cal/sq cm/sec) (sec/yr) | cal/gm/yr
(Depth to Source; cm) (Density: gm/cu cm)




which in DYNAMO becomes the approximate equation (using averages of physical properties from

Table 2A.1):

R SHLR.KL = 25.0%(H.K-4.0)/1,32E5-2,273 E-4
STEADY HEAT LOSS RATE (CAL/GM/YR)

N SHLR =0

The Heat Output Rate is then related to SHLR by means of a Delay function, The
sharpness of the output wave can be determined by the order of the Delay. For these preliminary

purposes a third-order Delay illustrates the general form of the thermal history (The mathematical

structure of the Delay function in terms of Levels and Rates is described graphically and numerically

by Forrester, Ref. 2A,4, Chapter 9):

R HOUTR.KL = DELAY3 (SHLR.JK, DSHF) HEAT LOSS RATE (CAL/GM/YR)

N HOUTR =0
Note: The expected initial value is often written only as a reminder to check the
numerical printout for internal consistency; DYNAMO automatically

initializes if equations are complete,

C DSHF = 1000 YRS DELAY SURFACE HEAT FLUX
Note: We experimented with delays of various lengths and order. The values
used are indicated in the equation listings for particular calculations
cited later. The terms in parentheses on the right of HOUTR represent
the input and delay intervals in three cascaded first-order delays, each

with intervals DSHF/3.

The above equations define the Heat Level at subsequent time intervals, from which

the updated values of mean temperature are calculated;

A NMTEMP.K = (H,K-4.0)/0.2 +20 MEAN TEMP FOR STEMP = 20°C

N MTEMP =26 DEGC

Although the implied surface heat flux is already computed by the above equations,
it is sometimes convenient to write it (or other output variables) in other forms, For this purpose
Supplementary Equations can be written for printing and plotting purposes which otherwise play
no active role in the computations, For example, the Surface Heat Flux in units of geological

heat flow units (microcalories per square cm per sec) is written as follows:

S SURFLX.K=1,0 +1.32E5*HOUTR.JK/30)
SURFACE FLUX (MICROCAL/SQ CM/SEC)

N SURFLX = 1,0 MICROCAL/SQ CM/SEC
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2A.4.2,3 Thermal Expansion -- Expansion of the planar slab is simply given by the

change of mean temperature times the thermal expansion coefficient times the thickness, The
latter two terms are combined as the Unit Expansion Coefficient (UEC), Details of expansion near
the repository margins require detailed study by means of two-dimensional thermal stress
calculations, The Thermal Expansion Rate (TER) is directly obtained from the Heat Rate equations

as follows:

(Unit Expansion Coefficient;cm/°C)

TER = (Heat Capacity;

(Heat Input Rate-Heat Output Rate; cal/gm/yr)
cal/gm/°C)

or,

R TER.KL = UEC*{HINR,JK -HOUTR,JK)/0,2
LINEAR THERMAL EXPANSION RATE (CM/YR)
Note: The Heat Capacity and Thermal Expansion coefficients are averages for
relatively dry rock, Effects of the more realistic variations of these
coefficients as shown in Table 2A.1, are quite significant and are

discussed following presentation of computer results,

N TER

0.423 CM/YR

C UEC=0.9 CM/DEGC UNIT EXPANSION CONSTANT

The cumulative expansion is computed from the Level Equation:
L TE.K-=TE.J+ DT*TER.JK) LINEAR THERMAL EXPANSION (CMM)

N TE-=0 INITIAL THERMAL REFERENCE STATE

2A.4.2,4 Compaction -- Two principal effects are considered, One is the quantitative
settling and compaction of unfilled pore space in the backfill material which is assumed to be salt,
We also assume a uniform distribution of voids with bulk porosities ranging from 3 to 30 percent,
Since the backfill layer is designed to be about 6 m thick, we assume maximum possible com-

paction lengths ranging from 20 cm to 180 cm,

The second effect is compaction of porosity caused by solutioning, In order to make
the calculation similar to the above mechanism, we assume that solutioning was uniformly
distributed, Local compaction or collapse rates (e,g., as occurs in the formation of at least
some breccia zones in salt) have not been explicitly simulated, though some estimate of the

possible growth rate of a localized cavity is made later in the solutioning calculation,



The simplistic assumption from the mechanical standpoint is that the response to
loading is approximately similar to the collapse of cavities in a viscous material, We emphasize
that the rheology of salt is highly complex and incompletely known, An assumption such as ours
gives, at best, an estimate of gross displacements averaged over long times., The averaging is
based on comparisons with effective times for viscous deformation obtained from data given by

Heard(ZA'g) (2A.2) The

and from the in situ measurements made during Project Salt Vault,
validity of the assumption depends on the phenomenon being simulated, Average subsidence rates
in a widespread planar layer may be approximated on this basis, whereas it may have no validity

at all for the deformation around a single waste canister,

The relationship used is based on some experiments by one of the authors on collapse

2A.14) 4 yas found that the approximate

of cavities in a viscous material simulating molten rock.,
compaction rate was exponentially dependent on the time interval multiplied t;y the ratio of
effective pressure acting on the voids to the effective viscosity of the matrix. This relationship
was checked against average convergence rates in the Salt Vault experiments using an estimate
of viscosity for salt from Ref, 2A,8, The comparison agreed within a factor of about three; this
agreement is considered good in terms of the assumptions and the fact that we are dealing with
effective viscosities of the order of 1018 to 1019 dyne/sec/cm2 (poise), The compéction function

was roughly adjusted to the Salt Vault data and a TABLE Function was derived for the effective

viscosity. It is emphasized, however, that this ""calibration" cannot be considered general, because

every site is to a degree structurally and compositionally distinct., We therefore tested variations

differing by a factor of ten,

The Compaction Equations involve relations between the three lengths (one-dimensional
case): Compaction Length (CL), Maximum Compaction Length (MCL) and Linear Pore Volume

(LPV). The latter represents the uncollapsed void space at a given time:

L CL.K=MCL.K-LPV,K COMPACTION LENGTH (CM)

L LPV.K:=LPV,J +DT*LPVCR.JK LINEAR PORE VOLUME (CM)
N LPV = BMCL

N CL=0 INITIAL COMPACTION REFERENCE STATE

C BMCL = 60 CM BACKFILL MAX COMPACTION LENGTH (CM)

Note: A value of about 10 percent initial porosity was assumed in most calculations
as an estimate of the best possible backfill procedures; values two or three

times larger are considered likely by many observers,
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The Linear Pore Volume Compaction Rate (LPVCR) is based on the function given in Reference

2A.,14,

LOG, Linear Pore Volume at TIME K
Linear Pore Volume at TIME J

_ -(Effective Load Pressure;dyne/sq cm) .
" (Effective Viscosity; dyne sec/sq cm) (TIME JK;sec)

Rewritten in DYNAMO format this becomes:

R LPVCR.KL = LPV,K*EXP(-2,303*ELP*3E7*DT/EVISC.K)/DT-LPV.K/DT
LINEAR PORE VOLUME COMPACTION RATE (CM/YR)

C ELP =1,3E8 DYNE/SQ CM EFFECTIVE LOAD PRESSURE

A EVISC.K - TABLE (EVTAB,BFTEMP.K, 0,250, 25) EFFECTIVE
VISCOSITY (POISE)

EVTAB =1,15E19/7,08E18/4,.47E18/2.81E18/1,78E18

1,26E18/8,91E17/6,61E17/5,01E17/3, 80E17/3.02E17

Note: The effective Viscosity is tabulated at intervals of 25°C from 0 to 250°C,

v

The temperature dependence was estimated from Ref, 2A,8,

A  BFTEMP.K = 32 + 2*(MTEMP, K-26) APPROX BACKFILL
TEMPERATURE (DEGC)

N BFTEMP =32 (DEGC)
Note: The temperature near the Repository depth is assumed to dominate
the compaction rate. It is taken to be the initial steady state
temperature plus twice the change in mean temperature of the

overburden,

The Maximum Compaction Length (MCL) is introduced above as a variable because
later it is related to the amount of solutioning., We also reiterate that the above equations are of
the most simplistic form for the mechanics of compaction, We could, for example, have written
a stress-strain-time-temperature function from results like those given by Bradshaw and
. (2A.2)
McClain

this stage. When the simulation results are better understood, however, it may well become

, but the complexity would only add confusion to the demonstration calculations at

critically important to simulate the rheology in great detail,



2A.4.2.5 Cracking -- Relationships describing fracturing phenomena are based
largely on intuitive guesses constrained by some simple observations of limits, These guesses
are required to carry through a numerical example of how such generic functions can be coupled

together. It is hoped that they will also serve to encourage more realistic assessment,

The potential multiplicity of cracking phenomena is reduced to two kinds of input
functions: (1) cracking caused by bending and layer extensions as consequences of vertical
motions, (2) cracking related to existing and created fracture zones produced by any faulting

phenomena,

Figure 2A,4 schematically illustrates the reasoning applied to cracking caused by
vertical motions of layers, Here, the distributions and orientations of cracl:{s are drawn only
in the intuitive sense that some distributed cracking will occur and there are likely to be zones
of more concentrated cracking related to regions of greatest flexure. The only quantitative tests
made to date are from numerical modeling of maximum elastic stresses caused by thermal
expansion. As shown in Figure 2A,5 the loci of maximum tensile stresses are near the
repository margins and are concentrated in the shale layers.* Although some incompetent
rocks fail at these stress levels in laboratory tests, most rocks have higher appar;ent strengths.
The view expressed here, however, is that whereas this is true for short-term experiments,
most rocks will fail in one way or another under such sustained stresses if the stresses are

maintained for periods exceeding 100 years,

The limiting condition for the amount of extension cracking was estimated on the
assumption that if the layer is assumed to be ''clamped'' at some lateral distance from the
repository site, then any vertical motion implies a change in length which is compensated by
fracture porosity, This does not allow for ductility and a compensating attenuation of thickness,
which is one point, among many, that will require detailed analysis of all relevant rheological
parameters (stress, strain, time, temperature, mineralogical state, textural state and

anisotropy, pore fluid pressure, etc.),

*
The calculations behind Figure 2A,5 will be discussed in 2A,4,2,5.1,
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The magnitude of the extensional fracturing can be expressed in terms of numbers
of Reference Cracks of trace dimensions 1 millimeter width by about 3 km in length (roughly the
diameter of the repository). The volume of fractures depends on the number and depth range of
such cracks. During uplift or subsidence, imaginary horizontal lines will be stretched by amounts
depending on flexural form and any compensating ductile flow. For example, a simple conical
uplift of a meter would produce a change in surface area of a stratigraphic horizon (e.g., change
from the area of a plane circular disc to the surface area of a right circular cone) of the order
of 2 x 104 cmz. This would correspond to the trace area of roughly one Reference Crack. Convex,
concave, or even more abrupt punch-like forms of uplift or subsidence create greater and more
localized forms of extension near the margins of the deformation. A change of surface area of
a punch-like uplift or depression (which seems likely for such a tabular source horizon, either
from thermal expansion or compaction) could produce an areal stretching of some horizontal
reference plane by something like 1 x 108 cm2 per meter of vertical motion. The volume of
cracks formed is impossible to estimate, and their distributions would be complex, but in terms

of areal ratios of extension to trace area of a Reference Crack one can estimate about 5000 cracks,

Another way of looking at limits is to consider the displaced volume of one meter
vertical displacement over the repository area (a meter is used as a comparison length because
of the backfill maximum compaction lengths, BMCL, discussed in the preceding section). This
would amount to about 1013 cm3 volumetric displacement. If even one percent of this volume is
not totally compensated by displacements at the ground surface, an internal fracture space
amounting to some hundreds of cracks of Reference Volume 50 meters x 3 kilometers x 1 millimeter
(=1.5x 108 cm3) could be formed. Cracks of this dimension are chosen for comparison because

they dimensionally represent the scale of cracking that could significantly breach the shale layers

above and below the salt horizons of the Reference Site.

These general bounds suggest that cracking may be roughly proportional to vertical
displacement with a proportionality constant ranging from about 1 to 1000 Reference Cracks per
meter displacement. In later calculations we have usually used the factor 5*h Reference Cracks,
where h is vertical displacement in centimeters. Intuitively, this factor is probably near the
upper bounds of estimate, so we have also made calculations over several decades of decreasing

magnitudes .

The corresponding DYNAMO equations are written as follows:

L NECC.K = NECC.J + DT*(CREC.JK) NUMBER OF REFERENCE CRACKS
FROM NEC
N NECC=0 INITIAL STATE OF CRACKING
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R CREC.KL : 5*SQRT(NECR.JK*NECR.JK) CRACKING RATE
FROM NEC RATE (REF CRACK/YR FOR CM/YR)
Note: The square root function is used because NECR may be either positive
or negative. One Reference Crack corresponds to 2 x 108cm3 fracture
pore space. The coefficient 5 is probably a high estimate, though under

special circumstances the value conceivably could be several times larger.

Estimates of cracking produced by fault motions are even more tenuous than the
above estimates. Toward this goal we made compilations of fault measurements based on
U. S. Geological Survey maps, and also made some preliminary statistical analyses of the
results. The results were used to guide our initial assumptions, but they are highly tentative
and must be studied in much greater detail. We have chosen high and low estimates of both the
initial amount of fracturing related to fault zones and the rate of production of new cracking. In
these cases the fracture trace lengths at the ground surface are assumed to represent planes that

cut all strata of the Reference Site,

One of the initial states assumes that there are no fault-related fractures at the
beginning of the simulation period but that they are created at rates ranging from a' millimeter
to a tenth of a kilometer trace length per year. Geologically, this might represent the situation
in a stable tectonic region adjacent to an actively evolving tectonic province that is encroaching
with time on the stable region. The low rate of 1 mm/year is probably imperceptible either by
mapping or seismology unless it has been operating for some time, The high rate represents a
region of major faulting and earthquakes during a period of very intense activity. The value of
0.1 km/yr, however, does not correspond to single fault plane slips of that magnitude, but
represents the integrated trace lengths of fault-related cracks in a complex fault zone. For this
purpose we assume that there are roughly 100 times the fracture trace lengths as fault zone
length, meaning that the zone itself is growing at a rate of about 1 m/yr (this is many times
faster than mean crustal plate motions and therefore represents an episode of abnormally high

strain release),

Although the high rate represents a very active fault region that would be seismically
conspicuous, it is included to give some insight on solutioning consequences of high faulting rates
that are either undetected because of poor historical records or represent unexpected rejuvenation

or initiation of major faulting,

The statistical data base for these agsumptions is very sensitive to data selection,
age biasing and so on, It may be proven in time that the growth rate estimates are partly artifacts
of sampling and age criteria, It is important to notice, however, that even if the lowest rate that
might be estimated were permitted to proceed very long, there would be a great deal of fracturing

already in existence, Anyone who has spent any time in man-made underground openings of various



kinds cannot help but be impressed by this fact, Therefore, whereas our estimates may be
incorrect in space-time distributions, there is no doubt that fracture pathways are important
even in relatively stable geologic domains. These older fractures may have an important role
in that even if the vertical displacement of the previous section caused by combined thermal
expansion and compaction are insufficient to cause failure of intact rock, they still may induce
extensional opening of existing fractures, Therefore, partly as a reminder of the above impor-
tance, we write the following tentative equations including an option for an initial value of 100 km

cracking trace length that has accumulated within the repository area over geologic time:

L CTLF.K = CRLF.J + DT*(CRF.JK) CRACK TRACE LENGTH
FROM FAULTING (CM)

N CTLF =0 ASSUMED MIN INITIAL REFERENCE STATE (CM)

N CTLF =1,0E7 AVERAGE INITIAL REFERENCE STATE (CM)
Note: This last figure is based on an areal averaging of measurements of all
mapped faults younger than about 15 million years in the conterminous
U. S. normalized to trace length per 100 sq, km, It also assumes 100

fracture lengths per unit fault length (i.e,, for the zone of influence),

R CRF.KL =1,0E-1 MIN CRACK RATE FROM FAULTING (CM/YR)

il

R CRF.KL = 1.0E4 MAX CRACKRATE FROM FAULTING (CM/YR)

Note: It is assumed that fracturing of given trace length penetrates all strata
vertically, The crack volume associated with above faulting depends
on faulting style, We have assumed that all cracks have a mean width

of 1 millimeter,

2A.4.2,5.1 Digression on Two-Dimensional Stress Analysis Calculations -- Figure

2A.5 shows a representation of the loci of maximum tensile stress near the repository margins.

We digress momentarily to explain the source of that figure,

To check some of the results obtained with the present DYNAMO simulation, a two-
dimensional transient thermal stress analysis of the reference repository was performed using
a finite element computer code, The goals of these calculations were to (1) determine the thermal,
stress and displacement response of a reference geological salt formation to a reference nuclear
waste decay function, and (2) evaluate the effect of selected unknown variables in order to identify

important parameters for future analytical modeling,
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Figure 2A,6, Idealized Site Geometry for Thermal and Structural
Calculation

A schematic of the reference geological salt formation used in the calculations is
shown in Figure 2A.6. The model of the formation was assumed to be axisymmetric about the
z-axis, extending 4000 m in the radial direction and 2500 m in depth. In addition, the waste
repository was located at a depth of 631.5 m and had a radius of 1600 m. Of considerable
importance are the overall dimensions of the model, which must be large so that the boundary
conditions do not affect the thermal and stress states of interest near the repository. This

distance can be determined from the thermal diffusion constant of the material and the time of the
problem,

A close-up view of the model and the zoning used in the vicinity of the repository is
shown in Figure 2A,7,
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Figure 2A.7. Close-up View of Finite Element Zoning at Edge of Nuclear
Waste Repository

For the thermal problem, the boundary conditons are:

1. Prescribed heat flux as a function of time from nuclear waste,

2. Constant temperature at 20°C at top surface and 70°C at bottom

surface,

3. Zero heat flux across outer circumferential surface,

The temperature difference between top and bottom surfaces reflects a geothermal
gradient of 20°C/km. The initial condition to the thermal problem is the steady state solution

with the geothermal gradient,
The boundary conditions for the stress problem are:

1, Stress-free top surface,

2. Zero normal displacement at bottom surface and outer circumferential

surface,
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Initially, at t = 0 years, the entire region is considered to be stress-free, Because
of the initial thermal gradient and the fixed displacement boundaries, the thermal stresses were
not everywhere zero at t = 0, The stress-free condition was determined by first calculating the
initial stresses and displacements and then subtracting these from the same quantities calculated

at all subsequent times,

Physical and mechanical properties of the various geological layers are given in
Table 2A,1, The effects of temperature and anisotropy have been included; however, all materials

were assumed to be linear elastic,

The reference waste heat decay function is given in Table 2A,2, Upon closing the
repository, it is required to have an initial heat generation rate of 61,3 kw/'acre based upon a

1000-acre site,

TABLE 2A.2

Assumed Thermal Power, W(t), of Waste in Repository -
as a Function of Time

log, , (time in years) log, [W({t)/W(1)]

0 0

1 -0.3
2 -0.6
3 -1.45
4 -2,2
5 -3.2
6 -3.2

Some of the results of the calculations on the reference geological formation are
summarized in Figure 2A,8, From these plots, and other calculations in which selected variables

were changed, the following conclusions can be drawn:

1, With regard to the far-field thermal calculations, the maximum
temperature occurs at the center of the repository (r = 0, z =
-631,5 m), This temperature peaks at 94°C at 35 years,

Local temperatures near the canisters in the plane of the

repository may be higher but were not considered,
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The largest positive normal stress (Omax) occurs in the lower shale

layer radially outward from the repository, Stress contours for

t = 50 years are shown in Figure 2A,5, The maximum shear stress
(Tmax) occurs in the salt layer directly above and below the repos-

itory. This is also the location of the maximum compressive stress

(c__. ). The largest value for ¢ is 4,6 MPa, for T is 22.5
min max max

MPa and for (cmm)- is =45 MPa, All are a maximum at approxi-

mately the same time. Superimposed upon these thermal stresses,

however, is a hydrostatic compression stress of 14 MPa, Hence,

there are no resultant tensile stresses.

The shape of the waste heat decay function, especially for t = 100

years, has considerable effect on the temperature distributions,

The maximum ground uplift occurs directly over the center of
the repository. Its magnitude and distribution with time is
strongly affected by the thermal expansion coefficient of the
salt layer, since this is where the largest temperature dif-

ferences occur,
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gure 2A .8, Summary of Results of 2-D Calculation for Reference
Repository and Waste Heat Function

121



2A.4,2.6 Openings From Solutioning Effects -- Only the openings related to the

fracturing effects discussed in 2A,4,2,5 are considered numerically, Other openings, such as
dilations caused by uplift, subsidence, and deformations of other origins (geothermal effect of
igneous phenomena, tectonic block sliding, vertical tectonic motions such as the ""Palmdale
Bulge'" in California, and so on) are not evaluated, though all of such phenomena are candidates

for feedback analyses,

First, we write an expression for the volume of solutioning related to various

mechanisms and then discuss the assumed limits of the respective rate equations, as follows:

L SO.K = 50.J + DT*(ORSD,JK + ORSCUA.JK + ORSCLAS,JK + ORSEDLA, JK)
SOLUTION OPENINGS (CU CM)

N SO=1CUCM MIN INITIAL REFERENCE STATE
Note: This latter value is assigned as the minimum limit in case logarithmic
transformations or inverse ratios become involved in the calculations
(i.e,, functions often need checking to see that they do not involve the
Log of zero or zero in a denominator), Other initial values are implied

by the assumptions on initial fracture states,
The rate equations were previously named and are discussed below,

2A.4.2.6.1 Opening Rate From Solutioning by Diffusion (ORSD) -- This rate is
assumed to depend primarily on pathways between the salt horizons and groundwater in aquifers,

which depend, according to our assumptions, on intersecting crack volumes,

The calculation supposes that all cracks defined above intersect the aquifers and pro-
vide a diffusion path of brine from the salt horizons (we are not considering radionuclide diffusion

at this stage),
The mass transfer depends on the following approximate relation:

(Mass Diffusion Flux;gm/cmzlsec) = -(Diffusivity;cmz/sec)

*(Gradient of Concentration; gm/cm4)

Assuming an average gradient between pure water and saturated brine over a path length of

; -4 4 .
about 50 meters shale thickness, we obtain an order of magnitude estimate of 10 ~ g/cm’, which
for a diffusivity of 10-5 cmz/sec (typical of aqueous solutions at room temperature) gives a mean

flux of 3 x 10”2 g’m/cmz/yr.
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There are, of course, factors like concentration and temperature dependence of
solubility and diffusion, tortuosity of paths, and so on, but these refinements are masked by
the coarseness of the assumptions on fracturing, We note this but also try not to forget that
whereas our assumptions may be reasonable for gross transport, the details of diffusion would
be important in any situation where a chemical species might act as a catalytic trigger to some
other form of instability (e,g., access of even small amounts of water can be of crucial importance

to the mechanical stability of glass).

There are three contributions to the integrated mass flux or mean mass transport
rate: (a) crack trace lengths from NEC, (b) crack trace lengths from faulting rates, and (c) initial

fracture trace lengths., The combined effect leads to the combined proportions:

R ORSD.KL = 1.0E4*SQRT(NEC.K*NEC.K) + 1,0E2*TIME.K + 1.0E5
OPENING RATE FROM SOL BY DIFFUSION (CU CM/YR)
Note: We have rounded to the nearest factors of ten and have ignored corrections

for the density of brine.

The first term on the right depends on the non-linear history of compaction and
expansion, the second term represents the high estimate of constant fault fracturing rate, and
the last term represents the high estimate of initial fractures, These terms illustrate that if
NEC is of the order of 1 meter, then the second term only becomes more significant than the
first term for solutioning after about 104 years., The last term on the right initially dominates
the other two but is exceeded by the first term when NEC exceeds 10 cm, With feedback, however,
even if NEC caused by thermal expansion and backfill porosity were initially negligible, the
porosity from solutioning by the latter two terms eventually will allow the first term to dominate,
It is also noted, and displayed later, that the volumetric magnitudes for diffusion transport are
not large (e.g., of the order of one cubic meter per year per meter of NEC for the first term,

This value occurs after 104 years for the second term),

2A,4.2.6.2 Opening Rate From Solutioning by Convective Transfer to Upper Aquifer
(ORSCUA) --Figure 2A, 9 shows the assumed pathway, This is a U-tube

siphoning effect dependent on the hydraulic gradient of the upper aquifer, the cracking distribution
in the shale horizon above the salt, the permeability of the shale-salt interface, and the salt

content of interbeds in the shale.

— %Ah~20m
-
Q, —
| Aquifer |

-

e Crack Setg N
—_—

_

Salt
Figure 2A.9, Assumed Water Pathway for Solutioning By Convection to Upper Aquifer
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Initially, we assume that the crack sets are localized near the repository margins,
that the permeability of the salt-shale interface is not rate determining, and that there is enough
salt in the shale sequence to saturate water in fractures, The second assumption is consistent
with the existence of fragmented and structurally chaotic zones between shale and salt in at least
some evaporite sequences; the last assumption is consistent with the existence of both salt inter-
beds and salt admixtures in shales of evaporite sequences, The hydraulic gradient is roughly the

same as that of the Reference Site (see Chapter 3).

With these conditions outlined, we simply estimated laminar flow in narrow slot-like
conduits corresponding to 1 millimeter wide fractures, We did not allow for growth of crack

width or for the much higher trangport rates of wider cracks, These effects and various forms

of channel focussing represent other types of feedback that remain to be included in more

detailed calculations,

With these boundary conditions, we applied a relation given in Reference 2A,13 for

viscous flow in narrow tabular slots:

(Volume rate; cma/sec) =

(Pressure Difference; dyne/crnz)(Width;cm)a(Trace Length, cm)
(12)(Viscosity of Fluid; poise)(Transport Length; cm)

Taken literally, this equation gives very high transport rates (water that encounters
salt is assumed to be instantly saturated relative to the time scales of interest), Limiting
factors, however, are the flow rates of the aquifer and changes of the pressure head, For
example, when the effluent of the fracture U-tube is injected into the aquifer at a given rate it
will tend to "'pile up'' to an extent determined by how fast it is swept away by the mean flow, This
pile-up occurs to a maximum value equivalent to a factor that compensates the pressure head by
the brine density, If the water in the shale is saturated and the aquifer contains pure water, the
effluent brine column could grow to about 2/3 the head difference (4h), This would be the case

if the conduit flow is large for small pressure differences, as it is in the assumed situation.

That is, the brine plume quickly builds up until it approaches hydrostatic equilibrium
and thereafter it is replenished at a rate determined by how fast it is carried away by the aquifer

flow. Thus, for the hydrology of Chapter 3, the total discharge rate across the width of the

13

repository is of the order of 0.3(300 m)(100 m/yr)(3000 m) = 3 x 107 m3/yr (=3x10 cm3/yr),

From the head balances, the height of the brine plume could be about 4 percent of the aquifer

2

thickness, giving a maximum brine discharge of the order of 101 cmslyr.
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On the basis of this limit, we estimated the transport rate as follows (the maximum
possible rate is not reached until NEC ~ 100 m, i.e., when the salt above the repository layer

is nearly all removed):

R ORSCUA.KL = 1,0E8*SQRT(NEC,K*NEC.K) OPENING
RATE FROM SOL BY CONVECT TO UP AQUIF, (CU CM/YR)

Note that we have included only the cracking from vertical motions, because as mentioned in the
last section, it is assumed to dominate, If for some reason, however, there is assumed to be

negligible thermal expansion or backfill porosity, then additional terms like those included in

ORSD must be added, Those terms then provide potential feedback inputs to NEC in ORSCUA

as written above,

Note: Numerical calculations with terms of this type have not been
carried out as yet in as many combinations as would be desirable,

They should be included in future work,

2A.4.2.6.3 Opening Rate From Solutioning by Convective Transfer from Lower
Aqulfer to Surface (ORSCLAS) -- This solutioning rate depends

principally on the number of throughgoing cracks and the pressure head in the aquifer below the
salt horizons. Since the minimum rate is zero, we have written a relation only for the maximum

rate, in the form

R ORSCLAS.KL = 6,0E10*TIME MAX OPEN RATE BY CONVECT L,
AQUIF TO SURFACE PER ATM HEAD (CU CM/YR)

These rates are potentially very high and are limited only by the potential total discharge rate

of the aquifer (e, g,, for the above equation this could be achieved in less than 1000 years). They
are, however, subject to the difficult question of pressure distributions in fractures relative to
the lower aquifer, which may have zero or negative values. The latter implies downward flow,
Such a flow regime may be analogous to ORSCUA but with potentially higher rates because they
are not limited by the salinity plume effect, Even without the forced convection term, however,
there could be a substantial mass transfer to the lower aquifer by free convection, This is

examined in the next section,

2A.4.2,6.4 Opening Rate From Solutioning by Eddy Diffusion to Lower Aquifer
(ORSEDLA) -- An important reservation _and admonition concerning

either forced or free convection transport to horizons below the salt is that gravitational forces
favor instabilities of various types that may have quite different forms from those associated with
strata above the salt. One of these effects relative to brine flow is considered below, A potential
major effect, however, that has not been studied in adequate dimensional perspective is the
mechanical instability that will occur in the salt strata when solutioning from below occurs, We

expect that certain conditions could lead to rapid propagation of breccia zones, These involve
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forms of localized fracturing that are not accounted for by any of the equations for fracturing we
have discussed so far, Some perspective is given by the time required to form large single
cavities, This is shown later in the numerical results, However, feedback leading to even

faster local penetration seems possible, because gravity favors higher fracturing potentials,
larger fracture spacings and higher local brine transport rates by either free or forced convection,
Understanding this problem from the feedback standpoint is an important future goal and should be
high on the list of demonstration calculations for all projects related to waste repositories in salt

media,

A start on this problem has been made by evaluating the transport in terms of a one-
dimensional diffusion analogy. This form is suggested by work in progress by several investigators
elsewhere relative to the Solution Mining industry, The assumption also simplifies the calculation
in that the discharge rate can be estimated in a manner parallel to that for ORSD, except that
because the fracture pathways are below the repository we can't assume the same proportionality
to NEC, That is, at present we have no intuitive feel for where the fracture permeability will
occur below the repository even though extensional stress concentrations are indicated by
Figure 2A.5 in the underlying shale layer. It seems possible, for example, that part of the
compaction displacement could be taken up by upward displacements of the floor of the repository
by virture of isostatic and thermally buoyant adjustments in rock immediately around and below

this depth,

Our interpretation of this form of transport is that turbulent brine eddies can propagate
downward with mean diffusivities at least as great as 0,1 cmzlsec. At present this must be
considered an unsupported assumption until the relevant investigations have been described in
detail, On this assumption, transport occurs at a rate 104 times faster than with the coefficient
in ORSD, If there is a relation for NEC analogous to that in the equation for ORSD, the new
coefficient is 1,0E8 in the first term of the ORSD equation, which gives a transport rate of the
same magnitude as ORSCUA, Though we are not able to document that assumption, the consequence
of it is indicated by the ORSCUA output (except for the brecciation mechanisms mentioned above),
Therefore, at present we write ORSEDLA only in terms of fractures produced by the faulting

equations, as follows:

R ORSEDLA.KL = 1,0E6*TIME + 1,0E9 OPENING RATE SOL
EDDY DIFF TO L AQUIF (CU CM/YR)
Note: This equation does not account for all potentially important mechanical
feedback mechanisms, The transport rate assumes constant rates of

fracture creation from faulting sources only, See discussion in text,
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In concluding the section on salt transport it is appropriate to comment again on the
relationships of simulation models and more detailed transport modeling of Chapter 3, The
hydrologic model is capable of giving very good estimates of transport rates and geometric
distributions of species when the permeability regimes are known, It cannot, however, handle
variable rock properties and boundary conditions during a calculation, Therefore, we envisage
a coupled mode of calculation in which DYNAMO (or other languages) simulates the time changes
of these variable conditions, the transport model then computes the amounts and distributions of
chemical transport (salt removal, etc,) for some specified time interval, DYNAMO recomputes
changes in system properties, fracture pathways, etc,, and the transport model performs another
iteration in that mode, and so on, In practice, a set of permeability regimes could be defined by
reconnaissance DYNAMO calculations (or prescribed by other modeling or geological constraints),
From this set the transport model can generate tables of transport data which then become table
functions to be used by DYNAMO whenever a calculation encounters the appr;)priate conditions,

In this way, a large catalog of transport functions could be accumulated and used interactively

with a variety of different simulation sequences,

2A,5 Computer Runs: H-TE-C-F-O-GW Sector

It is evident from the repeated warnings in the foregoing text that numerical calculations
reported here are strictly test cases designed to provide the flavor of this approach to geological
simulation without implying any rigid substantive conclusions, We have made over two hundred
computer calculations during the report period in learning by trial and error some of the combina-
tions possible using DYNAMO, The total costs in compute'r time are trivial (only a few dollars
per calculation), We mention this to illustrate that: (a) the present report of work represents
a bare beginning on problems of Geological Feedback Simulation using a very simple form of
Simulation Language, and (b) rapid progress can be made, however, with inexpensive simulation

techniques once a problem is defined.

We cannot display many of the calculations in this report, Therefore we give equation
listings and examples of time plots in the form of direct computer outputs for two types of
calculations: (1) a composite plot of simultaneous parameter variations, as an example of
solutioning feedback, and (2) a series of plots showing results of single parameter variations
(we refer to these later as "multiplots'), Because of their length, the time plots representing

items (1) and (2) are supplied at the end of Appendix 2A,

The multiplots, shown in Figure 2A,11 (a-1) are computed in the same way as the plot of
simultaneous parameter variation shown in Figure 2A,10, However, the multiplots demonstrate
the effects of varying some of the parameters individually; these effects are shown sequentially
on a series of plots each of which contains outputs for a single type of variable computed from

several different choices of input assumptions,
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2A.5.1 Equation Listings

In order to compile the equations discussed in Section 2A.4 in one concise format, we
show a typical listing from one of the solutioning calculations in Table 2A.3. (The equation list
for each plot displayed in Figures 2A.7 and 2A, 8 is given in a key that precedes the Tables and
Figures at the end of Appendix 2A,

Parallel, but somewhat abbreviated, listings are given for the actual calculations dis-
played, The names of functions were necessarily modified for multiplots of single variables, The
general scheme for the multiplots was to write the same equations repeatedly with similar but
unique equation variables, We chose this approach in order to be explicit about data and equation
sets, although there are automatic rerun options that can make use of sets of redefined Equation

Constants (see Ref, 2A,11),

2A.5.2 Computed Time Series

Examples of computer plots are shown in Figure 2A,10* and 2A,11(a-1) for the Equation
Listings in Table 2A,4 and Table 2A.5, These calculations are shown on a time scale of 10,000
years as a compromise that gives some idea of both short term and long term behavior, Other

calculations have been made on time scales ranging from a thousand to a million years,

Generally a short title and other I.D, are shown at the top (or at the left margin if the
TIME axis runs from left to right) followed by the correspondence of Equation Variables and Plot
Symbols (HINR = P, etc.), The plotting scale is next identified for each plotting symbol for the
chosen chart divisions (either by assignment or automatically by DYNAMO); the letter symbol
immediately following the number scale represents the order of magnitude: A represents 10-3,
T represents 103, etc, (see Ref, 2A,11), Symbols that happen to plot at the same point on the
chart are listed together at the margin (e.g., E and N plot together at the upper limit of the
variable at 1000 years in Figure 2A,10, and P, C and M plot together at the lower limit of the

variable at the same value of TIME),

The equation list and function plots for the multiplots (Table 2A,5 and Figures 2A,11)
may seem confusing, but a complete explanation would be excessively long, The idea in generating
these plots was to pick a set of functions for display and perform the calculations with several
different choices of input parameters, The following tables give the choice of functions whose

input parameters were varied in Figure 2A,11:

“At end of Appendix 24,



Function Name Figure 2A,11
MTEMP
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EVISC
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NEC

NECSD (NEC with solutioning
by diffusion) i

SCDD (SCDIAM with solution-
ing by diffusion) h] '

NECSC (NEC with solutioning
by convection) k

SCDC (SCDIAM with solution-
ing by convection) 1

T

a o

=2 - L T

The functions related to Heat content (Figures 2A.11 a-f) were varied by choosing three

different values of thermal loading (roughly 30, 60, and 120 kw/acre) with various Delay times.

The compaction calculations of Figure 2A,.11g were included to show comparisons of
results using constant viscosities ranging from 1018 poise (curve A) to 1019 poise (curve C), and
using variable viscosities from table functions (curves D, E, F), Curve D in 2A,11g represents

a different compaction function from the other curves and has a somewhat lower final value of CL,

The multiplots in Figures 2A,11 i-1 show the range of solutioning effects for the range
of physical property variations in the preceding multiplots, Particularly, note the small range
of times in Figure 2A,11k where NEC goes off scale (exceeds 100 meters of solutioning and

compaction) despite the fairly wide range of variations in the input parameters.

Table 2A,6 and Figure 2A.12(a-b) give results for a time scale of one million years
to show the long-term behavior of temperature and of solutioning compaction when the solutioning

rate is decreased progressively by four orders of magnitude,

129



130

2A.5,3 Discussion of Computer Calculations

2A.5.3.1 General Summary -- As a guide to examination of the charts, some of the general

points are summarized as follows: (1) the thermal steady state is achieved between 10, 000 and
100,000 years, at which time temperatures and heat flux are indistinguishable from the normal
geothermal gradient at a resolution of 1°C, (2) mean temperatures (MTEMP) quickly rise to
maxima, generally less than IOOOC, on a time scale of 1000 years or less and fall to below 50°C
in the first 10,000 years; the position of the maximum is sensitive to assumed values of heat loss
delays and distributions of thermal properties, (3) backfill temperatures (BFTEMP) are shown as
roughly twice the mean temperature in order to represent the approximate average temperatures
near the repository level ignoring short-term variations relative to canister distributions; the

true values and their time distributions are very sensitive to the depth regions of averaging and

to differences of thermal properties of the rock strata, (4) thermal expansidn is equivalent to
uplifts measured in tens of centimeters when compaction is not taken into account; the maximum
follows soon after the thermal peak, (5) simple compaction of backfill porosity occurs rapidly in
the first few hundred years and has nearly reached equilibrium in times of the order of 1000 years,
(6) disturbance of the surface geothermal flux may be detectable within the first 10,000 years or so
in dry environments, but convective heat transfer by groundwater probably will obliterate this

effect in most systems (see Chapter 3), (7) solutioning effects related to the assumed fracture

paths are very large relative to the scales of thermal expansion and backfill compaction because
of feedback and may be commensurate with the thickness of the entire sale formation on a time

scale of 10,000 years.

These general results are important for comparison with the calculations provided by
the multicell model discussed in 2A,4.2,5,1. Figure 2A,8 shows some results of the finite-
element thermal stress calculation, The differences emphasize the inaccuracies of the lumped
parameter nature of the DYNAMO calculations but confirm the general magnitudes, The sharp
contrast of the larger thermal expansion coefficient of halite relative to the rock average (see
Table 2A.1) partly explains why the thermal expansion peak occurs much sooner in Figure 2A,8
than in the DYNAMO runs, This contrast combines with the more accurate representation of
peak temperature in salt at the repository level (rather than a value based on the mean of average
rock properties) to greatly shorten the peak response time, Factors of this type must be watched
for continually in thinking about the results of simplified calculations, It is important, however,
to have a feel for both this sort of response scale and the average response on the larger scale
as represented by the DYNAMO calculations, Apparently, the very simple DYNAMO calculations

categorically reproduce the kinds of responses found in much more sophisticated thermal calculations.

The most important general result, however, is that DYNAMO simulation is able to
anticipate phenomena, such asg item (7) above, that could not be predicted with the more specialized
models and which are not intuitively obvious. This conceptual conclusion supports our introductory
defense of simulation modeling as the simplest and quickest basis for discovering hidden effects

that arise from feedback mechanisms.



2A.5.3.2 Conclusions on Salt Solutioning-Compaction Feedback -- The results of

simulation calculations indicate the possibility for removal of a 100-meter layer of salt in less
than 5000 years (Figure 2A .10, curve C; Figure 2A.11k) and the local penetration of the entire
salt formation in less than 1500 years (Figure 2A .10, curve D; Figure 2A.11£). These are

drastic consequences, at face value, and need some explanation.

The reason for this rather dramatic solutioning behavior is two-fold: (1) any mechanism
at all that initiates cracking and establishes a convective siphon of the type postulated in Figure
2A .9 catalyzes the rapid acceleration of solutioning rates via the Feedback Loop of Figure 2A.3,
and (2) the maximum rate of solutioning is large because of the large capacity and discharge rate

of the Upper Aquifer of the Reference System in Figure 2A.1.

This simulation conclusion is made more severe by the fact that liberal variations in

thermal loading (Figure 2A.11 a-d), effective viscosities (Figure 2A.11f) and backfill porosity

(Figure 2A.13*) have only minor effects on the solutioning time (Figure 2A.11k and 1; Figure 2A.13%),

Figure 2A .13 is the result of a calculation in which the backfill maximum compaction length, BMCL,
was reduced to 20 cm (about 4 percent initial porosity) and the thermal load was halved. As shown
by curves C, N, and D of that figure, the solutioning times cited above are increased only by 20

to 30 percent. In fact, other calculations were made with zero initial backfill porosity and a low
value of thermal load, and the solutioning times were still less than 10,000 years. The main
conclusion is that if the conditions permit any cracking of the sort postulated, and if the hydrologic
conditions are sufficiently dynamic, solutioning instabilities of layered salt media could occur

on short time scales and hence represent major hypothetical threats to release of radionuclides

to aquifers,

In order to test these phenomena for less active hydrologic environments, we made
several runs on a million year time scale with solutioning rate coefficients (constants in functions
like ORSCUA) progressively smaller by factors of ten. One example is shown in Figure 2A.12
(a-b). * Two main conclusions are indicated: (a) the "incubation time'' before the solutioning
instability becomes conspicuous increases more or less in inverse proportion to the coefficient
(the correspondence is not exact because of the nonlinearities of the various responses; this point
needs additional "sorting'), and (b) by the same token, the system may appear stable to solutioning
effects for long times (say on the 10,000 or 100,000 year scales), and still it may be susceptible

to wholesale solutioning on the million-year time scale,

“At end of Appendix 2A.
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Geologically, it is clear even in other kinds of rock (e.g., limestone), that any pro-
cess that initiates chemical transport along fracture pathways may act as a catalyst to increased
transport. This general form of solutioning cycle is consistent with geological phenomena like
Carlsbad Caverns of similar volumetric scale to the repository that occurred on a time scale
roughly a hundred times longer in less soluble rock. There are, however, major scale differences
in depth, deformation rate phenomena, chemistry, and presumably in hydrology so that only

qualitative comparisons may be meaninful,

The reality of the higher solutioning rates will require much more careful analysis.
The rates depend critically on the criteria of fracturing, which are very difficult to specify with
rigor., The ranges of possibilities, however, can be narrowed by making calculations based on
other forms of fracturing criteria than the simplistic assumptions used for the sake of demon-

strating the simulation method. These refinements combined with a more appropriate rheological

equation of state for salt may greatly modify the results.

Much geological evidence exists that can be brought to bear on these apparent
conclusions. Unfortunately, geological knowledge of solutioning mechanisms has not been
adequately systematized in a form that permits very great restrictions on maximum rates. Also,
conditions of the sort artificially catalyzed by the local and rapid thermal loading are not pre-
sently known in the geologic record (to our knowledge), It is very difficult to state, however,
from the existing statistically small sampling of the vast areas of salt deposits, that such
phenomena as described in this report have not taken place at similar rates in some circum-

stances,

2A,6 Recommendations

There is a major and sometimes confusing distinction between the use of numerical results
of simulation analysis and belief in those results, We do not believe the foregoing consequence
curves in a context much stronger than confirmation of existing geological knowledge and intuition
that such instabilities can happen, We suggest that the results be used to continue building on
these combined experiences until some confidence is gained on how likely is the possibility. Here
again we need be careful on subjective probabilities versus empirical probabilities, though to

some degree they will have to be combined (e, g,, as occurs in weather 'prediction"),

We conclude that simulation analysis adds an important new dimension to methodology
development that can be expanded and can add new perspectives to other analytical schemes,
However, conclusions drawn from feedback calculations simply mirror and potentially amplify
the insight (or lack thereof) of the analyst. Hence, progressive incorporation of greater geological
insight is also desired. Feedback systems analysis can in itself provide a form of communications

medium if it is used within common sense geological perspectives,



Though we have not tried to do so in the time available for preparation of this report, it
is recommended that problems be classified by means of System Diagrams and Feedback Loops
of the sorts we have discussed. Several have been mentioned in addition to solutioning processes.
In these efforts we particularly recommend emphasis on searches for hidden effects that may
have significant consequences on specified time scales (e,g., time scales that may be specified
as important from the standpoint of exposure of the biosphere to radiation), One example of a

hidden effect is the time scale for the "incubation period'" of solutioning feedback,

As examples of application of simulation techniques to other forms of analyéis, we recom-
mend exploration as a tool for generating statistical populations of undersirable consequences
with associated time scales, This might be approached from the standpoint of Monte Carlo series
calculated from fairly unrestricted sets of input parameters, contrasted with' other calculations
from specified ranges and weighted interdependence of parameters (e.g., as might be specified
for ranges of mechanical behavior limited according to deformation functions such as those
described by Heard). (24.8) These methods could provide one basis for "quick and dirty"
Sensitivity Analysis; the main value of this would be to explore the relevant numerical techniques
within a context that has some specific physical meaning from the standpoint of a hypothetical
simulation model., It would still be understood that the results have no other specific import
than possibly identifying most likely outcomes among a set that are already known in the simu-
lation mode, For example, families of results for solutioning feedback might be illustrated this
way, but the results would say nothing about triggering mechanisms not recognized in the

simulation,

Another application implied by our discussions, and one we also recommend, is the use of
DYNAMO and other Simulation Languages to provide the footwork to map out problems, boundary
conditions, and specific questions to be more rigorously ''solved'' by multicell modeling techniques.
The example highlighted is the relation of fracture permeability to chemical transport in the
variety of regimes postulated, That is, are the paths, pressure heads, discharge rates, etc.,

realistic or are they artifacts of geometrical assumptions ?

The statements of this report are not intended to represent alarmist or defeatist viewpoints.
In fact, we feel that this sort of approach suggests some optimism for an eventual ability to
characterize a repository sufficiently to greatly reduce fears that have grown from doubts raised

concerning partial analysis,

Statements concerning the ultimate aims of assessing risks to the health and genetic future
of mankind have been avoided in this report, For example, no position has been taken on the
undesirability of release of radionuclides to active groundwater systems. Questions of dilution
factors, absorption factors and path lengths are also relevant to the criteria of radiation hazards.
More comprehensive systems analysis is required before geologic instabilities of the sort described
can be considered categorically bad. It is suggested, however, that Systems Diagrams and Simula-

tion Plots like those presented can also be helpful in this broader context.
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TABLE 2A.3

Typical Listing from a Solutioning Calculation

DYNAMO ITH, YERSICN 3,02

SINPLE HFAT,THERFMAL EXPANSTIAN,CONPACTICN AND SOLUTION SCCTORS
TINE=Y, YEaAR

CH.K=H,J+0T* (HINR . JK=-HOUTO  JK) 4€AT AROVF ZERO TFYP CAL/GM
Hz=5,2 CAL/GM INITIAL HFAT MTEMP=26C
CHINR . KL=0.C67*FD.K P4 POWE®  CAL/GM/YR 1/2 ORIGINAL
HINR=Q
FO.K=EXP(2,3,3°LCOFD.X) IN JDECAY FRAITION
FCz1.9
LOGFO.k=TABLE(FOTAB,LNGT.X,C,y6,0.5) LOGTEN OECAY FRECTION
LOAFD=C

FDTAW=3/7-R.03/-0.117-C.33/~-1.00/-1.8./-2.17/-2,.51/-2.85/~-3.2*7
=3.84/7-L.07-4.0 LOGTEN OFCAY FRAZTION TABLF PEVISES 6720777

LOGT.K=LOGN(TIME.K)I /2,373 LOLTEN TIME (YFARS)
L0GT=0
SHLR « KL =28 .0 (H . K-4,)/1.32F5-2.273c -6 STFAQY 4FAT LOSS RATE "CAL/GM/Y
ShLo=n
HOUTP (KL =0ELAY S (SHLR, JK,0SHF) 4€AT LCSS RATE CAL/GM/YR
HOUTR=0Q
_ OSHF=1C0C YRS JELAY SUPFACE HFAT FLUX
. MTEMP K= (H.K=t.0)/73.2¢27, MEBN TEMP FIR STeMP=20°
__ MTEMP=26 .
SURFLX.XK=1,L%1.32E5° (nOUTP, JK/ 30) SUFFACE FLJX MICROCAL/SQCM/SEC
. SURFLX=1.0
TE.X=TE.J*OT*(TEF.JK) LINEAR THERMBL EXPANSION (CM)
TeE=0 . INITIAL ThIRMAL REFEREINCE STATE
TER.KLSUEC® (HINR.JK-MOUTR,JIK)I/0e2 LINEAR TE RATS (CH/YR)
..... TER=Q0,4e3 . = |
UEC=0.9 CM/DEGC UNIT EXPANSION CONSTANT
__ DTEMP (K=DTS(HINR, JK-4NUTR, JK) /0.2 OELTLE TEMP UK DEGC
ODTEv4P =0
NEC,K=TE +K-CL.K NET FXPANS[ON MINUS COMPACTION (CMY
NEC=0
BFTEMP K=3242* (MTENP .K-26) aPPROX QACKFILL TEMP JEGC
BFTImMp=32
. CL.K=MCL.J=LPV.J CUOMPACTIOM LENGTH (CM)
CL=90
LOPV.K=LPY,JeLT*LPYCR. UK LINEAR PORE VOLUME (Cwm} o
LPY=60
LPVER (KLZLPV . K*EXP(=2,3N3%ELPY 3. 0E7 *uT/EVIST K) /DT-LPV.K/DT
07E LINEAR FORE ¥OLUME COMPACTICN RATE (CH/YR

MEL K=8MCL+ACLS.K HMAX COMPACT LENGTH AT TINE (C™)
BMCL=6C Cw RACKFILL MAX CAMPACT LINGTH
__ _ACLS.K=S0.K/SA.K_A¥G COMPArT LENGTH FROM 30L (CM)
SA.Xx=RA SOLUTIONING AREA (SQ.CM) o
PA=7.9E10 REPOSITDRY ARFA (5Q.CM.)
ELP=1.3F8 CYNE/SICM EFFECTIVE L 0AD PRESSURE
NECR.K=TER,UK-LPVCR. JX  NET EXPANSION MINUS COMPACT RATE(CM/YR)
EVISC.K=TABLE(EVTAB,BFTEMP.K,9,250,25) €FECTIVF VISC (PQISE)
EVIA3=1,15619,7.03E18,4.,47€18,2,51718,1,78E18,1.25E18,
B.91E17,6.61€17,5.,02E17,3.AC€17,3,02517 oo
_S0.K=S0, J+DT* (ORSD, JK+0OPSTUL, SX*ORSCLA S UK+ORSEDLA, yx) SOLUT.OPEN.(CUCH
S0z1 CU.CHM., MINIMUM SOLUTION OPENINGS
OKSOeKLZ0
ORSCUAKL=143EB*MAX (NEC.K,-NEC,K) OPEN RATE FR0OM SOLUTION BY CONVECTION
oTE JP AQUIFEP (ZU.CM./YR)
ORSCLAS.XL=C ’ oo T T o
ORSEDLA.XL=C
SCDIAM.K=2,L*EXP(LNVFUNC.K) SINGLI CAVITY JIAv(Cw)
26,332 LOGNISO.K) Lotk

rPPOVZADIFXAPPOOPBPOPZIVNZrZIrZIBZ P2 N

POINT CL,NET,S0,SCCTAM,ORSCUA,ACLS,MCL,LPV,3FTEP,TE,HINR,HOUTR

PLOT CLE=A(Cy1.0E0)/SCOTAN=0(D,”.0E%)/302S(0,0848E15)/CL=C(0,1.0E4}/
X oo NEG=N{~14QE4s Q) 22FTENMP=A/TEZE/HINR=P/ DU TR0

SPEC OT=1C0/LENGTH=1 ,0E5/PLTFER=L.IFL/PRTIPFR=100

RUN 10 YR OT TO 1,0E£€ NFW HINP,FOTAR.Z,CRICUA 0SHF=1300

1347  OF 2472 UOATA LIST wORNS
— 127 OF_ 200 _SyMOOL TAagLE VAPIAQLES
9 OF 1€ MACKO DEFINITINNG
11 OF 15 OUTPUT RFCORUS (PLOYT CARLS/PRINT LINFS)
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TABLE 2A.4

Equation Listing for Plots in Figure 2A, 10

_OYHAMO [JFs VERSION 3.C2

BMCL=56(C, SO MIN AND ORSCUA={.0EB.s.

N TIME=1. YEAR
L. HeKIH JeNT® (HINR, JX=HOUTR, JX) HEAT ABOVE Ztk3J TEMP CAL/OGM
N H=6,2 CAL/GM INITIAL HEAT MTEYP=26C
R HINR,KL=3,09<°FD.K RN POWER CAL/GM/YR
N HINR=Q
A _FD.X=EXP(2.333*LNGFD.X} . RN DECAY FRACTION
N FO=1.0 :
A LOGFD K=TABLE(FDOTAY,LOGY . K,5y6,0.5) LOGTEN OECAY FRACTION
N CGF0=90
Y FOTAB=L(/-0.03/-6.11/-0.338/-1.00/-1.80/~2.17/-2.51/-2.80/-3.287/
X ~3.%%/-4.0/-4.0 LOGTEN DECAY FKACT ION TASLE REJISED 6720777
A LOGT . X=LOGNITIME.K2/2.353 _ _ _ LOGVEN TIME (YEA<S)_
N LOGT=0
R SHLR.KLZ325,0%(H,<-e,1/1,32E5~2.273E-4 STEADY HEAT LUSS RATE CAL/GH/Y?
N SHLR=0 :
DR HOUTP ,KL=DELAY 3 (SHLR.JK,U3HF)  HEAT LOSS RATE CAL/SM7YR
N HOUTR=0
_.C_____OSHF=100 . .
[ MTENP K= (HoK~4.00/G.2¢20. MEAN TEMP FOR STENP=20C
N MTEMP=2¢
s SURFLX.XK=1.041,32E5%(HOUTR.IK/ 3D SURFACE FLUX MICROCAL/SGCM/SEC
N SURFLX=1,0
TTTTTTE WLKETELJSDTO (TERLIKD UINEAR THERMAL EXPANSION (CM)
TE=D o INITIAL _THEIMAL REFERCNCc STATE
TEP.KL=UEC® (HI VR, JK-HOUTR, JX170.2 LINEAR TE RATE (CM/YR)
A TER=0 .23
UEC=3.9 CM/DEGC JNIT EXPANSION CONSTANT
oS DYEMP .K=0T® (MINR. JK~HIUTR . JKD 7§ .2 CUELTA TEMP JK DEGC
DTENP=0
_ BFTEMP,K=324 2% (MTEMP,K-20)  APPROX BACKFILL TEMP DEGC
BFTEMP=32 ) - T

~ BMCL=60 CM BACKFILL MAX COMPACT LENGTM

SA.K=RA SILUTICNING AREA (S2.CHM)

_RA=7,9610 REPOSITORY ARtA (S2.CM.

ELP=1.3E8 OYNS/32CM EFFECTIVE LOAJ PRESSURE
EVISC.K=TA3LE(CEVTADVBFTEMP.K+0+256,25) EFFECTIVE VISC (PIISE)
EVTAB=1.45¢19+7.08E18, 0. +7€16+2.81E18,1.78E18,1.26E18,

_______ B8.91E17+16.61E17+5,00217,3.83217,3.02€17

DRSCUL.KL=14JES®MAX (NECL.K¢=NEGCL .X)

NECL .K=TEK~CL1.K | . B

NEC1=0 .

CL1.K=PCLL.J=LPVLI.J

cL1=0

LPVL.K=LPVL . Je DT *(LPVCRL.JK)

LPV1=6C

LPVCRL KL= P VL KSEXP(=2,303°CLP®3.0E7*OT/EVISC.K)/70T~LPVL.K/OT
MCL1.K=BMCL¢ACLSL.X

ACLS1.K=S01 .K/SA.K

501=1 CU.GH,
S0L.K=S01,Je0T*FIFGECD+URSCUL.JKsACLSL.IK+1.CEWD

TSCOLAL.K=2.0*EXP(LIVFUL.X)

CLNYFUL . K=0433*LCSN(S0L.KI=L.bd

prrzprnErZrzraK~PpOORPOZbZVOZRZF

NOTE

PRINT HINR,HCUTRySURFLX yTESNECL,BF TEMP ,CL1,MCLL,SCOIAL,S0O1,0RSCUL,ACLSL
PLIT HINK=P/HOUTR=0/SJRFLX=F/TE=/NECL=NI{-{L0F%,0)/7BFTENP =G~ T
X CL1=CyMCLL=M (0, 1.0€4)/7SCIIAL=D(C+2.GEHN)D

SPEC " OT=1/LENGTH= 1, CEW/PLTPER=10C/PRTPER=100 )

123 OF 203 SYMEOL TAdLE VOARLADLES
9 O©OF 15 MACRO OEFINITIONS
__11___OF 15 OUTPUT PELCORUS_(PLOT CARDS/PRINT LINES) _
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TABLE 2A.5

Equation Listing for Plots in Figure 2A, 11 (a - 1)

.DYNAMO IIF. VERSION 3.C¢

.

PR S SIFPLE HEAT ANJ COMPACTIOM SECTQ:S

. SOLUTICNING BY CIFFUSION
-2 33, 50LLLLE NING  EX__CONVECTION
N TIME=1.% vEBR
a FD.K=EXP(2,303°LIGFG.K) RN DECAY FRACTION
N Fo=1.0
o A 1OSFD.KZYAJLEC(FCTAIWLOGT .Ke0+6sC.5) _LOGTEN DECAY FRACTICN  __
g LOGF0=10
T ... FDTAB=L/-0.03/-0.11/-0.23%/-1.00/-1.80/-2.17/-2.51/-2.80/-3.24/
X -3.84/-4.07-4.0 LOGTEN OECAY FRACTION TABLE  REVISED 6720777
A .. LDOGT.K=LCGN(TIME.K}/2,303 LOGTEN TIME (YE2RS)
N LOGT=¢
e A FOX.K=EXP(2.303°LIGFDX.K) _ _  _ __ KN CECAY ERACTION____ ___.
N FCx=1.0
IR T, LOCFDY . K=TABLE (FIXTAU,LOGT.Ky0s6s0.5) LOGTEN DECAY FRACTICN
N LOGFDX=¢
e T .. FDXTA8=0/-0.12/0.29/-4.51/-080/-1,127 .
X “1.48/-1.83/-2.18/=2.50/-3.22/-3.22/-3,22 LOGVEN DECAY FRACTION T2LF
D FLPT1.lEL . OYNE/3QCM  EFFLCTIVE LOAO_PRESSURE __ __ ———
T EVYAB=1.15619,7.08E18,9.47€16,2. 81618, 1.78E18,1.25E18,
ceeeX. 8.91E17,£.63E1245,30E17,3,80E17,3,02EL7
GRS LA ELREAT SECY (R~ <
R HINRL.KL=0,094°F0.K
N HINR1=0
—— R HINR2.KL:0.188%FD.X _ [, e
N HINR2=0
e oo oR o HINRI,KL=0,047°%FD.X N
N HINR3=(
e R UHIMRXGKL=0,094%FDX.K
N HINRX=(
R SHIRL\KL=12.5°(FP.K-4.0) /1 s32E5-2.,273€E~06__ __ e
N SHLR1=0
e R SHLR2.KL25.0%(H8,K-4.ud 71 ,32E5~2.273€-4 __.
] SHLR2=1
& _DSHF1zEO0CD i : _ - }
c OSHF2=10%0
,__.__G_ —DSWF3=20C_ . ___ . J e e =
M1.K2H1.J¢DT®(HINRL. JK-HAUTR1, JK)
e o N H1=5,2 i e
HOUTR1.KL=DELAY 3(HINRL .JKoDSHF 1)
. _.___N ___ HOUTR1=0 [
A MTEMP 1 K=(H L K=k 01/ 0, 2070
o S _SURFLY X=1.0%1+32E5% (HOUTR1.JIX/3CY e
L H2.K=H2  J*DT*{HINRL, JK-HOUTRZ . JX)
e LN H2= 5 Z . e ~
R HOLTR2.KL=DELAYI(HINR] . JKo OSHF 2)
B __N_____ HOUTR2=0 } o
[ HTENPZ (K= (H2 K =4, 0)/0.2¢2)
S SURFL2.K=1.0%1.32E5° tHOUTR2. 4K/ 300 _ _
L M3 KZHI . Je0TF(HINRLL JK-HOUTR3. UK) )
N . H3=5,2 : - .
R HOUTR3 .KL=DELAY 3(HINRL . JK,y OSHF 3) )
____N____ HDUTR3=0 L
A MTEMP3 . K= {H3.K-4,0170.2¢20 B T
L S SURFL3.K=1,0¢1432E5% (HQUTR 3, UK/ 30} B
L HG cK=HE ¢ JPOTP(RINR2 . UK-HOUTRU KDY  ~ 777 T T T T
_ ON_ . He=5.2
R HOUTR& .KL=DELAY3(HINRZ.JK,OSHF 1)
e N HDUTRA= N
A MTEMPY (KI(HL K=, 0070, 2020 ~ T CoTTTTTT o
S SURFLY K21 .0¢1.32E5%(HDUTRL.JK/ 30}
L HS5 .K=HE ,JeOT* (HINR3. JK=HAQUTRS. JK)
e . _.N ___HS5s5.2___ _ . e e e
R HOUTRS . KL=DELAY3(H INR3 . JK,0SHF 1)
N HOUTRS=( B
A MTEMPS (K= (H5 K=k, 01/0.2420
. S SURFLS5.K=1.0%1.32E5* (HOUTRS,JK/30) . e
L HB JKSHE W J+OT® (HINRL,JK-HOUTRE (JK)
N H6=5,2 .
R HOUTRE KL=0ELAYL1(H INRL 4 JK, CSHF 1)
N HDUTR6=0
[ MTEMPH .K=(HE K-&.0)/C.2¢20
e S SURFLA.KZ1.0%1432E5%(HOUTRGMUK/ZI0Y . _ .
L HT K=HT . JIDT* (HINRL. JX-HOUTIR?.JX}
N HT=z5,2 P,
R HOUTRT L KL=DELAY3(SHLE 1 . JKy OSHF 1)
N “ouTR?=g I
A MEEMP7 (K= (H7 .K-4,1170.2+22
- - S SURFL r.xu._nol.!lnr.-mnuwr..ul.‘m _— . v eegemeie o
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TABLE 2A.5 (Cont)

uc}ut%%.u:oeLAYJ(nINﬂs.J-{.:)S-cr 1)

2
N HOLUTRS=Q
A MTEMPS K= (HS .K=4.0170,2+2]
S SURFLS5.K=1.0¢1,22E5°(HOUTRS, UK/ 30)
L HE JK=HE (JODT  {HINRL UK -HT ITRE L JIK)
N H6=5.2
R HOUTKE KL=0ELAY1(HINRL . UK. CSHF L)
N _ HOLTRSE=(Q
A

MTEMPH JK={HE X-4.0)/7C, 2020
— S SURFLALKZ1.091.32E5°(HIUTRE,. UK/ 3 LY

L HY? K=HY . J¢DT P (HINRL.UK-HOUIRT . JK)
CONL . HZ7E5.2 . .. B}

R HOUTRT . KLZOE LAY 3CSHLRL . JKo OSHF L1
N . HOUTOPsO._.._ .. . . B
2 MTEMPT (K= (H7 oK 4. 00 70,2023

S _SURFLT.K=1,0%1.32E5% (HOUTRT. JK/3C) S
L HB . K=HB ,J*OT® (HINRL.JK-HOUTRA.JK)

R R H8=5.2..____ .. el N
R NOUTRO.KL-DELA'J(S“LRZ JK‘DSH‘Il
N__.__HOUTR3=Q__ _____ e,
A WTEMPB.K=(HB.K-4.00/0.242)

S SURFLB,.K=1,01,32E3°({HOUTRB.IKA3Q_ — N
8 HY . K=MC,JeDT®(HINRL.IK=-HOUTIRI . JK)

N HM9=S.2._.____ e
R HOUTRI9,.XL= DELAVl(S“LRl JK DSHfSD

CNL HOUTR9=Q_ . N [
a MTEMPY . K= (H9 K=&, 0)/0 2020

S SUSFL9.K=1,0%1,32E5°HQUTRG.IK/30) _ ___

UEC=0.¢
) TEL. -_r_ea.,ucr-uea JIK)

TE1=

.I_E,Ri.,g;.:_qgc-_ (HINRL,UK-HOUTRL.JKI 70,2

TE2,K=TE2.J¢CT*(TER2,JK)

IE2=C

TER2.KL=UEC® (HINRL.JK-HOUTRZ.JK) /0.2

e JEJKZJEIWJ LT (TERT . UK]
TE3=(

o __YER3,KL=UEC® (MINRY ,JK-HOUTR3,.JIK) /0.2

TEG.K=TEG,J+OT* (TEPR ., JK)

YEu=Q

TERL.KL=UEC® (HIAR2. JK-HOUTRL . JK} 70,2

JESK=TES,J¢DT2UTERS, JK)

TES=C

TERS.KL=UEC® (HINR3 . JK~HOUTR5.JK) /3,2

TE6.K=TES.J*OT* (TERB.JK)

TE6=C e

TERG.KL=UEC® (HINRL .JK~HOUTRE.JIKI /0.2

TE7.K=TE7.J*CTS(TERT . JKD

'
i
l
B
‘

|
f

c-xzrx.‘rx.zr'fpzli-xzr'xz'r—o

'
|
'
)
v
'
|
'
[l
1
i
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N TEr=C" ) T T °
R TERT.KL=UEC® (HINR1.JK=HOUTR7.JK) /0.2 o o .
L TEG.K=TEB.J*DT*(TERS.JK)
_N TEB8=C e _ B
R TERB.KL=UEC® (HIRRT.JK-HOUTRB.JK) 70,2 T
L TJEQ.K=TEG.J4CTS(TERI.IK) X e el T,
N TE9=C
R _TER9.KLZUEC® (HIMR{.JK-HOUTRY.JK) /0.2 . _
A EVISCL.KSTABLE(EVTAB,BFT1.K,0,253,25)
[ BFT1,K=32¢2% (MTEMP1.K-26) .
A €EVISCZ . K=TABLE(EVTAB,BFT2.K,C, 250,251 -
A BFT2.K=3242% (MTEMP2,K=26) o o o
Y EVISCI.K=TABLE (EVTAB.BFT3.KeC0,250,250 N
A BFT3.x=3202% (MTEMP3.K-26) .
TR EVISCY K=TABUETEVTAGBFTU Ky 04250,250
A BFTLH.K=3202°% (MTENPL,K=26)
A EVISCS.K=TABLE(EVTAB,BFT5.K,0,250,25)
b e BFTI5.K=32¢2° (MTENPS . K~-26)
A EVISCH K=TABLE LE¥TAB,BFTE,Ke04250,25)
a - BFT5.K=32+42% (MTENPH.K- 261
A EVISC7 . X=TABLE(FVTAB,BFTT.K¢0s 2504259
A __BFTZ.KS32¢2° (MTEMPZ.K-26) . e e
A EVISCA.K=TABLE(EJTAB,DFTY, K.O.ZSO'ZS)
- A BFTA.K=3242° (MTEMPB.K~-26) - -
A EVISCO.K=TADLE (EVTAB,BFTI.KsL, 250425}
A BFT9.K=J292° (MTENRS.K-26) o e
ANDILERS ST E MREATSUN0E 10w szcmrs.uﬂwsum«ouum gm
— A _ NECSC1.K=TEL.K=CLSC1.K. .. .
N NECSCi=¢
L CLSC1.Kk=FCLSCL1.J-LP¥SCL.J -
N CLSC:=
- L .. LPV3C1.K=LPVSCLl.J¢3IT LPVRCL.JK cem e -
N LPV3C1=60
R LPYRCA.KL=LPVSCL.K EXPL=-2, 303%ELP*3.0E7*DT/7EVISCL1.X) 7DI-LP "SCL.KAQTL_
A MCLSC1L . k=60 ¢AGLSCL.X e ees e pm—pendv ey v
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TABLE 2A.5 (Cont)

A UPIiJL L2 ARILHP Yo K= )

LHOTESST™PL TT’?NU ONPACTION StCTOKS WITH SOLUTTONINGwEY: cnu-rctrﬁr

— A NEC‘CL.K TEL.K=-CLSC1.X -

N NECSCt1=C
L CLSCLoK=PCLSCLl.d-LPVSC1.J
N cLscCi=t
L _ LPVSCL14KZLPVSCL.J¢DT®LPVRCL UK
N LPVSCL=6C

R L PYRCL.KLZLPVSC1.K®EXP (-2, 303°ELP*I.0E7°*DT/EVISCL,X) /DT -LPVSCL.X/CT
A MCLSCL . K=60 +ACLSCL K

. A .. LACLSC1+K=S0C1.K/7,9%10

L SCC1.K=SOCL,J¢DT*(ORSC1,. k) SOL OPEN 3Y CONYV
M. . sSOCi=1. ..
R ORSC1.XKL=1,0E8*MAX(NECSCL . Ko =NECSCL.K)

e A SCOCLK=C.0*EXPALNYFCL.X) — e .
A LNVFC1eK=0, 33°LCIN(SOCL.K) =L .t
AL .. _NECSC2,X=TE2.K-CLSC2.K
N NECSC2=0
Lo ... CLSC2.K=MCLSC2,J-LPVSC2.J
N CLsC2=¢C

b LPVSC2.KSLPVSL2.J+DT*LPVRC2.JK i e e o e
N LPVSC2=¢€C

_______ R____LPYRCZ,KLZLPYSC2.K*EXP(-2.303°ELP*3, 0ET*0T/EVISC2. K’!_Ot-LPVSCZ xs07
A

MCLSC2.K=60+ACLSC2.K
_____ A __ACLSC2.K=50C2.K/7.3€10
[N SOC2 ,K=S0C2.J#0T*(ORSC2.JK) SOL OPEN BY CONV
N SQC2=1_

R ORSC2.KL=1,0EB*PAX (NECSC2,Ko=NECSC2,.K)

RS Wo—— SCDC2.KS2.0%€XPUALNYFC2.K) . .. .
A LNVFC2oK=0s33%LLGNISOCZ.K) -0.48

_______ A NECSCI,K2TEF.K-CLSC3.K - .
N NECSC3=0

—k _ CLSCI . K=MOLSCI.J-LPVSCI.0 .

N cLsc3=¢
e b __APVSC3 . K=LPVSC3.Je 0TS LPVRCIL UK
N LPVSC3=¢€C

R

A MCLSC3 . k=63 ¢+ ACLSCI.K

A ACLSC3.X=S0C3.K/7.3E10
L

N

SOC3,K=S0CI. J¢0OT* (ORSC3. k) SOL OPEN 3Y CONV

R
A SCOC3,K=2.J%EXP(LNVFC3 K]

A LNVFC3.K=0,338LCONISOC3. K) -0.46
A NECSCA «K=TE4 K -CLSCL K
N NECSCu=0 o
L
N
L

_CLSGY «K=MCLSCl.J-LPVSCh.J
CLSCu=0
L LPVSC4.KTLPVSCe.J*DTSLPVRCA. K

LPV3CL=€C

 LPVRC3.KLZLPVSC3I.K*EXP (-2, 303°ELP*3, CE7*DT/EVISCI. K} /DT -LPYSCIX/LT

LPVRCWL. KLZLPVSCU . K*EXP(-2,303%ELP 3. GET*DT/EVISCU k) /0T -LPVSCAN.K/0T

N

R e -

A MCLSCh. k=60 +ACLSCH.X

A _ACLSCL.K=SOC#.K/7.9E10
SOCL.K=S0Ck.J+DT*(ORSC4.JK) SOL OPEN BY CONV
s0Ck=1

SCOC#.K-Z Q*EXP{LNVFCu4 .K)
LNVFCy, k=0, 33%LCGN(SOCH.K) =046
_____ A NEC3C5.K=TES5.K=(LSC5.K e e - — . e -
N NECSCS5=0
k... . _CLSCS.K=MCLSCS5.4-LPVSCS.J
N CLSCS=0
L LPYSCE.K=LPVSC5,J42T*LPVRC5.UK . -

LPVSC5=¢€0

MCL3CS .K=60¢ACLSCS.K

N

LR .. . LPVRC5+KL=LPVSCSK®EXP (-2, 333%ELP *3.0E7*DT/EVISCS.KI/DI-LPVSC5.K/ LT
A
A

ACLSCS5.K=50C5.K/77.3F 10

L SOC5,K=S1C5, J¢DT®(ORSC5. JK) SOL OFEN 3Y CONV
—_——N_____.30C5=1___. . .-

R ORSCS5.KL=1e QEE‘HAX(N[CSCD-K.'NECSC5 K)

'y SCOCS5K=2.0°EXP (LNYFL5.K)

A LNVFCS5.K=0,33*LOUNI(SOCS. X} -0 .46

A MECSCH . K=TEL «K-CLSCH.K

N NECSC6=C
— A CLSCE+K=MCLSCOH.J-LPVSCH.J

CLsCe=¢(
_LPVSCH.K=LPVSCHJ¢NTOLPYVRCE.IK
LPYSCH=EL

MCLSCH.K=63 ¢ACLSCH K
_ACL3C6.,k=S0C6.X/7.9ELD 3
S0CHK=SICH.J¢DT*(ORSCH.IJKD} SOL OPEN BY CONV

SN L SO0C6=2 -
N ‘2 NOSNA, Vit NEBOHAY INFNSrA W -HEASNA, W)

N

L :

N

R LPVRCH.KLALPVSCEH.K®EXP(-2.303%ELP 3. 0ET*OT/EVISCH.K)/DV-LPVSCE, K/OT
A

A

L

N

139



140

TABLE 2A.5 (Cont)

“ TULILD W KTHY $BLLILY WK
A ACLSC5.K=S0C5.</7.3E10
L SOC5.X=50C5.J¢0T*(IRSCH. IXK) 30L JFLtH )Y CONV
N sous S
R CPRSCS.xL= I.OCR‘MX(NECJCS K. -NECSCS.K)
A SCOCS.K=2,0%EXP (LNVFLS.XK)
A LNVFC$.K=0.SS'LGJN(SQCS.H “G.bb
A NECSCH.K=TEE .K=-CLSCE.K
N NECSC6=0
o L _CLSCEWK=HCLSCH.J=LPVSCH.J
N cLsCe=¢
L LPVSCH.K=LPVSCo.JeDT®LOVRCE. IK
1] LPVSCe=¢€l
R LPYRCE.KL=LPVSCE.K®EXP(-2.303%ELP®3,0F 7*NT/EVISCO.X1/DF-LPVYSCH.X/OT
A MCLSCH.K=6J ¢ ACLSCH K
A _ACLS5CH.K=S0C6.K/T.9ELS
L SOCH.K=53CH.JeDT*(ORSCH. JXK) SOL OPEM d4Y CONV
N S0C6=t
R ORSCE.KL=1.0EB*HAXINECSCH.Ky~NECSCH,L KD
A __SCOCH.K=2.0EXP (LNVFCH.K)
L} LNVFCB.K=0.33°LLIN(SOCE.KI ~0.4E
_ A NECSC7.%X=TE? .k-CLSC7.x
N NECSC?7=0
L. ___CLSC?.k=MCLSC7.J-LPVSCT7.J
N cLsC7=¢
L _ LPVICT .K3LPVSC7.JeNTLPVKCY.JK
N LPVSC7=60
_.R LPYRCY . KLSLPVSCT XK®EXP (=2, 3J3%ELP*3,3C7°0T/EVISCT7 KH/IT-LPVSC?.K/CT
A MCLSC7 .K=60¢ACLSC7.X
_A__ ____ACLSC7.X=S0C7.X/7.3€10 )
L S0C7.x=50C7. JOOT‘(QRSC?.JKI SIL OFEN 3Y CONVY
N socr=1 .
R ORSC7.KL=1,0E8*MAXINECSE? 4Ky =HECSCT o K}
- SCOCT.x=2.0%€xP (UNVFR2 .0 B o
A LNVFC7.K=0, 33°LC3N(SOCT.X) -0.46
A _NECSCS.KX=TE8,K-(LSCE.K .
N NECSCA=0
L _CLSC8.K=MCLSCB.J-LOVSC3.J -
N CL'sc8=¢
.t LPVSCH . K=LPVSC8.JeOT L PVRCA, UK ) _ _
N LPVSC8=€0 ‘_ - o
R LPVRCS.KLZLPVSCI.K*EXP(-2.313%CLP*3,0E7*0T/EVISCE. K1 /DT -LPVSCI.K/CT
AT THCLSCB.K=60¢4CLSCE.X
A ACLSC8.X=S0C8.%X/7,%10
L SOCB8.K=S0C8.Je0T*(ORSCA. UK} SOL OPEN Y CONV
N S0C8=1
R BRICT.KL=1.0EB*MAXINECSCR. K, -NECSC .y  ~~~— °~  ~ 777~ - T
) _SCOCB.KZ2,0%EXP(LNVFCS K}
A LNVFCA.K=0.33°LCGN(SOCR.X1=0.45
A NECSC9.K=TE9.X-CLSCI.X
N NECSCS=0
L CLSCI.K=4CLSCI,J-LPVSCI.Y
N TLSCA=0 T T T
L LPVSCI.K=LPVSC3.JedT*LPVRCI.IK
N7 LPVSCI=60
R LPVRCY,KL=LPVSCI.K®EXP(-2,303%ELP*3.JETSDT/EVISCI K} /DT -LPVSCI.K/OT
AT HCLSCEA L KEAT 4 ACLSCI KT
A ACLSC9.K=50C9.x/T.3E10
L SOCI.K=S0CI.JeOTS(ORSC2, JK) SOL OPEN YWY CONV
N . 50C3=1 .
R ORSCI.KL=1.GEB*MAX INECSCI. K, -NECSCIL KD
A . SCOC3.K=Z.0%*EXP(LNYFC9.X)
[} LNVFC3,X=0, 335 LCGN(SOCT.x) 0,86
—-NORE__

PLOT NECSCL= 1-NECSC’-Z-“ECSCS=J'NECSCb=b"IECSC5=5.NECSC6=6-
Lo NECSC7=7 NECSC338,NECSCI=I(~140E 4o 0)

PLOT  SCOC1=1,5CDC2=2,5C0C3=3,5CCC4=4¢SCOC525.SCOCH=6,

p gl SCO0C7=7,5C0C8=8,35C0C3=9(L, 2.LENLY

PRINT NECSC1,NECSC2,NECSCI,NFTSCUNECSC5yNECSCEINECSC?.NECSCB, NECSCI

e BRINT _CLSC14CLEC24CLSCSCLSCULeCLSCS54CLSCHLCLSC?4 CLSCALCLSCY

PRINT LPVSCLoLPVSC24LFYSCILPVSCLsLPVSCS«LPYSCELLPVSC7,LPVSCB.LPVSCY
PRINT LPYRC1,LPVRC24LFPVRC3JLPVRGL,LPVRCS4LPVRCE,LPVRCT,LPVRCS,LPVRCSY
PRINT ACLSC1,ACLSC2,ACLS S, ACLSCL,ACLSCSACLSCELACLSC7ACLSC8,ACLSCY
PRINT SOC1,5CC2.50C3,57C4+S0C54+50CE+S0C7+S2CB+50C9

PRINT ORSCL,CRICZ,0RSC3,IRSCLIORSC54ORSCH4OR3CT4IRSCB,0OSCY

BRINT SCDC1+SCOC24+SCOC34SCOCHeSCOCS+ SCOCDsSCOCT, SCOCB,SCNCY -

€0
X
Li

Lz _ .

L3
3

SPEC OT=10/LENGTH=1 GEW/PLTPEF=10C/PRTPER=100
BN SOLUTICMING 8Y CONVECTION

S
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TABLE 2A.6
Equation Listing for Plots in Figure 2A, 12 (a - b)

Ey
DYNAMQO TIF, VERSION 3.(C2 e
. JESY OF CHANGE __IP\_Oﬁ_SCUQ_ CONSTANY_‘_ S _,._,T:
N TIFE=1. YEAR
L 4‘H.<=H.JOUT'(HIVF.JK-HOUTR.JK) HEAY B2CVE ZERO YEMP CAL/GH
N H=€,2 CAL/GHM INITIAL HEAT MTE9YP=26C
CR HIMR.KL=0.094°F0.K RN POWER CAL/GYMZYPR
N HIMR=D
_a FO.K=EYP(2.303%L0GFD.X) _ _____ HN_DECAY FRACTION __ _ _  _
N FC=1,0
A LOGFD.X=TABLE(FCTAR,LOGT .K+0,6,0.5) LOGYEN DECAY FRACTICN
N LCGFO=10
T _FOTAB=(/=-0.037/-0.117-0.34/-1.00/~1.80/-2.17/7-2.51/-2.807-3.287
X -3.84/-4.0/7-4.9 LOGTEN OECAY FRACTION TAELE REVISED 6720777
A LOGY . X=LCGN(TINE.X) /2,303 __ _LOGYEN TIME (YESRSY
N LOGT=T
R ... SHLR.KL=25,0%(H.K-t.)/71.32E5-2.273E-4 STEADY HEAT LOSS RATE CAL/GM/YR
N SHLR=zC
R -HOUTR.KL=DELAY3 (SHLR.JKeOSHF) HEAT LOSS RATE CAL/GM/YR
N " THOUTR=10
c DSHE=1CCC YRS DFLAY 3URFACE HEAT FLUX
TR RYERP K (H.K-G.CI70.2820, T T THMRANTTEMP FORTSTEMAEZ0T T T T
N MYEUP=C¢E
ST TSURFLX W K={.091.32€5° (HOUTR . JK/30) SURFACE FLUX MICPOCAL/SQCH/SEC
N SURFLY=1.0
L TTE.K=TE.JeOTP(TER, JK) LINEAR THERMAL EXPANSION (CN)
N TE=D INITIAL THERMBL REFERENCE STATE

R TET XUSUECHFTRINATIK=-HOUTR, IK)7TT2 T 7 LINEART 1€ RATE (CHZVRY —

TEP=0.423
‘UEC=0.¢ CM/DEGS UNIT EXPINSION CONSTANT -
OTEMP .X=0T* (HINR, JK-HOUTR .JK) /0.2 DELTA TEMP JK DEGC
T oTEMP=C T h ’ :
BFTEMP (K=32¢2° (FTEMP K-26) APPROX BACKFILL YEMP DEGC
prYy T —— -~ T o -

AMCL=6C CM EACKFILL MAX CQOMPACT LENGTH

SA .K=RA TSOLUTIONING AREA (SQ.CH)

RA=7.9E10 REPCSITORY AREA (SQ.CHM.)

TTFLF=1{,7ER° OYNE/SQCM  EFFECTIVE LNA0 PRESSURE
EVISC.K=TABLE(EVIAG,RFTEMP.K+9,250,25) EFFECTIVE VISC (POISE)

E19,7.08E18,4.67E18,2.81E18,1.78EL8,71.26E15, T

8,91E474€.61€17,5.01E17,3,A0E17,3.02€17
CRECUL.KL=1 . NEB*MAXINECL K,~NECT .K)
NEC1.KSTE.K=CL1.K

TNECL=0 i T o
CL1.K=PCLL.J=-LPVLI.J

-»nzr‘zlf‘x-»x PO O PZVNOZ
' ' f

CLI=TC : - T - -
LPVLI.K=LPVL.Je DT (LPVCRL, JK)

LPVL=6C o
LPVCRYL KL=LP VL . KPEXP (=2, 303%ELP* I, 0ET7OT/EVISC.K) /DT -LPVL . k/0T
PCLL.X=BMCL#ACLSL.K

ACLSL.K=501.KsS54,K

TN SUIETTCOCH,. 0 -

'
1

Zir-xl-.br'

S01.K=SC1.JtDOT*FIFGE( D40 SCUL 4 JKsACLS1eJIK,1.0€)
TTTTSCUIAL.K=2. DPEXFILNVFUL. KD

LNVFUL1.K=0.33%L(GN(SOL .K) =0, &6

ORSCUZ oKL=1 . CETOMAXINECZ .Ko=NECZ KD

NECZ.K=TF .K-CL2 .X

TTTONEC2EYT T T T o o T T Tt ottt T

CL2.x= PCLZ J-LOV2,. )
cL2=0 .
LPV2.K= LPVZ..IM')'"(LPVC‘IZ K1)

TTTUAPYZ=ET T o o TTTorTTmTTTmmTTTT
LPYCRZ.KL=LPV2, K‘EXP( 20303%ELP*3QET CT/7EVISC.K) 70T -LPV2,K/0T
MCL2.K=EMCL*ACLS2.K
!CL:Z.D $02.ks52.K

S02=1 CL.CHO T
N scz K=SC2.J¢OTFIFGE (D, 0R TUZ.JKs ACLS2Z o IKs 1. CEW)

SCOIA2.K=2.0% XPILNVFU2.K)

LNVFU2 k=0, SS'LCGN(SOZ K)=D, 46

l

'pr,ozl‘zl‘zx-npbf‘szbnqt‘.‘:r'

ORSCU3.KL=1. 0E £*MAXINECT K, ~NECT
NEC3.K=FE.K-CLY.X

NEC3=Q : : e e T T o
L CL3.K=FCLILJ-LPVILY

ci3=t

LPV3.K=LPV3. s OT® (LPVCR3. JK) .

LPV3Iz6C = o T
. LPVLRILKL=LP A3 KSEXP(-2.303%ELP® 3, 0E7*DT /EVISC.K) /DT -LPV3I.K/DT )

MCL3.K=FMCL#ACLS3.K T

ACLS3.¥k2S03,K/7S8,%

itinvestmAnte ammmiie s emimep g g ams

S03=1  CL.CH : I
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TABLE 2A.6 (Cont)

N NEC1=0 T U )
L CLI.K=PCLL.J-LPVL.Y
N “TCI=U - T T o
L LPVL.K=LPVL, Je0Te (LPVCRL.JX)
TTUNTTTTT LPVL=6C
R LPVCPL .KL=LP VL .K*EXP(-2.303°FLP® 3. 0E7*0T/EVISC.K) /DT ~LPV] . K/DT
' YCLL.XzBMCLeBCL S1.X
a ACLS1,K=S01.K/S58,K
T SOIELTTOCMS T T Tt T T T TTTTTT——— 7

L S01.X=2SCL JeDOT*FIFGE(C, CA5CUL e IKACLSL UKL 0EW
A SCCIAL k=2, 0*EXF(LNVFUL.K)
[ LNVFUL.K=0, 332LCGN(SO0L .K}-C. 46
R DRECU2 .KL=1 ., 0E7*MAX(NEC2.X,~NEC2.K)
A NEC2.K=TF K~CL2 WX
sy —— ~°~~ T Tttt/ Tt T, T T T
CL2.K= PCLZ J-LOVv .
cL2=0 :
LPV2.K= LFVZ J‘D!HU’VC‘!Z JK?
"""" LPY2z6T "7 7T N - o o
LPVCR2 .KLZLPV2 . K*EXP(=2,373%ELP 3. 0ET*CT/EVISC.X)/0T~-LPV2.K/0T
MCL2.K2EMCLeACLS2.K
. ACLS2, ¥=S02.K/SA. K )
TN TS02=1T ClleM. - o
L SC2.X=5C2.J+OTSFIFGE (0,0RSCU2.JKsACLS2.JKs1.0E)

SCOTA2.K=2, 0 °E XP(LNVFU2.X)

.
%

DX

LNVFU2 (K=0.33%LCGNIS02.K)=0.46

[y

a

] ORSCU3 .KL=1.0EB*MAXINECS . Ks=NECT
[y NEC3.K=TE.K=CL3.X

éL3=c
LPVI.K=LPV3, s+ 0T (LPVCR3. JK)
LPV3I=6( .
LPVER3 . KL=LPY3, K EXP (-2, 503 ELP* 3, LE720T FEVISC . KI /DT -LPV3.K/OT
TMCL3.K=8MOL e ACLSILK

ACLS3.K=S03.K/SB.K

N

L

N

L

H

R

A

A

N S03=1 CL.CH B ST T T
L SU3.K=SC3.J4DT*FIFGELD,0RSCU3 . IKs ACLSI UKL GESD
A

4

R

A

N

L

Li

L

SCCIBI K=2 0 EXFILNVFU3. x)
LNVFU3, ‘(-0.3"LCGN|'03 KI-0.L6

CL4 K=PCLU, J=LPVE,.J

TLL=ET - -

LPVL . K=LPVY o JEITP(LPVCRL . JK)

tPVu=61 " YT T T mn o mmmmens s T et
LPVCRU . KL=LP Vi KPEXP (-2, 303%ELP* 3, 0E74QT/EVISC.KI/DT-LPVH.K/QT

T MCLL K=BMCL*ACLSL.X

ACLSL.¥=SO0L.K/S8.K

SU4=1 CC.CKR T -

SOU K=SClU.JeCT* (NRSCUL . JK)

"""" $COTALRE2,G¥EXPILNVFUL,KY ~°7 7 7 & 0 T mmr emmmn mmen e s e
LNVFUL ,X=0.33%LCINISOL.K) = (.46

ORSEUS «XL=1, 0E 4*MAX (NECS .K »= NECS oK)

NECS .K=TE.K=CL5.X

RET5=T —
CL5.K=FCLS. J-LPV5.J 3 o

T gLs=0 ’ T -
LPV5.K=LPVS.J¢OT* (LPVCRS . JK)
LPVS=6(
LPVCRS , KL=LPYS. K*EXP(-2.303"ELP* 3 0E7*DT/EVISC.K) /UT-LPV5.K/0T

NZrZr220p™ e 02

J

(B R=BHCL+ ACLRS.R ™

A ACLS5.K=S05,X/58,K
N S0E=1  Cu.CM
L S05.K=SCE,J+0T * (DRSCUS » IK}
A TTSCLIAS . k=2, 0*EXF(LNYFUS.K)
[ LNVFUS. k=0, JI*LCGNISNS oK} -G 46
TTNOTET - T e
PRINT ACLS1,ACLS242CLS34ACLS 4, 8CLSS5,5C0T41,SC0TA2, SCDIA3,SCOIAL,SCOTAS,
x MTEMP, SLEFLX
PLOT ACLS1=14ACLS222,3CLS323¢C41.CEH) /ACLSy=6/ACLS5357
X MTEMP=¥/CURFLX=F

PLOT SCOTA1=6,SCDIA2=7,SCOIA3=8,5COTAL=9,SCOIR5=0(0,2.0€41/
TN TTTRYEMP=M/SURFLXZF T e CTT
SPEC OT=100/LFNGTH=1,2E6/PLTPER=1.0E3/PRIPER=1,0E3
RUN  VAFYING THE CRSCUA CONSTANT -
SEC -
up

1625 CF 2472 CATA LISY wOwOS
xﬁs CF 200D svnuou YAOLE _VARIADLES

' . —— . eee - o ey e gm— e
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TABLE 2A, 7
Equation Listing for Plots in Figure 2A, 13

117, VveesIan 3.cC2

% ouCL=2C, S7 MIW ANC HRICHA=1,3(3%... s
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ORSCUA Constant = 1.0 E 8
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HINR = P, HOUTR = O, SURFLX = F, TE = E, NEC1 = N, BFTEMP = B, CL1 = C, MCL1 = M, SCDIAl = D
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Simple Heat, Thermal Expansion, Compaction and Solution Sectors

Figure 2A,10,
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HOUTR1 = 1, HOUTR2 = 2, HOUTR3 = 3, HOUTR4 = L, HOUTRS = 5, HOUTR6 = 6, HOUTRT=7, HOUTR8=8, HOUTR9=9
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Figure 2A.11c,
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HINRl = 1, HINR2 = 2, HINR3 = 3, HINRX = X
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Figure 2A.1le,
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Table AR.3.4A

B OREEE R R AR RN RN AR R AR R R R R R R R EER R R R R R R RRRERRRR R R RN RRRERRERRRARRERRRERRRRRRRERRR
EOREEEE R R AR R R R R R R R R R R R R R R R R R RN R R AR AR RN R RN R AR RERRRRR R R R RN

REFERENCE SET 1-DISSCC WORKING LIST FOR OPTION 1 NC,NCC

DATE OF RUN RUN IDENTIFICATION
DCP= (CAL/GM/YR)

BMCL= (CM)

RCW= (CM)

MBFA=3E12 (CAL/GM/YR)

BPH=3E6 (DYNE/SQ CM)

DT=

LENGTH=

PRTPER=

PLTPER=

OVERRUN TIME AT
OPTION t FOR NC
OPTION 1 FOR NCC

DISSOLUTION WITH AND WITHOUT CRACK CLOSURE (DISSCC WORKING LIST-OPTION 1 FOR NC AND NCC)

EEREEEARE R EERRE A AR R R R R R R AR R RN RRR R RN RN R R R ERRRRRRRR R RRR RN RN RR TR NN RN
EEERERERR R RERRRRERREREERERRERRRR R R RRRER AR RRRERRRERRERRREERRRRRRRARRERRERRRERRRRRRRR "

H.KzH.J+DT*(HINR.JK-HOUTR. JK)

H=5.¢

HINR.KL=DCP*FD.K

HINR=0

DCP=0.094

FD.K=EXP(z.303*LOGFD.K)

FD=1.
LOGFD.K=TABLE(FDTAB,LOGT.K,0,8,0.5)
LOGF D=0

-3.84/-4.0/-4,0/-4.0/-4.0/-4.0/-4.0
LOGT.K=LOGN(TIME.K)/Z.303

TIME=1.

LOGT=0
HOUTR.KL=DELAY3(SHLR.JK, DSHF)
HOUTR=0
SHLR.KL=2E-4%(H.K-4.0)-2.4E-14
SHLR=0

DSHF =100

TER.KL=UEC* (HINR.JK-HOUTR. JK) /0.2
UEC=0.9

TER=0,1423

TE.K=TE.J+DT*(TER. JK)

TE=0

CL.K=MCL,J-LPV,J

CL=1.

LPV.K=BMCL+PVPS.K-PVDC.K

BMCL=60
PVPS.K=PVPS,J+DT*(BDRUA. JK) /DA
PVPS=0

MBFA=3E12
ACDR.K=RCVR.K*NC.K

BPH=2E6

RCW=1E-3

CTL=6E5

BV=1E-2

CPL=1E4
NC.K=DA*PVDC.K/(RCW*CTL¥CPL)
NC=1.

AVNEC. K=MAX(NEC.K, -NEC.K)
NEC.KsTE.K-CL.K

NEC=-1.
PYDC.K=PVDC.J-DT*(LPVCR. JK)
PYDC=0

ELP=1.3E8

BFTEMP.K=3242% (MTEMP.K-26)
BFTEMP=3¢,
MTEMP.K=(H.K-4.0)/0.2+STEMP
MTEMP=26.

STEMP=20.

MCL.K=BMCL+ACLS.K
ACLS.K=80.F/SA K
S0.K=S0.J+DT¥BDRUA.JK
SA.K=DA

DA=7.9E10

SO0=1.
LNVFU.K=0.23*LOGN(S0.K)-0.46
SCDIA.K=2,0*EXP(LNVFU.K)
CLC.K=MCLC.J-LPVC.J

CLC=1.
LPVC.K=BMCL+PVPSC.K-PVDCC.K
PVPSC.K=PVPSC. J+DT*(BDRUAC.JK)/DA
PVPSC=0

ACDRC.K=RCVR.K¥*ANCC.K
ANCC.K=(LPYC.K/MCLC.K)*NCC.X
NCC.K=DA*PVDCC.K/(RCW*CTL®CPL)
NCC=1.
AVNECC.,K=MAX(NECC.K,-NECC.K)
NECC.K=TE.K-CLC.K

NECC=-1,
PVDCC.K=PVDCC.J-DT*(LPVCRC. JK)
PVDCC=0

MCLC.K=BMCL+ACLSC.K
ACLSC.K=SOC.K/SA.K
SOC.K=SOC.J+DT#*BDRUAC.JK

S0C=1.
LNVFC.K=0.33*LOGN(SOC.K)-0.46
SCDIAC.K=z.G*¥EXP(LNVFC.K)
BDRAT.X=(1.+BDRUAC.K)/(1.+BDRUA.K)
PVRAT.K=PVDC.K/MCL.K
PVRATC.K=PVDCC.K/MCLC.K
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BDRUA.KL=FIFGE(MBFA,ACDR.K,ACDR.K,MBFA)

RCVR.K=(3E7*BPH*RCW*RCWXRCW®*CTL)/ (1-*BV*CPL)

LPVCR.KL=LPV.K*EXP(-2,303*ELP*3E7*DT/EVISC.K)/DT-LPV.K/DT

EVISC.K=TABLE(EVTAB,BFTEMP.K,0,250,c5)

EVTAB=1.15E19,7.08E18,4.47E18,-.81E18,1.78E18,1.26E18,

8.91E17,6.61£17,5.01E17,3.80E17,3.02E17

BDRUAC.KL=FIFGE(MBFA,ACDRC.K, ACDRC.K,

LPVCRC.KL=LPVC .K¥EXP(-2.303*ELP*3E7*DT/EVISC.K)/DT-LPVC.K/DT

HEAT ABOVE O TEMPERATURE (CAL/GM)
INITIAL HEAT; MTEMP=:6C (CAL/GM)
RADIONUCLIDE POWER (CAL/GM/YR)
HEATING RATE AT START (CAL/GM/YR)

DIMENSTONAL COEFFICIENT FOR THERMAL POWER (CAL/GM/YR)

RADIONUCLIDE DECAY FRACTION
INITIAL DECAY FRACTION
LOGTEN DECAY FRACTION
INITIAL LOGFD

FDTAB=0/-0.03/-0.11/-0.38/-1.00/-1.80/-2.17/-2.51/-2.80/-3.28/

TABLE VALUES OF LOGFD

LOGTEN TIME (YEARS)

INITIAL VALUE OF TIME (YEARS)

INITIAL VALUE OF LOG TIME

HEAT OUTPUT RATE (CAL/GM/YR)

INITIAL HEAT OUTPUT RATE (CAL/GM/YR)
STEADY HEAT LOSS RATE (CAL/GM/YR)

INITIAL VALUE STEADY HEAT LOSS (CAL/GM/YR)
DELAY SURFACE HEAT FLUX (YEARS)

(LINEAR) THERMAL EXPANSION RATE (CM/YR)
UNIT EXPANSION CONSTANT (CM/DEG C)

INITIAL VALUE OF TER (CM/YR)

(LINEAR) THERMAL EXPANSION (CM)

INITIAL THERMAL EXPANSION STATE (CM)
COMPACTION LENGTH (CM)

INITIAL VALUE CL (CM)

LINEAR PORE VOLUME (CM)

BACKFILL MAXIMUM COMPACTION LENGTH (CM)
(LINEAR) PORE VOLUME PRODUCED BY SOLUTIONING (CM)

INITIAL (LINEAR) PORE VOLUME PRODUCED BY SOLUTIONING (CU CM)

MAXIMUM BRINE FLOW IN AQUIFER (CU/CM/YR)

(TOTAL) APPARENT CRACK DISCHARGE RATE(CU CM/YR)
REFERENCE CRACK VOLUME RATE (CU CM/YR)
BRINE PRESSURE HEAD (DYNE/SQ CM)

REFERENCE CRACK WIDTH (CM)

CRACK TRACE LENGTH (CM)

BRINE VISCOSITY (POISE)

CRACK PATH LENGTH (CM)

NUMBER OF CRACKS FROM VOLUME OF REFERENCE CRACK
INITIAL NUMBER OF CRACKS

ABSOLUTE VALUE OF NEC (CM)

NET EXPANSION MINUS COMPACTION (CM)

INITIAL NEC (CM)

(LINEAR) PORE VOLUME DESTROYED BY COMPACTION (CM)
INITIAL VALUE OF PVDC (CM)

EFFECTIVE LOAD PRESSURE (DYNE/SQ CM)
EFFECTIVE VISCOSITY (POISE)

TABLE VALUES OF EVISC (POISE)
BACKFILL TEMPERATURE (DEG C)

INITIAL VALUE BFTEMP (DEG C)

MEAN TEMPERATURE FOR STEMP=-0C (DEG C)
INITIAL VALUE OF MTEMP (DEG C)
SURFACE TEMPERATURE (DEG C)
SAX TN GMOLEHRCTH (C)
AVIRACE LENGYL F
SOLUTION OPE
SOLUTTIOWING AREA (3SQ CM)

DEPOSITORY AREA (SQ CM)

INITIAL VALUE OF 30 ( Cu CM)

NATURAL LOG SINGLE CAVITY VOLUME FUNCTION (CU CM)
SINGLE CAVITY DIAMETER (CM)

COMPACTION LENGTH; WITH CLOSURE (CM)

INITIAL VALUE CLC (CM)

(LINEAR) PORE VOLUME; WITH CLOSURE (CM)

SCLUTIONTHG (CM)

BRINE DISCHARGE RATE TO UPPER AQUIFER (CU CM/YR)

LINEAR PORE VOLUME COMPACTION RATE (CM/YR)

(LINEAR) PORE VOLUME PRODUCED BY SOLUTIONING; WITH CLOSURE (CM)

INITIAL VALUE PVPSC (CM)
MBFA)

ACTIVE NUMBER OF CRACKS; REDUCED BY CLOSURE

BRINE DISCHARGE RATE TO UPPER AQUIFER; WITH CLOSURE (CU CM/YR)
APPARENT CRACK DISCHARGE RATE; WITH CLOSURE (CU CM/YR)

NUMBER OF CRACKS CALCULATED FROM VOLUME OF REFERENCE CRACK; WITH CLOSURE

INITIAL NUMBER OF CRACKS; WITH CLOSURE

ABSOLUTE VALUE OF NEC; WITH CLOSURE (CM)

NET EXPANSION MINUS COMPACTION; WITH CLOSURE (CM)
INITIAL VALUE NECC (CM)

(LINEAR) PORE VOLUME DESTROYED BY COMPACTION; WITH CLOSURE (CM)

INITIAL VALUE PVDCC (CM)

MAXIMUM COMPACTION LENGTH; WITH CLOSURE (CM)
AVERAGE COMPACTION LENGTH FROM SOLUTIONING;
SOLUTION OPENINGS; WITH CLOSURE (CU CM)
INITIAL VALUE SOC (CU CM)

LINEAR PORE VOLUME COMPACTION RATE; WITH CLOSURE (CM/YR)

WITH CLOSURE (CM)

NATURAL LOG SINGLE CAVITY VOLUME FUNCTION; WITH CLOSURE (CU CM)

SINGLE CAVITY DIAMETER; WITH CLOSURE (CM)
BRINE DISCHARGE RATE; WITH AND WITHOUT,CLOSURE
(LINEAR) PORE VOLUME RATIC

(LINEAR) PCRE VOLUME RATIO; WITH CLOSURE

NOTE
PRINT H,HINR,HOUTR, SHLR,TER,TE,CL,LPV,PVPS, BDRUA,
X ACDR, NC,AVNEC, NEC, PVDC, LPVCR, EVISC, BFTEMP,
X MTEMP,MCL, ACLS, SO, LNVFU, SCDIA,CLC,LPVC,PVPSC,
X BDRUAC, ACDRC, ANCC, NCC, AVNECC, NECC, PVDCC, LPVCRC,
X MCLC,ACLSC,SOC,LNVFC,SCDIAC, BDRAT, PVRAT, PVRATC
PLOT NC=N/ANCC=C/AVNEC=V(0,1.0E4)/AVNECC=A(0,1.0EL)/SCDIA=D(0, 1.0EL)/
X SCDIAC=S(0, 1.0E4)/BDRAT=B/PYRAT=P/RCVR=R
SSEC DT=1/LENGTH=1.0EL/PLTPER=1.0E2/PRTPER=1.0E2
N

/

"DISS WITH AND WITHOUT CC"----"DISSOLUTION WITH AND WITHOUT CRACK CLOSURE"
EOI ENCOUNTERED.
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DATE OF RUN RUN IDENTIFICATION
REFERENCE SET 2-DISSCC WORKING LIST FOR OPTION 1 NC,NCC WITH DECAY OF BPH
DCP= (CAL/GM/YR)

BMCL= (CcM)

RCW= (CM)

MBFA=3E12 (CU CM/YR)

NBPH=2E6 (DYNE/SQ CM)

DT=

LENGTH=

PRTPER=

PLTPER=

OVERRUN TIME AT

OPTION 1 FOR NC WITH DECAY OF BPH

OPTION 1 FOR NCC WITH DECAY OF BPH

DISSOLUTION WITH AND WITHOUT CRACK CLOSURE (DISSCC WORKING LIST-OPTION 1t FOR NC AND NCC WITH DECAY OF BPH)
I T I T T I T T e e e I e e s aatins
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H.K=H.J+DT*(HINR.JK-HOUTR. JK) HEAT ABOVE 0 TEMPERATURE (CAL/GM)

H=5.,2 INITIAL HEAT; MTEMP=z6C (CAL/GM)

HINR.KL=DCP*FD.K RADIONUCLIDE POWER (CAL/GM/YR)

HINR=0 HEATING RATE AT START (CAL/GM/YR)

DCP=0.094 DIMENSIONAL COEFFICIENT FOR THERMAL POWER (CAL/GM/YR)
FD.K=EXP(2.303*LOGFD.K) RADIONUCLIDE DECAY FRACTION

FD=1. INITIAL DECAY FRACTION
LOGFD.K=TABLE(FDTAB,LOGT.K,0,8,0.5) LOGTEN DECAY FRACTION

LOGF D=0 INITIAL LOGFD

FDTAB=0/-0.03/-0.11/-0.38/-1.00/-1.80/-2.17/-¢.51/-2.80/-3.28/
-3.84/-4.0/-4.0/-4.0/-4,0/-4,0/-4.0 TABLE VALUES OF LOGFD

LOGT. K=LOGN(TIME.K)/2.303 LOGTEN TIME (YEARS)

TIME=1. INITIAL VALUE OF TIME (YEARS)

LOGT=0 INITIAL VALUE OF LOG TIME

HOUTR.KL=DELAY3(SHLR.JK, DSHF) HEAT OUTPUT RATE (CAL/GM/YR)

HOUTR=0 INITIAL HEAT OUTPUT RATE (CAL/GM/YR)
SHLR.KL=2E-U*(H.K-4.0)-2,4E-4 STEADY HEAT LOSS RATE (CAL/GM/YR)

SHLR=0 INITIAL VALUE STEADY HEAT LOSS (CAL/GM/YR)

DSHF =100 DELAY SURFACE HEAT FLUX (YEARS)

TER.KL=UEC* (HINR.JK-HOUTR. JK) /0.2 (LINEAR) THERMAL EXPANSION RATE (CM/YR)

UEC=0.9 UNIT EXPANSION CONSTANT (CM/DEG C)

TER=0.423 INITIAL VALUE OF TER (CM/YR)

TE.K=TE.J+DT*¥(TER.JK) (LINEAR) THERMAL EXPANSION (CM)

TE=0 INITIAL THERMAL EXPANSION STATE (CM)

CL.K=MCL.J-LPV.J COMPACTION LENGTH (CM)

CL=1. INITIAL VALUE CL (CM)

LPV.K=BMCL+PVPS,K-PVDC.K LINEAR PORE VOLUME (CM)

BMCL=60 BACKF ILL MAXIMUM COMPACTION LENGTH (CM)
PVPS.K=PVPS.J+DT*(BDRUA.JK) /DA (LINEAR) PORE VOLUME PRODUCED BY SOLUTIONING (CM)

PVPS=0 INITIAL (LINEAR) PORE VOLUME PRODUCED BY SOLUTIONING (CU CM)
BDRUA.KL=FIFGE(MBFA,ACDR.K,ACDR.K,MBFA) BRINE DISCHARGE RATE TO UPPER AQUIFER (CU CM/YR)
MBFA=3E12 MAXIMUM BRINE FLOW IN AQUIFER (CU CM/YR)
ACDR.K=DCBPHA,K*NBPH*NC.K/(1.+(DCBPHA.K*DCBPHB.K¥*NC.K)) (TOTAL) APPARENT CRACK DISCHARGE RATE (CU CM/YR)
RCVR.K=ACDR.K/NC.K REFERENCE CRACK VOLUME RATE (CU CM/YR)

DCBPHA . K= (3ET*RCW*RCW*RCW*CTL)/(12%BV*CPL) DIMENSIONAL CONSTANT BRINE PRESSURE HEAD (SQ CM/DYNE)*(CU CM/YR)
DCBPHB.K=NBPH/MBFA BRINE PRESSURE FLOW RATIO (DYNE/SQ CM)/(CU CM/YR)

NBPH=2E6 INITIAL BRINE PRESSURE HEAD (DYNE/SQ CM)

RCW=1E~3 REFERENCE CRACK WIDTH (CM)

CTL=6ES CRACK TRACE LENGTH (CM)

BV=1E-2 BRINE VISCOSITY (POISE)

CPL=1E4 CRACK PATH LENGTH (CM)

NC.K=DA*PVDC.K/(RCW*CTL¥*CPL) NUMBER OF CRACKS FROM VOLUME OF REFERENCE CRACK

NC=1, INITIAL NUMBER OF CRACKS

AVNEC.K=MAX(NEC.K,-NEC.K) ABSOLUTE VALUE OF NEC (CM)

NEC.K=TE.K~CL.K NET EXPANSION MINUS COMPACTION (CM)

NEC=-1. INITIAL NEC (CM)

PVDC.K=PVDC.J-DT*(LPVCR.JK) (LINEAR) PORE VOLUME DESTROYED BY COMPACTION (CM)

PVYDC=1., INITIAL VALUE OF PVDC (CM)
LPVCR.KL=LPV.K*EXP(-2.,303*ELP*3E7*DT/EVISC.K)/DT-LPV.K/DT LINEAR PORE VOLUME COMPACTION RATE (CM/YR)
ELP=1.3E8 EFFECTIVE LOAD PRESSURE (DYNE/SQ CM)

EVISC.K=TABLE(EVTAB,BFTEMP.X,0,250,25) EFFECTIVE VISCOSITY (POISE)
EVTAB=1.15£19,7.08E18,4.47E18,2.81E18, 1.78E18,1.26E18,
8.91E17,6.61E17,5.01E17,3.80E17,3.02E17 TABLE VALUES OF EVISC (POISE)
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BFTEMP.K=32+2% (MTEMP. K~26) BACKF ILL TEMPERATURE (DEG C)
P INITIAL VALUE BFTEMP (DEG C)

MTEMP.K=(H.K-4.0)/0,2+STEMP MEAN TEMPERATURE FOR STEMP=.0C (DEG C)
MTEMP=26. INITIAL VALUE OF MTEMP (DEG C)
STEMP=20. SURFACE TEMPERATURE (DEG C)
MCL.K=BMCL+ACLS.K MAXIMUM COMPACTION LENGTH (CM)
ACLS.K=SO.K/SA.K AVERAGE COMPACTION LENGTH FROM SOLUTIONING (CM)
S0.K=30. J+DTA*BDRUA. JK SOLUTION OPENINGS (CU CM)
SA.K=DA SOLUTIONING AREA (SQ CM)
DA=7.9E10 DEPOSITORY AREA (SQ CM)
S0=1. INITIAL VALUE OF SO ( CU CM)
LNVFU.K=0.33%LOGN(S0.K)-0.46 NATURAL LOG SINGLE CAVITY VOLUME FUNCTION (CU CM)
SCDIA.K=2.0*EXP(LNVFU.K) SINGLE CAVITY DIAMETER (CM)
CLC.K=MCLC,J-LPVC.J COMPACTION LENGTH; WITH CLOSURE (CM)
cLC=1. INITIAL VALUE CLC (CM)
LPVC.K=BMCL+PVPSC.K-PVDCC.K (LINEAR) PORE VOLUME; WITH CLOSURE (CM)
PVPSC.K=PVPSC. J+DT*(BDRUAC.JK) /DA (LINEAR) PORE VOLUME PRODUCED BY SOLUTIONING; WITH CLOSURE (CM)
PVPSC=0 INITIAL VALUE PVPSC (CM)
BDRUAC.KL=F IFGE(MBFA,ACDRC.K, ACDRC.K,MBFA)  BRINE DISCHARGE RATE TO UPPER AQUIFER; WITH CLOSURE (CU CM/YR)
ACDRC.K=DCBPHA.K*NBPH*ANCC.K/(1.+(DCBPHA.K*DCBPHB.K¥ANCC.K))  APPARENT NUMBER OF CRACKS REDUCED BY CLOSURE
RCVRC.K=ACDRC.K/NCC.K REFERENCE CRACK VOLUMF RATE (CU CM/YR)
ANCC.K=(LPVC.K/MCLC.K)*NCC.K ACTIVE NUMBER OF CRACKS; REDUCED BY CLOSURE
NCC.K=DA*PVDCC.K/(RCW¥CTL¥CPL) NUMBER OF CRACKS FROM VOLUME OF REFERENCE CRACK; WITH CLOSRE
NCC=1. INITIAL NUMBER OF CRACKS; WITH CLOSURE
AVNECC.K=MAX(NECC.K,-NECC.K) ABSOLUTE VALUE OF NEC; WITH CLOSURE (CM)
NECC.K=TE.K-CLC.K NET EXPANSION MINUS COMPACTION; WITH CLOSURE (CM)
NECC=-1. INITIAL VALUE NECC (CM)
PVDCC.K=PVDCC. J-DT*(LPVCRC.JK) (LINEAR) PORE VOLUME DESTROYED BY COMPACTION; WITH CLOSURE (CM)
PVDCCa1. INITIAL VALUE PVDCC (CM)
LPVCRC,KL=LPVC.K*EXP(-2.303*ELP*3E7*DT/EVISC.K)/DT-LPVC.K/DT  LINEAR PORE VOLUME COMPACTION RATE; WITH CLOSURE (CM/YR)
MCLC.K=BMCL+ACLSC.K MAXTMUM COMPACTION LENGTH; WITH CLOSURE (CM)
ACLSC.K=SOC.K/SA.K AVERAGE COMPACTION LENGTH FROM SOLUTIONING; WITH CLOSURE (CM)
SOC.K=SOC.J+DT¥BDRUAC. JK SOLUTION OPENINGS; WITH CLOSURE (CU CM)
SoC=1. INITIAL VALUE SOC (CU CM)
LNVFC.K=0.33%LOGN(SOC.K)-0.,46 NATURAL LOG SINGLE CAVITY VOLUME FUNCTION; WITH CLOSURE (CU CM)
SCDIAC.K=2.0*EXP(LNVFC.K) SINGLE CAVITY DIAMETER; WITH CLOSURE (CM)
BDRAT.K=(1.+BDRUAC.K)/(1.+BDRUA.K)  BRINE DISCHARGE RATE; WITH AND WITHOUT,CLOSURE
PYRAT.K=PVDC.K/MCL.K (LINEAR) PORE VOLUME RATIO

S e PVRATC,K=PVDCC.K/MCLC.K (LINEAR) PORE VOLUME RATIO; WITH CLOSURE

PRINT H,HINR,HOUTR,SHLR,TER,TE,CL,LPV,PVPS,BDRUA,ACDR,

X NC, AVNEC, NEC,PVYDC,LPVCR,EVISC, BETEMP,MTEMP, MCL,

X ACLS, SO, LNVFU, SCDIA, CLC,LPVC,PVPSC, BDRUAC, ACDRC,

X ANCC,NCC, AVNECC, NECC, PVDCC, LPVCRC, MCLC, ACLSC, SOC,

X LNVFC,SCDIAC, BDRAT, PVRAT, PVRATC

PLOT NC=N/ANCC=C/AVNEC=V(0,1.0E4)/AVNECC=A(0,1.0EH)/SCDIA=D(0,1.0E4)/
X SCDIAC=S(Q,1.0EL)/BDRAT=B/PVRAT=P/RCVR=R/RCVRC=H
SPEC DT=1/LENGTH=1.0E4/PLTPER=1.0E</PRTPER=1.0E<
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PLOT
X
SPEC
RUN

RUN IDENTIFICATION

REFERENCE SET 3-DISSCC WORKING LIST FOR OPTION 2 NC,NCC
(CM)

DATE OF RUN

RCW=

BMCL= (cM)

DCP= (CAL/GM/YR)
CC= (PER CM)

MBFA=3E1¢ (CU CM/YR)
BPH=2E6 (DYNE/SQ CM)
DT=

LENGTH=

PRTPER=

PLTPER=

OVERRUN TIME AT

OPTION 2 FOR NC

OPTION 2 FOR NCC

DISSOLUTION WITH AND WITHOUT CRACK CLOSURE (DISSCC WORKING LIST-OPTION 2 FOR NC AND NCC)
LR R R T L L e R e R e R e e e T T ]
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HEAT ABOVE 0 TEMPERATURE (CAL/GM)

INITIAL HEAT; MTEMP=¢6C (CAL/GM)

H.K=H.J+DT*(HINR.JK-HOUTR. JK)
H=5.2

HINR.KL=DCP¥*FD.K

HINR=0

DCP=0.094
FD.K=EXP(z.303%LOGFD.K)

FD=1.

LOGFD.K=TABLE(FDTAB,LOGT.K,0,8,0.5)

LOGFD=0

RADIONUCLIDE POWER (CAL/GM/YR)

HEATING RATE AT START (CAL/GM/YR)

DIMENSIONAL COEFFICIENT FOR THERMAL POWER (CAL/GM/YR)

RADIONUCLIDE DECAY FRACTION
INITIAL DECAY FRACTION
LOGTEN DECAY FRACTION
INITIAL LOGFD

FDTAB=0/~0.03/-0.11/-0.38/-1.00/-1.80/-2.17/-2.51/-2.80/-3.28/

-3.84/-4.0/-4.0/-4.0/-4.0/-4.0/-b.0

LOGT.K=LOGN(TIME.K)/2.303
TIME=1.

LOGT =0
HOUTR.KL=DELAY3(SHLR.JK, DSHF)
HOUTR=0
SHLR.KL=2E-4¥(H.K-4.0)~2.4E~4
SHLR=0

DSHF =100

TER.KL=UEC* (HINR.JK-HOUTR.JK)/0.2

UEC=0.9

TER=0.423
TE.K=TE.J+DT*#(TER.JK)

TE=1.

CL.K=MCL.J-LPV.J

CL=1.

LPV.K=BMCL+PVPS.K-PVDC.K
BMCL=60
PVPS.K=PVPS.J+DT#(BDRUA.JK) /DA
PVPS=0

BDRUA .KL=FIFGE(MBFA,ACDR.K,ACDR.K,MBFA)

MBFA=3E1¢
ACDR.K=RCVR.K¥NC.K

RCVR.K=(3ET*BPH*RCW®RCW¥RCW¥CTL)/(12%BV¥CPL)

BPH=2E6
RCW=1E-3
CTL=z6E5
BV=1E-2
CPL=1EA4

NC.K=CC*FIFGE(1E4, AVNEC.K, AVNEC.K, 1E4)

cC=5.

NC=1.

AVNEC.K=MAX(NEC.K, ~NEC.K)
NEC.K=TE.K-CL.K

NEC=-1.
PVYDC.K=PVDC.J-DT*(LPVCR.JK)
PVDC=0

LPVCR.KL=LPV.K*EXP(-z.303%ELP*3E7*DT/EVISC.K)/DT-LPV.K/DT
EFFECTIVE LOAD PRESSURE (DYNE/SQ CM)
EFFECTIVE VISCOSITY (POISE)

ELP=1.3E8

EVISC.K=TABLE(EVTAB,BFTEMP.K,0,250,25)

‘FABLE VALUES OF LOGFD

LOGTEN TIME (YEARS)

INITIAL VALUE OF TIME (YEARS)
INITIAL VALUE OF LOG TIME
HEAT OUTPUT RATE (CAL/GM/YR)

INITIAL HEAT OUTPUT RATE (CAL/GM/YR)
STEADY HEAT LOSS RATE (CAL/GM/YR)

INITIAL VALUE STEADY HEAT LOSS (CAL/GM/YR)
DELAY SURFACE HEAT FLUX (YEARS)
(LINEAR) THERMAL EXPANSION RATE
UNIT EXPANSION COWSTANT (CM/DEG

INITIAL VALUE OF TER (CM/YR)

(LINEAR) THERMAL EXPANSION (CM)
INITIAL THERMAL EXPANSION STATE

COMPACTION LENGTH (CM)
INITIAL VALUE CL (CM)
LINEAR PORE VOLUME (CM)

BACKFILL MAXIMUM COMPACTION LENGTH (CM)
(LINEAR) PORE VOLUME PRODUCED BY SOLUTIONING (CM)

INITIAL (LINEAR) PORE VOLUME PRODUCED BY SOLUTIONING (CU CM)

REFERENCE CRACK WIDTH (CM)
CRACK TRACE LENGTH (CM)
BRINE VISCOSITY (POISE)
CRACK PATH LENGTH (CM)

BRINE DISCHARGE RATE TO UPPER AQUIFER (CU CM/YR)
MAXIMUM BRINE FLOW IN AQUIFER (CU CM/YR)

(TOTAL) APPARENT CRACK DISCHARGE RATE(CU CM/YR)
REFERENCE CRACK VOLUME RATE (CU CM/YR)
BRINE PRESSURE HEAD (DYNE/SQ CM)

NUMBER OF CRACKS FROM NET VERTICAL DISPLACEMENT

CRACK COEFFICIENT; PROPORTIONAL TO NET VERICAL DISPLACEMENT

INITIAL NUMBER OF CRACKS
ABSOLUTE VALUE OF NEC (CM)

NET EXPANSION MINUS COMPACTION (CM)

INITIAL NEC (CM)

(LINEAR) PORE VOLUME DESTROYED BY COMPACTION (CM)

INITIAL VALUE OF PVDC (CM)

EVTAB=1.15E19,7.08E18,4.47E18,-.81E18,1.78E18,1.26E18,

8.91E17,6.61E17,5.01E17,3.80817,3.02E17 TABLE VALUES OF EVISC (POISE)

BFTEMP.K=32+2%(MTEMP.K-26)
BFTEMP=3c.
MTEMP.K=(H.K-4.0)/0.2+STEMP
MTEMP=26.

STEMP=20.

MCL.K=BMCL+ACLS.K
ACLS.K=S0.K/SA.K
S0.K=50,J+DT*BDRUA.JK
SA.K=DA

DA=7.9E10

S0=1.
LNVFU.K=0.33*¥LOGN(S0.K)-0.46
SCDIA.K=2.0*EXP(LNVFU.K)
CLC.K=MCLC.J-LPVC.J

CLC=1.
LPVC.K=BMCL+PVPSC.K-PVDCC.K

PVPSC.K=PVPSC.J+DT#(BDRUAC.JX) /DA

PVPSC=0

BDRUAC.KL=F IFGE(MBFA,ACDRC.K, ACDRC.K,MBFA)

ACDRC.K=RCVR.K¥ANCC.K
ANCC.K=(LPVC.K/MCLC.K)¥NCC.K

NCC.K=CC*FIFGE(1E4,AVNECC.K, AVNECC.K, 1EL)

NCC=z1.
AVNECC.K=MAX(NECC.K,-NECC.K)
NECC.K=TE.K-CLC.K

NECC=-1.
PVDCC.K=PVDCC.J-DT¥(LPVCRC.JK)
PVDCC=0

LPVCRC.KL=LPVC .K*EXP(-2.303%ELP*3E7*DT/EVISC.K)/DT-LPVC,.K/DT
MAXIMUM COMPACTION LENGTH; WITH CLOSURE (CM)
AVERAGE COMPACTION LENGTH FROM SOLUTIONING;
SOLUTION OPENINGS; WITH CLOSURE (CU CM)

MCLC.K=BMCL+ACLSC.K
ACLSC.K=SOC.K/SA.K
SOC.K=S0C.J+DT*BDRUAC.JK
SoC=1.
LNVFC.K=0.33*%LOGN(SOC.K)-0.46
SCDIAC.K=2.0*¥EXP(LNVFC.K)

BDRAT.K=(1.+BDRUAC.K)/(1.+BDRUA.K)

PVRAT.K=PVDC.K/MCL.K
PVRATC.K=PVDCC.K/MCLC.X

BACKFILL TEMPERATURE (DEG C)
INITIAL VALUE BFTEMP (DEG C)

MEAN TEMPERATURE FOR STEMP=20C (DEG C)

INITIAL VALUE OF MTEMP (DEG C)
SURFACE TEMPERATURE (DEG C)
MAXIMUM COMPACTION LENGTH (CM)

AVERAGE COMPACTION LENGTH FROM SOLUTIONING (CM)

SOLUTION OPENINGS (CU CM)
SOLUTIONING AREA (SQ CM)
DEPOSITORY AREA (SQ CM)
INITIAL VALUE OF SO ( CU CM)

NATURAL LOG SINGLE CAVITY VOLUME FUNCTION (CU CM)

SINGLE CAVITY DIAMETER (CM)

COMPACTION LENGTH; WITH CLOSURE (CM)

INITIAL VALUE CLC (CM)

(LINEAR) PORE VOLUME; WITH CLOSURE (CM)

LINEAR PORE VOLUME COMPACTION RATE (CM/YR)

(LINEAR) PORE VOLUME PRODUCED BY SOLUTIONING; WITH CLOSURE (CM)

INITIAL VALUE PVPSC (CM)

APPARENT CRACK DISCHARGE RATE;

INITIAL VALUE NECC (CM)

BRINE DISCHARGE RATE TO UPPER AQUIFER; WITH CLOSURE (CU CM/YR)
WITH CLOSURE (CU CM/YR)

ACTIVE NUMBER OF CRACKS; REDUCED BY CLOSURE

NUMBER OF CRACKS FROM NET VERTICAL DISPLACEMENT

INITIAL NUMBER OF CRACKS; WITH CLOSURE

ABSOLUTE VALUE OF NEC; WITH CLOSURE (CM)

NET EXPANSION MINUS COMPACTION; WITH CLOSURE (CM)

(LINEAR) PORE VOLUME DESTROYED BY COMPACTION; WITH CLOSURE (CM)

INITIAL VALUE PVDCC (CM)

INITIAL VALUE SOC (CU CM)

LINEAR PORE VOLUME COMPACTION RATE; WITH CLOSURE (CM/YR)

WITH CLOSURE (CM)

NATURAL LOG SINGLE CAVITY VOLUME FUNCTION; WITH CLOSURE (CU CM)

SINGLE CAVITY DIAMETER; WITH CLOSURE (CM)
BRINE DISCHARGE RATE; WITH AND WITHOUT,CLOSURE

(LINEAR) PORE VOLUME RATIO

(LINEAR) PORE VOLUME RATIO; WITH CLOSURE

H,HINR,HOUTR, SHLR,TER, TE, CL, LPV, PVPS, BDRUA, ACDR,
NC,AVNEC,NEC, PVDC,LPVCR,EVISC,BFTEMP, MTEMP, MCL,
ACLS,SO0,LNVFU, SCDTA,CLC,LPVC,PVPSC, BDRUAC, ACDRC,
ANCC, NCC, AVNECC, NECC, PVDCC, LPVCRC, MCLC, ACLSC, SOC,

LNVFC,SCDIAC, BDRAT, PVRAT, PVRATC

NC=N/ANCC=C/AVNEC=V(0,1,0E4)/AVNECC=A(C,1.0EY4)/SCDIA=D(0, 1.0EL)/
SCDIAC=S(0, 1.0E4)/BDRAT=B/PVRAT=P/RCVR=R
DT=1/LENGTH=1,0E4/PLTPER=1.0E«/PRTPER=1.0Ex

"DISS WITH AND WITHOUT CC"----"DISSOLUTION WITH AND WITHOUT CRACK CLOSURE"

EOTI ENCOUNTERED.
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DATE OF RUN RUN IDENTIFICATION

REFERENCE SET 4-DISSSCC WORKING LIST FOR OPTION 2 NC, NCC WITH DECAY OF BPH
DCP= (CAL/GM/YR)

BMCL= (CM)

RCW= {CM)

cC= (PER CM)

MBFA= 3E12 (CU CM /YR)

NBPH=2E6 (DYNE/SQ CM)

DT=

LENGTH=

PRTPER=

PLTPER=

OVERRUN TIME AT

OPTION 2 FOR NC WITH DECAY OF BPH

OPTION 2 FOR NCC WITH DECAY OF BPH

DISSOLUTION WITH AND WITHOUT CRACK CLOSURE (DISSCC WORKING LIST-OPTION ¢ FOR NC AND NCC WITH DECAY OF BPH)
L e T T R R i el

TN T N AN R R R R R R N RN R R R R R RN R RN R R R R RN RN ERE R R R R R R R RERRRE RN RN EE R R E RN ERRERRRERRE

H.K=H.J+«DT*(HINR.JK-HOUTR. JK) HEAT ABOVE 0 TEMPERATURE (CAL/GM)

H=5.2 INITIAL HEAT; MTEMP=26C (CAL/GM)

HINR.KL=DCP®*FD.K RADIONUCLIDE POWER (CAL/GM/YR)

HINR=0 HEATING RATE AT START (CAL/GM/YR)

DCP=0.094 DIMENSIONAL COEFFICIENT FOR THERMAL POWER (CAL/GM/YR)
FD.K=EXP(2.303*LOGFD.K) RADIONUCLIDE DECAY FRACTION

FD=1. INITIAL DECAY FRACTION
LOGFD.K=TABLE(FDTAB,LOGT.X,0,8,0.5) LOGTEN DECAY FRACTION

LOGFD=0 INITIAL LOGFD

FDTAB=0/-0.03/-0.11/-0.38/-1.00/-1.80/-2.17/-2.51/-2.80/-3.28/
-3.84/-4,0/-4.0/-4.0/-4.0/-4.0/-4.0 TABLE VALUES OF LOGFD

LOGT.K=LOGN(TIME.K)/2.303 LOGTEN TIME (YEARS)

TIME=1. INITIAL VALUE OF TIME (YEARS)

LOGT=0 INITIAL VALUE OF LOG TIME

HOUTR.KL=DELAY3(SHLR.JK, DSHF) HEAT OUTPUT RATE (CAL/GM/YR)

HOUTR=0 INITIAL HEAT OUTPUT RATE (CAL/GM/YR)

SHLR=0 INITIAL VALUE STEADY HEAT LOSS (CAL/GM/YR)
SHLR.KL=Z2E-4*(H.K-4.0)-2.4E-4 STEADY HEAT LOSS RATE (CAL/GM/YR)

DSHF =100 DELAY SURFACE HEAT FLUX (YEARS)

TER.KL=UEC®* (HINR.JK-HOUTR. JK)/0.2 (LINEAR) THERMAL EXPANSION RATE (CM/YR)

UEC=0.9 UNIT EXPANSION CONSTANT (CM/DEG C)

TER=0.423 INITIAL VALUE OF TER (CM/YR)

TE.K=TE.J+DT*(TER. JK) (LINEAR) THERMAL EXPANSION (CM)

TE=0 INITIAL THERMAL EXPANSION STATE (CM)

CL.K=MCL.J-LPV.,J COMPACTION LENGTH (CM)

CL=1. INITIAL VALUE CL (CM)

LPV.K=BMCL+PVPS.K~-PVDC.K LINEAR PORE VOLUME (CM)

BMCL=60 BACKFILL MAXIMUM COMPACTION LENGTH (CM)
PVPS.K=PVPS.J+DT*(BDRUA.JK)/DA (LINEAR) PORE VOLUME PRODUCED BY SOLUTIONING (CM)

PVPS=0 INITIAL (LINEAR) PORE VOLUME PRODUCED BY SOLUTIONING (CU CM)
BDRUA.KL=FIFGE(MBFA,ACDR.K, ACDR.K,MBFA) BRINE DISCHARGE RATE TO UPPER AQUIFER (CU CM/YR)
MBFA=3E12 MAXIMUM BRINE FLOW IN AQUIFER (CU CM/YR)
ACDR.K=DCBPHA,K*NBPH®*NC.K/(1.+(DCBPHA.K*DCBPHB.K¥NC.K)) (TOTAL) APPARENT CRACK DISCHARGE RATE (CU CM/YR)
RCVR.K=ACDR.K/NC.K REFERENCE CRACK VOLUME RATE (CU CM/YR)
DCBPHA.K=(3E7*RCW*RCW*RCW*CTL)/{12*BV*CPL) DIMENSIONAL CONSTANT BRINE PRESSURE HEAD (SQ CM/DYNE)*(CU CM/YR)
DCBPHB.K=NBPH/MBF A BRINE PRESSURE FLOW RATIO (DYNE/SQ CM)/{(CU CM/YR)

NBPH=ZE6 INITIAL BRINE PRESSURE HEAD (DYNE/SQ CM)

RCW=1E-3 REFERENCE CRACK WIDTH (CM)

CTL=6ES CRACK TRACE LENGTH (CM)

BV=1E-2 BRINE VISCOS{TY (POISE)

CPL=1EY CRACK PATH LENGTH (CM)

NC.K=CC*FIFGE(1E4,AVNEC.K,AVNEC.K, 1EL) NUMBER OF CRACKS FROM NET VERTICAL DISPLACEMENT

CC=5. CRACK COEFFICIENT;PRCPORTIONAL TO VERTICAL DISPLACEMENT (CM)
NC=1. INITIAL NUMBER OF CRACKS

AVNEC.K= MAX(NEC K, -NEC.K) ABSOLUTE VALUE OF NEC (CM)+1E-3

NEC.K=TE.K-C NET EXPANSION MINUS COMPACTION (CM)

NEC=-1. INITIAL NEC (CM)

PVDC.K=PVDC.J-DT*(LPVCR.JK) {LINEAR) PORE VOLUME DESTROYED BY COMPACTION (CM)

PVDC=0 INITIAL VALUE OF PVDC (CM)

LPVCR.KL=LPV, K®EXP(-2.303*ELP*3E7*DT/EVISC.X)/DT-LPV.K/DT LINEAR PORE VOLUME COMPACTION RATE (CM/YR)
ELP=1.3E8 EFFECTIVE LOAD PRESSURE (DYNE/SQ CM)

EVISC.K=TABLE(EVTAB,BFTEMP.K, 0,250,25) EFFECTIVE VISCOSITY (POISE)
EVTAB=1.15E19,7.08E18,4.47E18,2.81E18,1.78E18,1.26E18,
8.91E17,6.61£17,5.01E17,3.80E17,3.02E17 TABLE VALUES OF EVISC (POISE)

BFTEMP.K=32+2*(MTEMP.K-26) BACKFILL TEMPERATURE (DEG C)

BFTEMP=32. INITIAL VALUE BFTEMP (DEG C)
MTEMP.K=(H.K-4.0)/0.2+STEMP MEAN TEMPERATURE FOR STEMP=20C (DEG C)

MTEMP=26. INITIAL VALUE OF MTEMP (DEG C)

STEMP=20. SURFACE TEMPERATURE (DEG C)

MCL.K=BMCL+ACLS.K MAXIMUM COMPACTION LENGTH (CM)

ACLS.K=SO.K/SA.K AVERAGE COMPACTION LENGTH FROM SOLUTIONING (CM)
50.K=50.J+DT*BDRUA.JK SOLUTION OPENINGS (CU CM)

SA.K=DA SOLUTIONING AREA (SQ CM)

DA=7.9E10 DEPOSITORY AREA (SQ CM)

S0=1. INITIAL VALUE OF SO ( CU CM)
LNVFU.K=0.33*LOGN(S0.K)-0.46 NATURAL LOG SINGLE CAVITY VOLUME FUNCTION (CU CM)
SCDIA.K=2.0*EXP(LNVFU.K) SINGLE CAVITY DIAMETER (CM)

CLC.K=MCLC J-LPVC.J COMPACTION LENGTH; WITH CLOSURE (CM)

CLC=1, INITIAL VALUE CLC (CM)
LPVC.K=BMCL+PVPSC.K-PVDCC.K (LINEAR) PORE VOLUME; WITH CLOSURE (CM)
PVPSC.K=PVPSC.J+DT*(BDRUAC.JK) /DA (LINEAR) PORE VOLUME PRODUCED BY SOLUTIONING; WITH CLOSURE (CM)
PVPSC=0 INITIAL VALUE PVPSC (CM)

BDRUAC.KL=F IFGE(MBFA, ACDRC.K, ACDRC. K, MBFA) BRINE DISCHARGE RATE TO UPPER AQUIFER; WITH CLOSURE (CU CM/YR)
ACDRC.K=DCBPHA,K*NBPH*ANCC.K/(1.+(DCBPHA.K*DCBPHB.K*ANCC.K)) APPARENT NUMBER OF CRACKS REDUCED BY CLOSURE

VUuEEZC PR ZC Z P PR P PU P R P Er P e Z O P P PO Z ;P Z P X PO EC Z PP 2O P00 PP NP AT ZC QAP EICZCZODIQODIZZDZZ R X HZ B Z D QO T O K N R K X NN T A RT R R

RCVRC.K=ACDRC.K/NCC.K REFERENCE CRACK VOLUME RATE (CU CM/YR)
ANCC.K=(LPVC.K/MCLC.K)*NCC.K ACTIVE NUMBER OF CRACKS; REDUCED BY CLOSURE
NCC.K=CC*FIFGE(1EL, AVNECC.K, AVNECC.K, 1E4) NUMBER OF CRACKS FROM VERTICAL DISPLACEMENT; WITH CLOSURE
NCC=1. INITIAL NUMBER OF CRACKS; WITH CLOSURE
AVNECC. K=MAX{NECC.K, -NECC.K) ABSOLUTE VALUE OF NEC; WITH CLOSURE (CM)
NECC.K=TE.K-CLC.K NET EXPANSION MINUS COMPACTION; WITH CLOSURE (CM)
NECC=-1. . INITIAL VALUE NECC (CM)
PYDCC.K=PVYDCC. J-DT*(LPVCRC. JK) (LINEAR) PORE VOLUME DESTROYED BY COMPACTION; WITH CLOSURE (CM)
PVDCC=0 INITIAL VALUE PUDCC (CM)
LPVCRC.KL=LPVC.K*EXP(-2.303*ELP¥3ET*DT/EVISC.K)/DT-LPVC.K/DT  LINEAR PORE VOLUME COMPACTION RATE; WITH CLOSURE (CM/YR)
MCLC.K=BMCL+ACLSC. K MAXIMUM COMPACTION LENGTH; WITH CLOSURE (CM)
ACLSC.K=SOC.K/SA.K AVERAGE COMPACTION LENGTH FROM SOLUTIONING; WITH CLOSURE (CM)
SOC.K=SOC.J+DT*BDRUAC. JK SOLUTION OPENINGS; WITH CLOSURE (CU CM)
s0C=1. INITIAL VALUE SOC (Cu CM)
LNVFC.K=0.33*LOGN(SOC.K)-0.46 NATURAL LOG SINGLE CAVITY VOLUME FUNCTION; WITH CLOSURE (CU CM)
SCDIAC.K=2.0*EXP(LNVFC.K) SINGLE CAVITY DIAMETER; WITH CLOSURE (CM)
BDRAT.K=(1.+BDRUAC.K)/(1.+BDRUA.K)  BRINE DISCHARGE RATE; WITH AND WITHOUT,CLOSURE
PVRAT.K=PVYDC.K/MCL.K (LINEAR) PORE VOLUME RATIO
PVRATC.K=PVDCC.K/MCLC.K (LINEAR) PORE VOLUME RATIO; WITH CLOSURE

NOTE

PRINT H,HINR,HOUTR,SHLR,TER,TE,CL,LPV, PVPS,BDRUA,ACDR,

X NC, AVNEC, NEC, PYDC, LPVCR, EVISC, BFTEMP,MTEMP, MCL,

X ACLS, SO, LNVFC,SCDIA,CLC,LPVC,PVPSC, BDRUAC,ACDRC,

X ANCC, NCC, AVNECC, NECC, PYDCC, LPVCRC, MCLC, ACLSC, SOC,

X LNVFU, SCDIAC, BDRAT, PVRAT, PVRATC

PLOT NC=N/ANCC=C/AVNEC=V(0,1.0E4)/AVNECC=A(0,1.0E4)/SCDIA=D(0,1.0EH4)/
X SCDIAC=S(0,1.0EL4)/BDRAT=B/PVRAT=P/RCVR=R/RCVRC=H



DCP
DSHF
UEC
BMCL
MBFA
BPH
CTL
BV
CPL
ELP
STEMP
DA
cC

80-705

Table AR.5.3

0.094 CAL/GM/YR
100 YEARS

0.9 CM/DEG C

60 CM

3E12 CU CM/YR
2E6 DYNE/SQ CM
6E5 CM

1E-2 POISE

1E4 CM

1.3E8 DYNE/SQ CM
20 DEG C

7.9E10 SQ CM

. )



84A730° [=43dlud $414230° [=43di1d $4K P30 L=HIINTY

saeak 10050 0=0INY
paAaryde jou
paaatyde jou

paaaiyde j0u
paAaLyde jou
paAaLyose 30U
paAaLyoe jou

saedk (005w 0=)INY
panayoe jou
panayde jou

paAatyde j0u
paAatyde jou
paAaLyde j0u
paAayoe jou

0#J0NV PaAatLyde jou
panatyde 30u
s4e9f (08he
paAdLyoe j0u
s4eah 10298
sdeaf 059
saeaf 1059

0#20NY PaAdLyde j0u
(1)s4eaf oge
(1)s4eaf g¢
(7)s4e9£ 099
(1)s4eaf 089
(7)s4e9f 02
(1)s4eaf 02

s4eak [00S® 0=DINV
paAd1yoe j0u
paAdtyde jou
paAaLye jou
paaatyde jou
paAaLyde jou
paAaLyoe jou

saeak |00G9 0=DDNY
paaatyae jou
paAdLyde j0u
paAatryde jou
paAaryde 0u
paAaLyde jou
paAatyde jou

0#J0NV paratyde j0u
paAatyde jou
s4edf 10620
paAatryde 3jou
s4eaf 0050
saeak 1080
saedk 1099

0£JIKY paaatyde jou
(1)s4eak /9¢
(7)s4eaf s9¢
(1)s4ea£ 1099
saeaf 1099
(71)saeaf /)|
(7)saeaf 1]

sueaf 10459 0=0INY
paAsdtyde jou
paaaLyode jou
paAaLyoe jou
paAatyoe jou
paAaLyoe jou
saeak 1099

0#J0NV paaatyde jou
saeaf (069
saeaf 1089
s4eaf 10219
s4ea£ 10110
(1)s+e9£ €9
(1)s4eaf €9

0#20Ny paaatyde j0u

s4eaf |0ge

s4eaf |0€9

saedf 1099

saedk (099
(1)s4e94 G|
(1)s4eaf g|

0#2JNY PaaatLyoe jou
(7)s4eaf 987
(7)saeak 932
(1)s4e8£ pgg
(7)sueaf pgg
(1) saeaf g
(1)s4eaf £

sdeak {0/G0 0=D0NY
paaatyde jou
saeak {0040
paaatyde jou
paaatyoe jou
paaatyoe jou
saeak 1099

0#JINV PaAatyde jou
(1)s4e84 052
(1)s4eak 059
s4eak 10019
(1) s4eaf 056
(1)s4e9£ 69
(1)s4e8/ 99

02NV paAatyde jou
saedd {09
saeak |0gp
saedl 099
s4e3f 1099
(1) s4eaf pi
(1)saeaf g|

0#J0NY paAaatyde jou
(1)saeaf 9gz
(1)saeaf 982
s4eaf 1099
saeafk 1099
(1)s4eaf ¢
(1)s4eaf £

WO G-31=MDY

Vv 'G'HV 9djqel

WO p-31=MY

WO €-31=MDY

WO 2-31=M)Y

208
0s
JJ3INAY
JINAY
vIads
v102S

208

0S
J03NAY
JINAY
JVIAdS
v102S

308

0s
JJ3NAY
J3NAY
VIS
vIads

208
0S
JJ3NAY
J3NAY
Vi3S
L (8N

101

10

134

1aL

10

131

1d

1aL

10

131

14

1ai

10

131

1d

140 (=10

viSdd

€154y

21s3

L1S4d



$4K£30° |=¥3didd 44 €307 1=¥3dLTd 44530 1=HLONIT

s4e3k 00099 0=JINY $4234 000Se 0=JINY s4eak 000L0 0=IINY 0#JINV P3Aaiydoe jou
paAaLyde jou paAayse jou s4eak 000599 (1) sae34 082
paAaiyde jou paAaLyde jou saeak 008y (T)s4e0k 082
paaaiyde jo0u paAaLyde jou saeak 000999 (1)s4eak o€y
paAaiyode jou paAaLyose jou (71)s4eak Z£G5 (T)s4eak sep
paAatyde jou paAa(yde jou s4e3k 00019 (1)s4eak g9
paAayde jou saeak 000cLe (1)s4eak o€g (1)s4eak €9
s4e3£ 000,00 0=JINY $423K 000S9 0=IIHY s4eak 000L8 0=IINY 0#JONY PaAatyde jou
paAaLyde j0u paAaaiyde jou s4eak 000799 (1)s4eak 092
paAatiyoe jou paAatyde jou (71)s4e34 00SH (1)saeak g9z
paAaLyde jou paAaiyde jou s4eak 000898 (1)s4eak €19
paaatyoe jou panayoe j3o0u s4eak 000Se (1)s4eak g1y
paaatyde jou paAsLyoe jou saeak 00019 (1)s4edk €9
paaaiyde j0u saeak 000 L0 (1)s4eak geq (1)s4eaf ¢g
s4eak 000L0 0=IINY 0#JINY PaA3Lyde jou 0#JINV P3AaLyde jou 0#JINY PaAaiyde jou
paaaiyde jou (7)s4eak oGy (1) s4eak £9¢ (1)s4eak 052
(1)s4®ak 000E Ly (1)s4eaf 0021 (1)s4eak g9 {1)saeak 052
paAatLyde jou (1)s4eak 0021 (1)saeak 0p (7)s4eak ggg
(1) sapak 062¢| (T)s4eafk o2l {1)aeak Loy (7)saeak gg¢
paAalyde jou (1)s4eak 9g (T)s4e94 €9 (1)saeak 29
(1)s4eak 62y (1)s4eaf 0g (T)s4e3f €9 (1)s4eak 79
s4eak 000L¢ 0=DINY 0#JINY PaAayde jou 0#J0NV PaAaLyde jou 0#JJNY PanaLyde jou
paaaLyde jou {1)s4eaf Q09 (1)s4eaf 0o¢ (1)saeaf QG2
s4eak 000E |9 (1)s4eak 00y (1)s4034 00¢ (1)s4eak 052
panaiyde jou s4eak 00019 (1)s4eak gop (1) saeaf 06¢
s423k 000€ L s4eak 00013 (1)s4eak goy (1)saeak 06¢
panaiyoe jou (1)s4eafk G/ (1)s4eaf €9 (T1)s4eak 29
(1)s4eafk 924 (7)s4eak ¢y (7)s4eaf g9 {(1)s4eak 29
WO G-31=MY N O p-31=M)y WO £-31=HY WO 2-31=MY

gv°'G'HV 9lqe]

308
0s
JJINAY
J3NAY
VIS
VIads

30S

0s
JI3INAY
J3INAY
JV1ads
vIQJs

30S

0s
JJ3INAY
J3INAY
JV102S
Y10JS

J0S
0S
JJ3NAY
JINAY
JVIQ3S
v1Q2$

1al

10

131

ld

101

10

131

10

101

1al

10

131

83401=10

v1S44

€153y

1S4y

L1S3y



81A 430" 1=41d1¥d SIK$30° [=43dLNd

824930 [=HI9NI1 $A 00L=10

sae3k 000018 0=IINY $4e34 0DOOLY 0=IINY s4edk 00001@ 0=DINY 0#20MY PaAaiyde jou
paA3Lyde jJ0u paAayde jou (1) s4e3f 000S6 (1)s4eak 012 930S
paaalyde j0u paAaLyoe jou (1)s4e2k 28y1 (1)s4eak 092 0s
paaatyde j0u paAaiyde jou (1)s4e34 00056 (1)s4eak 062 J03NAY
paAaLyde jou paaaLyoe jou (1)s4edk 99| (1)s4eak p62 JINAY
paaatyoe jou paaatyde jou s4e3ak 00001 (1) s4eak 062 V103S
paaatyoe jou s4e34 000080 (1)s4e3k 216 (1)s4edk 062 v102S
0#2INY P3ARLYdE J0Uu 0#JINY paAaLyde jou 0#JONY PaAaLyde jou s4eak 536 1 0=IINY
paaaiyoe jou paaatLyoe jou (1)s4e3X 00056 (1)s4aeak pgz 208
paAaLyoe j0u paAalyoe jou (7)s4e3k ppol (1)saedk 092 0S
paaatyde jou paaaLyoe jou (1)saeak 00056 (1)s4eak pgz 223INAY
paaatyde jou paaaLyoe jou (1)s4e24 9g | (1)saeak 082 JINAY
PaAaLyae jou paAaLyoe jou s4e3ak 0pO01o (1)saeak 062 I¥10IS
paAatyde jou saead 000089 (1)s4edf OGy (1)s4e3k 062 v10a2S
sJ4eak 0C00L® 0=DINY 0FJINY paAaiyde jou 0#JINV PaAaLyde jou 0#JINV PaAaLyoe jou
paAaLyoe jou (1) s4eak 60¢ (1)s4eak £92 (1)saed4 €92 20%
(1)s4eek 05061 (1)s4eak g82 (1)saedk (92 (1)s4eak g9z 0s
paaaLyose jou (1)s4eak |g¢ (1)s4edk 587 (1)s4edk pge 223NAY
(1)s4eak p662] (1)saeak gog (1)sae2k 582 (1)saeak pg2 DTN
paAaLyde jou (1)s4eak 50€ (1)s4eak |62 (1)s4edk 062 V1028
(1)saedk pzeL (1) s4wak £62 (1)s4eak 162 (1)s4eak 062 ¥102S
0#JINY PaAatyde jou 0#JINY PaAaLyde jou 0#JINY PaAdiyde jou 0#JINY PaAapyde jou
paAaLyoe jou (1)s4eak pge (1)s4e24 992 (1)saeak 99z 308
(1)s4eak 00901 (1)s4edh 242 (1)s4eak 992 (1)s4e3k 692 0s
paAaLyde jou (1)s4eak gog (1)s4eaf pgz (1)s4eaf pge IIINAY
(1)s4ed4 g(L01 (1)s4eak 362 (1)s4eaf 532 (1)s4e2k pg2 JINAY
paAaLyde jou (1)s4eah 562 (1)saedk Q62 (1)s4edf 0p2 V108
(7)s4eak 90t (1)saeak y62 (1)s4eak 062 (1)saedk pp2 vI03S
WO G-31=MD WO p-31=MY WO €-31=M04 WO 2-31=MD¥

Ov'G'HV »9lqel

101

10

11

1ol

10

131

1d

lal

10

131

lal

10

131

p1SdY

€153y

[AREL]

11544



042NV
020N
0#20NY
02ONY
0#£JINY
0#£JINY
020Ny
0#2INY
042NV
0#2NY
0AIINY
GAIINY
0#439NY
0#20NY
0FJINY
030NV
GFIINY
0£JINV
020NV
0£)INY

IWIL NOILNI0SSIA
NOILYNIWY3L

(1)K 248
(1)s4k €42
(1)s4K €42
(1)s4k €12
(V)s4£ 212
()46 pr2
(1)s4k 2¢
(1)s44 €22
(1)s44 €22
(1)s44 ye2
(1)s44 gpe
(1)s44 512
(1) 44 €€¢
(1)s4£ a1
s4£ (0€8
(1)s44 ple
(1)s44 oy
s4£ |0€9
(1)s4£ ose
(7)s44 oSy

308

(1)s44 L8
(V)s4€ €42
(V)s4L €22
(1)s4K €22
()54 222
(V)sah pr2
(1)s44 1Le
(1)sak €22
(1)s4h €42
(1)s44 22
(1)s4£ 2pe
(1)s44 522
(1)s44 p19
(1)s44 025
s4k (o€
(1)s4h yLe
(1)s4£ oty
s4h L0g9
(1)s44 os¢
(71)s4K 05y

0s

IWIL NRUG3A0

VG'G'HVY 9|qel

(1)s44 9g¢
sS4k (059
(1)s4£ 069
(1)s44 58§
(1)s4£ peS
(1)s4£ 089
(1)s4£ €69
(1)s44 98v
(1)s44 685
(1)s44 58§
(1)s44 €89
(1)544 899
(1)s44 o601
(1)s4€ 6L6
(1)s44 189
(1)s44 06
s4£ 1069
s44 1028
s4£ (0g
(1)s4£ 18¢L

JJ3INAY

sak 1048
sS4k 1058
(1)s4£ 069
(1)s4£ 585
(1)54£ 65
()44 089
(1)s44 269
(71)s4£ 98y
()44 685
{1)s44 g85
(1)s44 €89
(1)s44 899
(1)s4£ gL0L
(1)s4£ 568
(1)s44 189
(1)s44 06€
s4K (068
s4h 109
s4h 1039
(1)s44 08¢,

JINAY

IWIL 3SdYTT00 Wi0L

(1)s44 82
(NS4 gy
(1)s44 vy
(1)s44 g1
(V)44 vt
()44 vt
(1)s4h pe
()44 vt
(7)s44 i
(1)s4£ 21
(1)s4£ gy
(1)s44 yi
(V)s4K €L
(1)s4K 65
(1)s4£ g
(1)s44 g4
(1)s4h ¥
(1)s44 st
(1)s44 gy
(1)s4£ 9¢

IVIQIS

84hz35°

(V)54 92
(1)s44 g1
(1)s44 bt
(1)s44 £t
()44 vt
(1)s44 pt
(1)s44 g
(1)544 v
(1)s44 yy
(1)s44 2
(1)s44 8¢
(1)s44 y
(1)s44 0L
(N)s44 45
(1)s44 g1
(1)s44 €4
(1)s4£ op
(1)s44 g
(1)s44 gy
(1)s44 g

vI1Q3s

IWIL NOTLVY¥13NI4

(=43d14d ®4K230° (=43d11d 9K y30° 1=H19NT) 1Kp" 1=10

v-30L2°2
£-3216°¢
€-3992° ¢t
€-3¢2¢°Y
v-32L%°6
€-30€9°S
p-3€E€°€
€-3656°2
€-3206° L
€-3WLL"L
v-3498°9
2-3LEE7 L
-3t
v-3E8E° L
€-3902°1
€-31EL72
¥-3896°2
v-38€2°9
v-39EL°Y
v-3258°1

[ie2.}
(#)x

2-320E° v
V6"
tys”
9€8"
8¥L’
062"

€-3259° 1
vee-

2-396L°6
895"
[YARY
0z'¢e
99y
0’y

2-3696° L
L1 AN
L
199°
e
S6t"

2
(e)x

601
‘L1

1IK8
(2)x

¢-350t°9
62t-
2-3v66°2
2-32€2°6
¢-3469°9
2-3€00°S
2-3942°8
291
2-3085°8
2-396%°6
2-316€°L
2-3090°¢
2-30¥2°S
2-3v€6°5
2-3550°¢
8L2°
v-3188°L
2-360€°2
2-39685°L
2-304L°L

40
(1)x

L1S3y4

6t
‘8l
Lt
‘9t
St
‘vl
el

“ON NNy

SH01I3A 3VdWYS 3BNIYIdAR NILVT



040NV
040NV
0#JINV
0#J0NY
040NV
042NV
040NV
0#2INV
042NV
0#JINY
0#JINV
040NV
0#20NY
0#00NV
0#30NV
0#20NV
040NV
0#20NV
0#2INY
0#20NY

WL NOILNT0SSIQ

NOTLUNIWG3L

(1)s44 vay
(1)s4£ (82
(1)s4£ 62
(1)s44 82
(1)s44 ve2
(1)s44 (82
(1)s44 99p
(1)s44 682
{1)s4k 062
(1)s44 982
(V)44 geg
(1)s4£ 982
(1)s44 ggg
sS4k 1049
s4h |Qgd
(1)s44 gg2
(1)s44 261
()44 gee
(1)s4£ 68¢
sS4k 1069

208

(1)s44 6Ly
(1)s44 (82
(1)s44 p62
(1)s44 82
(1)s44 v62
(1)s44 ¢g2
(1)s4£ 99p
(1)s44 682
(1)s44 062
(1)s4£ 982
(1)s44 gLe
(1)s44 982
(1)s44 562
(1)s44 €89

s4£ 10€d
(1)s44 ggz
(1)s44 g8y
(1)s44 g9e
(1)s44 (8¢
(1)s44 o061

0s

IWIL NNYY3AO

gG°'G'Hv 9°lqel

(1)s44 g6¢
safk 1059
(1)s4£ 269
(1)s44 ggs
s4£ {099
(1)s4£ 089
(1)s44 814
(1)s4£ 98y
{1)s4£ 685
(1)s44 pgs
(1)s44 89
(1)s44 €89
(1)s44 1821
(1)s44 v801
(1)s44£ 649
(1) 544 o6
(1)s44 ggy
(1)s44 gL
s4£ 1089
(1)s4£ 088

J23INAY

(1)s4£ 16L
s44 1059
(1)s4£ z69
(1)s44 o8
s4£ 1099
(1)s44 089
SUK 10L9
()44 9gp
(1)s4£ 685
(1) s44 gs
(1)s4£ 189
(1)s4£ €89
(1)s44 Z61LL
(1)s44 566
(1)s44 8£9
(1)s4£ 06
(1)s4£ €86
(1)sa4 g8,
sS4k 1089
s4£ 1089

J3NAY

INIL 3SdV1100 TWi0L

814230" |=y3d1dd 844230 |=43dL1d B4 p30° L=HIINIT

(1)s4£ g2
()s44 vy
(1)s44 ¢y
(NS4 g1
(1)s44 py
(1)s44 g
(1)s44 o
(1)s44 v
(Vs4£ py
(1)s4£ g1
(1)s4k ¢4
(N)s4£ g1
(1)s44 89
(1)s4£ g5
(1)s44 61
(1) s44 pi
(1)s4£ s
(1)s44 £y
(1544 22
(1)s4£ 9

IS

(1)s44 82
(1)s44 pi
(1)s44 p1
(1)s44 €1
(1)s44 pl
(1)s44 €1
(N)s44 62
(1)s44 o1
(1)s4£ vy
(1)s4£ gt
(1)s44 14
(1)s44 €1
(1)s44 59
(1)s44 €5
(1)s44 51
()44 g1
(1)s4£ pe
(£ 41
()s44 12
(1)s44 s¢

vIads

IWIL NOILVYIINId

v-3042°2
€-3216°¢
£-3992°1
€-3g2et
v-32Lv°6
€-39€9°S
y-3EEE°E
€-3696°2
€-3206° L
€-ILLL
v-3vv8°9
2-3tee’ L
-3
$-3€8E° L
€-3902°1
€-3tel e
$-3896°2
¥-38€2°9
p-39€L°Y
v-3298° L
MY

(v)x

2-320€°Y
Lv6”
Lvs”
9£8°
8vL”
062"
€-3269°1
vez-
2-396L°6
8667
[ ANY
0z'e
99°v
00y
2-3696° L
ELAN
[73%
199°
e
§6t°
20

(e)x

‘8el
885
eel
Lt
98y
‘ovt
P28 24
9°LL
"991
6°0L
08t
Lve
S5
6°2S
SL°L
‘Sie
9'82
§°G6
601
"ol

TIW8

(2)x

3K 0°1=10

2-3501°9
621"
2-3v66°2
2-32€2°6
2-3469°9
2-3t00°S
2-39.2°8
091
2-3085°8
2-396v°6
2-3l6e"L
-39ty
2-30v2°S
2-3v€6°S
2-3950°L
8.2
$-3188°L
2-360€°2
2-3995°1
2-304L°¢
dda

(Lx

iS4y

‘02
‘6l
‘8l
“t
‘9t
'St
‘vl
el
el
i
ol

SY01I3A ITdWVS JENJYIMAH NIV



s4£ 00049
544 000840
s44 000019
0420NY
s4£ 00040
s44 000L28
s44 00049
44 000220
s44 000L0
s4A 000€ES®
s44 00089
0490NY
s44 00040
s4£ 00099
s4£ 000S9
s4£ 00068
s44 000018
s44 00060
s44 00049
s44 000€L0
IWIL NOILNI0SSIO

NOILYNIWd3IL

paaaiyoe jou
(1)s4£ og2t
panaiyde jou
S4K 00010
paaaLyde j0u
(1)s44 o521
paaaLyde jou
s44 000059
paAaLyde jou
(1)s44 oge
paAayde jou
(1)s44 052
paAadLyde jou
paAaLyde jou
paAaLyde jou
(1)s4£ ooeLL
paaayde jou
paAaLyde jou
paAaLyoe jou
paaayoe jou

J0S

ELH

0G6'G'HV 29dlqEel

1

paaaLyde Jou
s4& 00019
(1)s44 ooveEL
(1)s44 005
s4£ 000619
s44 00018
paaaiLyde jou
{1)s44 gote
544 000819
(1)s44 ¢¢
s4£ 0006€£9
(1)s44 0s2
paAatyoe jou
paAaLyde jou
paaaLyoe jou
(1)s4% 0021
paAaiyde jou
s4£ 000189
paAaLyde jou
paAaLyde jou

0s

NNYY3IA0

paaaLyle jou
(1)s4£ z6€1
paAaLyde jou
(1)s4£ 6921
paaaiyde jou
(1)s44 g2y
paAaiyse 30u
s44 000159
paAatyoe jou
(1)s44 80¢
paAaLyoe jou
(1)s44 €16
paAaLyde jou
paAaLyoe jou
paAaLude jou
(1)s44 0£s61L
poAaLUde jou
paAaLyde jou
paAaLyde jou
paAaLyoe jou

JJ3NAY

paraiyde jou
(1)s4£ (g2
S4k 000P 19
(1)s48 (€21
sS4k 000919
(1)s44 oggt
paaayode Jou
(1)s4£ 9/bE
S44 000619
(1)s44 059
s4K 000L£9
(1)s4£ 019
paAaLyde jou
paAdLyde 30U
paAatyode jou
(1)s44 9521
paAaLyoe jou
s44 000289
paAaLyde jou
paAatLyde jou

J3NAY

3WIL 3Sd¥1702 W10l

$1K630° 1=43d1¥d $1A£30°1=¥3d11d ®2AG30° [=HIINIT SIKQL=10

paaaryde jou
(1)s44 991
s4£ 000019
(1)s4£ 16
(1)544 p9¢L
(1)s44 gL
paAalyde jou
s4£ 000EER
paAaLyde jou
(1)sah £
paAaLyde jou
(1)s44 €9
paAaLyoe jou
paAaLyoe jou
paAaLyoe jou
(1)s4£ 8sp
pP3A3Lude jou
paAaLyde jou
paAalyode jo0u
paAaLyde jou

V103S

paAaLyde jou
(1)s44 v6
(1)s4£ 849
(1)s4h 6
(1)s4£ L6y
(1)s44 96
paAaLyoe jou
(1)s4£ 909
(1)s44 569
(1)s4£ 0L
s44 00099
(1)s44 £9
s44 000V L9
s4£ 000049
paAaLyoe jou
(1)s44 (i€
paAaLyde jou
s44 000EY
paAaiyoe jou
s44 000189
v103$

3WIL NOTLVYL13INId

¥-30L2°¢2
€-3216°¢
£-3992°1
€-3€2€°Y
v-32Lv°6
€-3t€9°S
p-3E€E°E
£-3656°'2
€-32v6°1
€-3vLL7L
v-3vv8°9
2-3Leett
LAEIRY Y
v-3€8¢°1
€-3902° L
€-31eLe
¥-3896 "¢
v-38£2°9
p-39EL°Y
v-3268° 1
MY

()x

2-320€°¥
V6"
[S2N
9€8”
8yl
06¢”

£€-3259°1L
Spe-

2-396L°6

0Z°¢

9°v

00'v
2-3696°

—

LA
[73%

(e)x

‘8EL
8789
“eel

S°Sy
62§
SLd
‘SLE
9°82
§°66
“601
Lot
TWe

(2)x

¢-350L°9
62L°
2-3166°2
2-32€2°6
2-3469°9
2-3€00°S
2-3942°8
9L
¢-3085°8
2-396v°6
2-316€°¢
¢-3L9L°Y
2-30v2°S
2-3v€6°S
2-3650° ¢
8L¢”
v-3188°¢
2-360€ "¢
2-3965° L
2-30LL°L
dJa

(Ox

€1S44

‘02
‘61
‘81
A
‘9t
1
vt
et
el

SY01J3A 31dWYS 38NJYIdAH NILY]




S44 00029
0#£)INY
sak 00001y
0#2ONY
sak 000.¢
sak 00016
sak 00099
s4£ 0009£9
Sa£ 00040
0#2INY
sak 00099
0£2INY
24k 000/
sa£ 00099
sS4k 00059
s44 000250
sak 00001
s44 0000 1e
sa£ 000018
sS4 00099

IWIL NOTLINT0SSIa

HOTLYNIWYIL

paaatyde j0u
(7)s4£ 0051

paAaiLyse 30u
(1)s44 pogL

paAaLyde 30U
(1)s44 008l

paAaLyde 30U
(1)s44 00S6¥
paAaLyde j0u
(1)s44 00§

paAaiyoe jou
(1)s4£ oee

paAatyde jou
paAatyoe jou
paaaiyoe jou
(1)s4£ 00561
paaatiyse jou
paAaiyde jou
paAaiyoe 30u

paaatyde 30u

205

paAaLyde jJou
(T1)s4£ pEEL
(1)s44 099¢ L
(1)s44 gog
s4£ 000§ 16
(1)s44 00€EL
paAaiyde jou
(1)s44 005€
s4k 0008 le
(1)s44 00§
sak 0006€Q
(1)s44 oge
paAaLyde jou
paA3Lyde jou
paAatiyde jou
(1)s44 0051
paAatyoe 30u
sS4 000189
sS4k 000599

paaatyde jou

0s

IWIL NNYY3IA0

ds's'dv 9|qe|

paaatyde jou
(1)s44 so/1
paaatyde jou
(1)s44 g2yl
paAaiyde 0u
(1)s44 L1421
paAatyde jou
s44 0005w
paA3tiyde jou
Sa£ 00018
paAatyde jou
(1)s4£ Ly
paaaiyde 30u
paAaiyde jou
paaatyde j0u
s4£ 00002e
paAaLyde jou
paAatyde 0u
paAdtyoe jou

paA3Lyde j0u

JJ3NAY

paaatyode jou
(1)s4£ gpel
(1)s44 894¥1
(1)s44 00€L
s44 000919
(1)s44 65p1
paAaLyde jou
(1)s44 gere
sa& 0006 Lo
(1)s44 pee
s4£ 0000Ye
(1)s44 ppS
paaaiyde j0u
paAaLyde j0u
paaaLyde 30u
()44 gppL
paAstiyde j0u
s4£ 000289
(1)s44 8£659

paAaLyde j0u

J3HAY

IWIL 3SdVTI00 TW10L

SJAELI0" |=¥3dlyd ©JAEI0 L=¥3d11d BIAGI0" [=HIONIT S4hp(=10

paAatyoe jou
()s44 ££1
sak 0001¢
(1)s44 111
(1)s44 994
(1)s44 2yl
paAatyse jou
s44 000gR
paaatyde 30u
(1)s44 8¢
paaaiyde 30u
(1)s44 p9
paAatLyde 30u
paAaLyde j0u
paAaLyde jou
(1)s44 29
paaatiyde j0u
paAadiyoe jou
paAaiyde j0u

paAaiyoe jou

J9IAIS

paAaiyde jou
(1)s4£ 211
(1)s44 549
(1)s44 26
(T)sak L6¥
(1)s4£ 411
paAaiyde jou
(1)s44 sop
(1)s44 889
(1)s44 ps
s44 00099
(1)s44 v9
sak 00029
s44& 0006€9
s4£ 00049
(1)s44 621
paaatyde jou
sak 000€d
(1)s44 3061
544 000180

VIQdS

Il NOTLVYEL3NId

v-30L2°2
€-3¢16°¢
€-399¢° L
€-36¢E°p
v-32L%°6
€-3¥€9°9
y-3€€€°¢
€-3656°2
€-32v6°1
€-3vLL7L
v-3vy8°9
¢-3leeT L
p-3tLLl
p-3€8€° 1
€-3902°1
€-3LEL°2
¥-3896 "2
v-38€2°9
p-39€EL°Y
p-3258° L
MY

(r)x

2-320€° ¥
vie:
Lvs”
9€8”
8vL”
062"

€-3299°1
vse”

2-396.°6
896"
€Ll
0t

N]

(e)x

8t
2'84
el
gl
11

“SiE
9°'82
§°56
601
Lol

Rl

(2)x

¢-3501°9
61"
2-3066°2
¢-32E2°6
¢-34697°9
¢-3800°G
¢-19/2°¢2
91"
2-3085°8
2-396v°6
2-316¢° L
=191y
2-3042°G
2-3€6°S
2-13590°¢
8L¢”
v-3188°L
2-360€°2
2-3996° L
2-30LL°L
da

(t)x

v1S3y

‘02
61
81
i
‘91

“ON NOY

SY0133A ITdWYS 38NIYIdAH NIV




S4k
sS4k
sS4k
S4K
Sak
sS4k
Sk
S4k
S4h
s4k
S4h
sS4k
sS4k
S4h
S4h
sak
sS4k
sS4k
S4k

sS4k

HWIL NOLINI0SSIC
NOTLIVMIWY3IL

00vote
00001e
000019
00001
000019
000010
0000t9
000019
00001®
000010
000018
000058
000019
00001
0000t
000019
000018
00001®
000010
000010

paAatyoeiou

paAaLyoe
paaatyoe
paAaryoe
paaatyoe
paaiyoe
paaatyoe
panayde
paAatyoe
paAaLyoe

paaatyoe

J0u
J0u
j0u
J0u

J0u

jou

(1)s4£ goget

paAdLyde
panatyoe
paAaLyde
paAaLyde
paAaLyoe
panaLyoe
panaLyoe

paAaLyoe

308

paAaLyde jou
S4K §36°20
paAatyoe j0u
S4K G327 19
paAaiyde j0u
sS4k G3E° 29
paaatyoe jou
paAaLyde j0u
paAaLyoe jou
(1)s4£ 00995
paaaLyde jou
(1)s44 0501
paAaLyoe j0u
paratyoe jou
paAaLyce jou
S4A G39°9y
paAaLyde jou
PaAdLYydR 30U
paAaLyde Jou
paAaLyde jou

0S

IWIL NNuRIAO

d9°G°HV 9jqe]

panatyoe
panatyoe
paaaiyoe
paAatyde
panatyoe
paaatyde
panatyoe
paraiyoe
paratyoe
pararyoe

paaaryoe

j0u

30U

(1)s44 ozgoz

paAaLyoe
paAaLyoe
paAaLyde
paAaLyde
paAaLyde
paAaLyde
paAaLyde

panaLyde

JJ3INAY

paAadtyde jou
sS4k §35°29
paAatyde jou
(1)s44 00L 1
paaaLyde jou
sS4k G3£°28
paaatyoe jou
paAaLyoeIou
paAaiyde jou
(1)s44 0908
paAalyde jou
(1)s4£ gset
paAalyde jou
paAatyde jo0u
paAaLyde jou
s4k §39°9g
paAalyde jou
paAaLyde jou
paAaLyde jou
paAalyde jou

JINAY

IWIL 3SdV170D Tvi0L

8K 430" (=43didd $430° |=43d11d 4K930° [=HIONIT SIKQ0(=10

paaatyae
paaatyae
paAatyse
paaaiyae
paAatyoe
paAaryoe
paaaiyde
paaayoe
paaayde
panatyoe

paAaLyde

j0u
jou
j0u
10U
10U
10U

jo0u

J0u

(1)s4£ 0009

paaaLyde
panayae
panaLyoe
paAaLyde
panaLyoe
paAaLyoe
paAaLyde

paAaLyde

J0u

WIGIS

paAatyde jou
(1)s4£ 00SL1L
saf G367 19
(1)s4£ 0009
S4K $30°80
(1)s4£ 0089
paaatyde jou
s4f $30°G9
s4£ G367 19
(1)s44 0515
paAatyoe jou
(1)s4£ 005
paAaLyde jou
paAdyde jou
paAalyde jo0u
(1)s44 ooLe
paAaLyde jou
paAalyde jou
s4£ 636760
paAaLyde jJ0u

vI1ads

3111 NOTIVYLINId

§-302°2
v-3216°€
-3592° 1
b-3€2¢°¢
§-32Lt°6
$-3v€9°§
§-3€€€°¢€
v-3656°2
v-3206° 1
v-aviLtL
S-3pv8°9
€-30€E" L
§-3t1L°L
§-3€8€°1
-3902° 1
p-3LEL°2
§-3896°2
§-3862°9
$-39€L°p
$-3268°1
Moy
(v)x

£-3¢0€° ¢
vi6”
1rs”
9¢8”
v8L”
062"
€-3259°1
2T
2-396L°6
865"
€Ll
02'¢
99"y
00t
2-3696" L

(€)x

"8l
285
"2EL
"L
"58t
"9pi
22
9°¢L
‘991
6°0L
0°8t
L'9€
55y
625
SLL
"SiE
9'82
556
*601
"0t
1IW8
(2)x

2-3501°9
621"
2-3466°2
2-32€2°6
2-3L69°9
2-3€00°§
2-39/2'8
-
2-3085°8
2-396t°6
2-316€°L
2-391° %
2-30v2°§
2-31€6°§
2-3550°L
8.2
t-3188°L
2-360€°2
2-3985°1
2-30L°¢L
420
(x

v1S4Y

‘02
‘6l
‘8l
at
‘9L
S1
vt
Ry

“ON NMA

SYO0LI3A ITdWYS IINJUIdAH NILYT



040NV
0#2INY
0AIINY
049NV
042NV
049NV
042N
0#20NY
0#20NV
0#29MY
049NV
0#2INY
¥S4K 000118

¥S4K 000519

04NV
040NV
0#JINY
040NV
0#JINY
0#INY

IWIL NOILNIOSSIA

NOILVNIWYIL

#(1)546 28101 +(1)544 0889
(1)s44 98¢ (1) 544 v8E
sak 1080 ()44 989
(sak gzg (1)s4h 9LE
saf 1020 (1)544 629
(1)sak 2te (1)S44 1LE
(1)s4h 69y (1)s44 99b
(1)s4& 668 (1)s44 z6E
(1)s4h 16y (1)s44 gev
(1)sak poe ()54 b€
(1)s4k (851 (1)s44 26zl
(1)s46 662 (1)s44 G62
4PandLyIe J0u 4(1)s4£ [GEL
«PAraLYOR Jou «(1)s44 0666
(Vs4kote  (Ns44 628
(1)sak €68 (1)544 GBE
(1)s4F v625  (1)s4£ BBSE
sak 10518 (1)s44 682l
(1)s4£ 0562 saA 10619
#(1)54K 0v50L »(1) 544 €629
208 0s

WIL NAYYU3A0

46°G'HVY 9jqel

+S44 0007 Lus(1)S44 00LY

(1544 965 (1)s44 265
saf o119 (7)s44 880l
(1)s4k 620 (1)s448LL
sak (0010 (1)s4£ 986
(1)s4k 269 (1)s44 169
(1)s44 8LL sak 1040
(1)54K 685 {1)s44 98§
(1)s44 pe8L  (1)s4K /8L
(1)s44 v65  (1)S44 165

(1)s44 g6aL  (1)s44 9651

(1)s4£ g9 (1)s4£ 889
LparaLyae Jou 4(1)s4k 0ZLEL
LPANILYIR J0U (1)544 G2L6
(1)s44 g8zl (1)s44 SBiL
(1544 26y (1)S44 98y
(1)s44 £60v
(1)s44 G691

(1)s4£ z6€2

sak 10v99
(1)s44 8861
(1)s44 ¥60€

«(1)544 00699 »(1)s44 028S
22INAY JINAY

IWIL 3SdY1700 Wiol

$1A£30° 1=43dlyd 4K €30° L=43dlNd $14 630" L =H19N3T

8iA0L=10+

$14 230" 1=43d1dd ©34 230" 1=43d11d 91k p30- 1=H1oNT1 4RO 1=10

+(1)544 8yy »(1)54K HOE

()54 12 (Ns4h 12
()4 v (1S4 6p
(1)s44 gL (1)s44 g1
(1)s4f (£ (1)s44 9¢
(1)s4h £1 (1)s4k L1
(71)s4£ ot (1)s4£ 62
(1)s4k y2 (1)saf €2
(1)s4€ 0 (1)s44 62
(1)s4£ 91 (1)s44 9L
()sak 6L (1)s44 2L
(1)s4h 61 (V)44 91

«SaK 00056 »(1)S44 SLL
«(1)54K 126 »{1)s4£ €29

(1)s446 06 (1)s44 68
(V544 12 (V)44 02
(1)s44 v6e s4k 10€0
(1)s44 v8  (1)S44 18
()s4f 121 (1844 291

»(1)544 665 #(1)S44 Z8E
IV10IS v102S

JWIL NOILYYLINId

6-30L2°2
y-3216°¢€
$-3592°1
p-3ecE°Y
6-32Lv°6
e-uwmo.m
G-3eeE’e
v-3656°¢
p-32v6° 1L
y-3vil L
§-39¥8°9
e-31ee7t
-3t
G-3€8E°1
y-3602° L
v-3lEL°¢
6-3396°¢
6-38€2°G
G-39EL°Y
6-3268° 1L
MY

(v)x

2-320¢°Y
vL6°
1vs°
9¢8°
37
062"

€-3259°1
14T

2-396L°6
855"
€L71
0Z't
99t
00°%

2-3696°1
vl
e
199°
e
S6E°

0

(e)x

‘BEL
€785
el
YA
68y
‘gL
28 24
9L
"991
6°0L
0°8l
L°ve
S'GY
6725
6Lt
‘Sle
9°82
6°66
601
"0l

Towd

(2)x

2-3501°9
62L°
2-3v66°¢
2-32¢€2°6
2-3169°9
2-3800°G
2-3912°8
9
2-3086°8
2-396v°6
2-316€°L
2-391°Y
2-3012°S
2-3ve6°9
2-3550°¢
8L2’
p-31€8°¢
2-360t°¢
2-3955°L
2-30LL°¢L
dJ0

(L)x

2184y
‘02
€l
Pl
Al
‘91
a1
‘vl
‘el

o

P Y.

“ON NMY

S¥0123A 31dwWy¥S 38NYIdAH NILY



0#JINY PaAaLyde Jou  paaaiLyoe jou
0£3NY (1)s44 geel (1)s44 oLse
0#JINY pPAA3LYIR JOou  (7)S44 0682
0£IINY (1)sak 268 (1)s44 (pgR
0£2INY paaaiyde Jou  (1)s4£ 000S1
040NV (1)s4£ 089  (1)s44 000€
04220y paaaiyoe jou  (1)s4k /99|
sS4k 000069 (1)s44 00019 (1)s4£ 0009
04001y pararyoe jou  (1)s4h QOEIL
S4£ 000048 (1)s44 0052 (1)s44 0052
0£20NY pasdtyoe jou  S4f 30"t
sS4k 0004 L2 (1)s4£ 0052 (71)s44 0052
0#20NY paA3dLyde Jou  paaadiyde jou
0#J)ONY PaAdLYIR JOU  PaAIpyde jou
0A20NY paAaLyde jou sS4k p3/cGe
s4£ 000058 (1)s4£ 00102 (1)s44 092

s4k 0000 1o paAaiyde J0u  paA3iyde Jou

s4£k 00001e paAatyde jou  (1)S4£ 00628

s4£ 000010 panaiyoe jou  (1)S4£ 0069
04200y P3A3LYOR J0U  PAA3LYIR 30U
IWIL NOILNTOSSIO 20S 0S
NOILUNIWZ3L IWIL NNYA3IA0

DG'G'HY 9lqel

paaaiLyde jou
(1)s4£ gL
(1)s4£ opL
(1)54£ 068
paA3dLyde jou
(1)s4£ 00¢
paAaLyoe jou
(1)s4£ 000v9
paAaiyoe jou
(1)s4£ 962
poAdLyde jou
(1)s44 0o¢
paAatiyde jou
paraiyoe jou
panatyde j0u
(1)s44 09912
paAatLyde jou
paAatyde jou
paAdLyoe jo0u

paAadiyde j0u

JJINAY

paAdiyde jou
(1)s4£ so€
(1)s44 061EL
(1)s4£ p0g
(1)s44 00051
(1)s44 e
paaatyoe jou
(1)s4£ 004
(1)s44 0058
(1)s4£ t62
(1)s4£ 00ECY
(1)s4£ 00¢g
paAatLyde j0u
paAatyde jou
sk ¥3/°Ge
(1)s44 o0ze
paAatyde jou
(1)s44 0698
(1)s4% 09649

paAaiyde jou

JINAY

IWIL 3Sdv1100 TW10L

$4K430° |=43d1dd ®34p30°1=43d11d 44 930" [=H19NIT S44 p(=y

paadiydce jou  S4L Gl g€

(1)s4£ 826 (1)s4£ Qo€
paaatyoe jou (1)s4£ 18pi
(1)s4£ 626 (1)s44 gog
paaatyde 10 (1)s44 Q00vl
()s4f goy (1) 00¢
PIA3LYOR J0U PaA3Lyde jou
(1)s4k 00LL (1)s4£ o0y
paaaiyoe jou (1)s44 Q061
(1)s4h v62  (1)s4h p62

paaatyve jou (1)S4£ 0529

{1)s44 00 (1)s4£ 00€
paAadiyoe jou  S4k $30°89
paaatyoe jou  s4k $30°Ge
paraLyoe jou  S4k $30° /9
(1)s4£ 098y (1)S44 vOE
paAaLyde j0u  sak $39°|9

paaatyde jou (1)s4£ 0O1S
paraiyde jou (1)s4£ oGty

panatyde jou  SJ4h $30°60

V102S Y10Js

IWI1l NOILVY13N3d

¥-30£2°¢
€-3216°¢
£-3592° 1L
€-3€2¢°y
v-32Lt°6
€-3Iv€9°G
p-3Lee’e
£-3656°2
€-3206° L
€-WLLL
v-3p98°9
2-3Lgett
p-aLttct
b-3€8€° 1
€-350¢° L
€-31EL°2
v-3896°¢
v-32€2°9
b-39¢L°Y
r-3268°1
2]

(v)x

2-320€°y

£€-3259°1
vse”

¢-396L°6
886"
€Lt
02'¢
99°v
00°v

2-3696° L
9L
73
199"
e
S6E°
op]

(e)x

viSdy

"8E1 z-3501°9 ‘02
8°85 62L" 61
‘261 Z-3v66°2 81
L AR AT Al S|
“Sgy 2-3169'9 91
"9pL 2-3€00°s St
2'92 2-39.2'e vl
9° 4L 9 ‘€L
"991 2-3085'8 -2l
6°0L 2-396v°6 Ll
081 2-31e6° L ot
L ve 2-39y 6
S'sp 2-30v2°s '8
625 2-IWE6°9 L
St e 2-3550°L 9
'S1E 82 'S
9°82 p-IE8°L ¥
5'56 2-360€°2 €
"601 2-3956°L 2
“201 2-30LL°L L
Towe dJ0  ON NnY
(2)x (1)x

SHOLI3A 31dWYS 38NJYIdAH NILv1



Table AR.5.7

® 9000000000000 0000I8031000800000888008000008
. !Q!!lU.!.l.!....l..!l!o.i.! LI T T Y TR YT Y YT T Y T
DATE OF &U Ryr IDENTIFICATION
CLTST-CL LOOP TEST PROGRAN
BNCLe (« )
RCvs (cw
NOFAL3EY2 (CU P
BOPHI2E6  (DYME/SQ CM)
pTs
LENCTN:
PRTPER:
PLIPERs
DVERRUN TIME AY
OPTION Y FOR BC WITH DECAY OF oPM
OPTION V FOR NCC WITN DECAY OF BPM

DISSQLUTION WITH AND WITHMOUT CIACI CLOSVIE lDXSStC UOIIIIG LIST- OPYIOI \ FOl NC AND ICC VITH DECAY Dl BrY)
ssisenssssnesene 1580008 e ssesssstee S58088000000000000300000

sesenecrer seevsee
TE.KeTEC
TECsO
CL.KenCL.J-LPYV.J COMPACTION LENGTH (CW)
CLe0 TMITIAL VALUE CL (Cm)
LPV.K:BNCLPYPS . X-PYDC.K LINEAR PORE VOLUME (CM)
CLeO SACKFILL WAXINUN COMPACTION LENCTH (CW)
PYPS . KePVYPS. JoDTO(BDRUA.JIK)/DA (LINEAR) PORE VOLUME PRODUCED BY SOLUTIONING (Cw)
PYPSsO INITIAL (LIMEAR) PORE VOLUME PRODUCED BY SOLUTIONING (CU CW)
BDRUA.KLsFIFGE(MDFA ACDR.X ACDR. K, NOFA) BRINE DISCMARGE RATE TO UPPER AQUIFER (CU CW/YR)
NOFAz3IEY2 MAXINUN BRINE FLOW [N AQUIFER (CU CW/YN)

ACDR . KzDCBPHA KONBPNONC . K/ (1. o(DCBPHA.XODCBPHB.K*NC. X)) (TOYAL) APPARENT CRACK DISCHARGE RATE (CU CW/TR)
DCBPHA.Ks(JETCRCUSRCWORCUOCTL )/ (12°0V0OCPL) DINENSIONAL CONSTANT BRINE PRESSURE MEAD (SQ CM/DYRE}I®(CU CW/TR)

OCBPHB.KsMBPH/MBFA SRINE PRESSURE FLOW RATIO (DTYNE/SQ CM)/(CU CH/TR)
NBPH22L6 TNITIAL BRINE PRESSURE HEAD (DYNL/SQ CNW)

RCVeE-3 BEFERENCE CRACK WIDTH (CW)

CTLs6ES CRACK TRACE LENGTW (CW)

BVs 1.2 SRINE VISCOSITY (POISE)

CPLSIEN CRACK PATH LENCTH (CM)
BC.KsMCNeDA®AYNEC. K/ (RCWOCTLOCPL) BUNBER OF CHACKS rlou VOLUNE OF BEFERCMCE CRACK
uCHs0 INITIAL WUMBER OF CRACKS

AVEEC . KeMAX(MEC.X,-NEC.K) ABSOLUTE VALUE OF WEC (Cm

MEC.EsTE.K-CL.X MET EXPANSION WINUS courncfxon (emy

MECsO INITIAL NEC (CW)

PVDC . KePYDC. J-DT*(LPVCR.JK} (LINEAR) PORE VOLUME DESTROYED BY COMPACTION (Cw)
PVDCeO INITIAL VALUE OF PVDC (CW)

LPYCR. KLsLPV. XOEXP(-2,303%ELPOIET*DT/EVISC.K)/DT-LAV.K/DT  LINEAR PORE VOLUNE COMPACTION RATE (Cm/YR)
ELP=). JES CFFECTIVE LOAD PRESSURE (DYNE/SQ CW)

EVISC.KsTABLE(EVTAB,BFTENP .K,0,290,25) EFFECTIVE VISCOSITY (POISE)
EVIAB:1.1SE19,7.08E18, 0. a7£18,2. lltra 1.78E18,1.26E18,
§.91E17,6.61E17,5.00617,3.80E17,3.D2€17 TABLE VALUES OF EVISC (pOISE)

STEHP:?O. SURFACE TEMPERATURE (DEC C)

OFTEMP KsBFTENC

BFTENCe 32,

MCL.K:ONCLeACLS.K MAXINUM COMPACTION LENGTH (Cw)

ACLS.K2SO.K/SA.K AVERAGE COMPACTION LENGTH FROW SOLUTIONING (CM)
SO.KsSC.J+DTORDRVA . JK SOLUTION OPENINGS (CU CW)

SA .K:DA SOLUTIONING AREA (SO Cw)

DAsY.SL10 DEPOSITORY AREA (SQ CW)

5030 INITIAL VALUE OF SO ( Cu CW)

SCDIA . Ke2 OOEXPILOVFY.X) SINGLE CAVITY DIAMETER (CM)

CLC.KsMCLC.J-LPVC.J COMPACTION LENCTH; WITH CLOSURE (CW)

CLCsD INITIAL VALUE CLC (CW)

LPVC.KaBNCLoPYPSC . K-PYDCC. X (LINEAR) PORE VOLUME, WITH CLOSURE (Cw)
PUPSC.KsPVPSC.JDTH(BDRUAC.JK) /DR (LINEAR) PORE VOLUKE PRODUCED BY SOLUTIOBING; VITH ¢
PYPSCel INITIAL VALUE PVPSC (Cm)

BDRUAC.KL«FIFCE(MBFA ACDRC.K,ACDRC.X,NBFA) BRINE DISCHARCE RATE YO UPPER AQUIFER, WITH CLOSURE (LU CH/YR)
ACORC . KeDCBPHA. KONBPHOANCC . K/ (1. o(DCBPHA . KODCBPHB . K?ANCC.K)) APPARENT NUMBER OF CRACKS REDUCED BY CLOSURE

WCC. KsMECMeDASAVNECC . K/ (RCWOCTLOCPL) BUNBER OF CRACKS FROM VOLUME OF REFERENCE CRACK; WITH CLOSRE
HCCH:0 INITIAL WUMBER OF CRACKS, WITH CLOSURE
AVMECC.KsWAX(NECC.X,-MECC.K) ABSOLUTE VALUE OF MEC; WITH CLOSURE (CW)

MECC . RsTE.K-CLC.K MET EIPANSION MINUS COMPACTION; WITH CLOSURE (CN)

MECC20 IBITIAL VALUE MECC (CW)

PYDCC.KePYDCC.J-DTO(LPVCRC. JK) (LINEAR) PORE VOLUNE DESTROYED BY COMPACTION; WITH CLOSURE (CW)
PVDCCsO INITIAL VALUE PVDCC (CM)

LPVCRC. RLsLPYC . KOEXP(~2.303°CLPO3ETODT/EVISC.K)/DT-| *VC.K/DT  LINEAR POME VOLUME COMPACTION BATE; WITH CLOSURE (CW/YR)
MCLC .Ks BMCLOACLSC.K MAXINUN COMPACTION LEWGTH; WITH CLOSURE (Cm)

4CLSC.KsSOC .K/SA K AVERAGE COWPACTION LENCTH FROW SOLUTIONING, WITH CLOSURE (CW)
SOC.KxSOC.JeDT*BDRUAC. JK SOLUTION OPENINCS, WITH CLOSURE (LU CW)

SOCs0 INITIAL VALUE SOC (Cu CwW)

SCDIAC.Ks2 OEXP(LMVFC.K INGLE CAVITY DIAMETER; WITH CLOSURE (CMW)

3
SOBAT.Ks(1.+BDRUAC.K) /(Y. nlDﬂUl K} BRINE DISCHARGE RATE; vITH AND WITHOUT,CLOSUBE

TE,CL,LPY, PYPS, BDRUA  ACDE,
NC.AVMEC, MEC,PVDC,LOVCR, EVISC, DFTEND NCL,
acLS, S0, 8CDIA, CLC,LPYC, PYPSC, BORUAC, ACDRE,
ANCC.BCC,AVNECC, MECC, PUDCC, LPVCRC, MELC , ACLSC, 30C,
SCRIAC, BDAAT
PLOT NCaN/ANCCSC/4VNECSV(D, V. DE8)/4VNECCSA(O,1.0E4)/SCDIASD(O, V. DEA)/
z SCOINCSS(0,1.064)/BDRATD
:'z: DTe0. 1/LENGTHs1.0E3/PLTPENs 10/PRTPERS20
US  *DISS WITH AND MITHOUT CC®----*DISSOLUTION WITH 4ND VITNOUT CRACE CLOSURE®
tox ENCOUBTERED.
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Figure AR.5.1
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DATE OF RUN OCT 16,79 RUN IDENTIFICATION 10-16-79-3

REFERENCE SET 2-DISSCC WORKING LIST FOR OPTION 1 NC,NCC WITH DECAY OF BPH

DCP= 0.094 (CAL/GM/YR)

BMCL=60 (CM)

RCW= 1E-3 (CM)

MBFA=3E12 (CU CM/YR)

NBPH=2E6 {DYNE/SQ CM)

DT= 1

LENGTH= 1.0E4

PRTPER= 1.0E2

PLTPER= 1.0E2

OVERRUN TIME AT

OPTION 1 FOR NC WITH DECAY OF BPH

OPTION 1 FOR NCC WITH DECAY OF BPH

DISSOLUTION WITH AND WITHOUT CRACK CLOSURE (DISSCC WORKING LIST-OPTION 1 FOR NC AND NCC WITH DECAY OF BPH)
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Figure AR.5.2A
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Figure AR.5.2B
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DATE OF RUN OCT 17, 1979 RUN IDENTIFICATION 10-17-79-2

REFERENCE SET 4-DISSSCC WORKING LIST FOR OPTION 2 NC, NCC WITH DECAY OF BPH
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NC=N,ANCC=C,AVNEC=V,AVNECC=A,SCDIA=D,SCDIAC=S,BDRAT=B,PVRAT=P
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DATE OF RUN 12 Dec 1979RUN IDENTIFICATION December 12, 1979-1

REFERENCE SET 2-DISSCC WORKING LIST FOR OPTION 1 NC,NCC WITH DECAY OF BPH
DCP= 0.094
BMCL= 60
RCW= 1E-2
MBFA=3E12
NBPH=2E6
pT=1
LENGTH= 1.0E4

PRTPER= 1.0E2

PLTPER= 1.0E2

OVERRUN TIME AT

OPTION 1 FOR NC WITH DECAY OF BPH
OPTION 1 FOR NCC WITH DECAY OF BPH

DISSOLUTION WITH AND WITHOUT CRACK CLOSURE (DISSCC WORKING LIST-OPTION 1 FOR NC AND NCC WITH DECAY
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NC=N,ANCC=C,AVNEC=V,AVNECC=A,SCDIA=D,SCDIAC=S,BDRAT=B,PVRAT=P
RCVR=R,RCVRC=H

Figure AR.5.3B
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DATE OF RUN 12 Dec 1979 RUN IDENTIFICATION December 12, 1979-2

REFERENCE SET 2-DISSCC WORKING LIST FOR OPTION 1 NC,NCC WITH DECAY OF BPH

DCP= 0.094 (CAL/GM/YR)

BMCL= 60 (CM)

RCW=z 1E-3 (CM)

MBFA=z3E12 (CU CM/YR)

NBPH=2E®6 (DYNE/SQ CM)

DT= 1

LENGTH= 1.0E4

PRTPER= 1.0E2

PLTPER= 1.0F2

OVERRUN TIME AT

OPTION 1 FOR NC WITH DECAY OF BPH

OPTION 1 FOR NCC WITH DECAY OF BPH

DISSOLUTION WITH AND WITHOUT CRACK CLOSURE (DISSCC WORKING LIST-OPTION 1 FOR NC AND NCC WITH DECAY
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NC=N,ANCC=C ,AVNEC=V,AVNECC=A,SCDIA=D,SCDIAC=S,BDRAT=B,PVRAT=P

RCVR=R,RCVRC=H Figure ARSSC
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* DATE OF RUN 12 Dec 1979RUN IDENTIFICATION pecember 12, 1979-3
REFERENCE SET 2-DISSCC WORKING LIST FOR OPTION 1 NC,NCC WITH DECAY OF BPH
DCP= 0.094 (CAL/GM/YR)

BMCL= 60 (CM)

RCw= 1E-4  (CcM)

MBFA=3E12 (CU CM/YR)

NBPH=2E6 (DYNE/SQ CM)
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brToens |-OE4
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OVERRUN frﬂEZAr

OPTION 1 FOR NC WITH DECAY OF BPH

OPTION 1 FOR NCC WITH DECAY OF BPH

DISSOLUTION WITH AND WITHOUT CRACK CLOSURE (DISSCC WORKING LIST-OPTION 1 FOR NC AND NCC WITH DECAY
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DATE OF RUN 12 Dec 1979 RUN IDENTIFICATION December 12, 1979-4

REFERENCE SET 2-DISSCC WORKING LIST FOR OPTION 1 NC,NCC WITH DECAY OF BPH

DCP=0.094  (CAL/GM/YR)

BMCL= 60 (cM)

RCW= 1E-5  (CM)

MBFA=3E12 (CU CM/YR)

zmv:uwmo (DYNE/SQ CM)

DT= ¢

LENGTH= 1.0£4

PRTPER= 1.0£2

PLTPER= 1.0E2

OVERRUN TIME AT

OPTION 1 FOR NC WITH DECAY OF BPH

OPTION 1 FOR NCC WITH DECAY OF BPH

DISSOLUTION WITH AND WITHOUT CRACK CLOSURE (DISSCC WORKING LIST-OPTION 1 FOR NC AND NCC WITH DECAY OF BPH)
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NC=N,ANCC=C,AVNEC=V,AVNECC=A,SCDIA=D,SCDIAC=S,BDRAT=B,PVRAT=P
RCVR=R,RCVRC=H

Figure AR.5.3E
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DATE OF RUN 12 Dec 1979  RUN IDENTIFICATION December 12, 1979-5
REFERENCE SET 4-DISSSCC WORKING LIST FOR OPTION 2 NC, NCC WITH DECAY OF BPH
pcp= 0.094 (cAL/GM/YR)

BMCL= 60 (cM)

RCW= 1E-2  (cM)

CcC= 5 (PER CM)

MBFA= 3E12 (CU CM /YR)

NBPH=2E6 (DYNE/SQ CM)

DT= 1

LENGTH= 1.0E4

PRTPER= 1.0E2

PLTPER= 1.0E2

OVERRUN TIME AT

OPTION 2 FOR NC WITH DECAY OF BPH

OPTION 2 FOR NCC WITH DECAY OF BPH

DISSOLUTION WITH AND WITHOUT CRACK CLOSURE (DISSCC WORKING LIST-OPTION 2 FOR NC AND NCC WITH DECAY
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NC=N,ANCC=C,AVNEC=V,AVNECC=A,SCDIA=D,SCDIAC=S,BDRAT=B,PVRAT=P
RCVR=R,RCVRC=H

0.00T 20.00T 40,00T 60.00T 80.00T N Flgure AR53F
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0.00T 2.50T 5.00T 7.50T 10.00T VADS
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N B c . . P. R. NVA,BH
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DATE OF RUN 12 Dec 1979 RUN IDENTIFICATION December 12,1979-6

»

REFERENCE SET 4-DISSSCC WORKING LIST FOR OPTION 2 NC, NCC WITH DECAY OF BPH
pcp= 0.094 (caL/GM/YR)

BMCL= 60 (CM)

Rcw= ¥ 3 (cM)

cc= 5 (PER CM)

MBFA= 3E12 (CU CM YR)

NBPH=2E6 (DYNE/SQ CM)

DT= 1

LENGTH= 1.0E4

PRTPER= 1.0E2

PLTPER= 1.0E2

OVERRUN TIME AT

OPTION 2 FOR NC WITH DECAY OF BPH
OPTION 2 FOR NCC WITH DECAY OF BPH

DISSOLUTION WITH AND WITHOUT CRACK CLOSURE (DISSCC WORKING LIST-OPTION 2 FOR NC AND NCC WITH DECAY
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C,AVNEC=V,AVNECC=A,SCDIA=D,SCDIAC=S,BDRAT=B,PVRAT=P
RC=H

Figure AR.5.3G

100.00 200.00 300.00 400.00 N
10.00 20.00 30.00 40.00 C
2.50T 5.00T 7.50T 10.00T VADS
.25 .50 .75 1.00 BP
10.00T 20.00T 30.00T 40.00T RH
Cme v mmm= - . - == ==R==+- - B VADSP,RH
P VA,NDS
VA,DS
VA
VA,NH
VA
VA,CR
VA,DB,SH
VA,SB

N

H
DH B
D
D
D
- <D=

a
e e o s s e e e »

(]
(]
]
(]
o
]
.
<
>

C-='= N, == == -

O
(@]

® e e o e s s e s s e s e e e s e
(@
=
.

O
O

]
[}
[}
o
(]
[}
]
(]
[}
.
ZZ2Z2ZZZZZ

- - - N w e = - - - - -

.
oo o

[}
[elvivRlviviole)
t
]
]
e ¢ e ® s s s s s s e s & s » e s & @
[}
ZZZZZZZZZ

lvRolwieRw

- - - - -

ZZZZEZEZZEEZ
VYUV VVVVVUVUTV VUV VUV VUV UV U VDUV UV TUUTe + = « « o
9!
<
>
w
=

R AR ERAARARAARRRANAREARN AR A ARAR AR R AR ARAAREARARRRNARARANRARNARNRAERRRNRARARARERRNRNRARARER]
AR AR AR RRA R AR R AR REAAAAREAE R AR AR A A AR ARER AR AR ARARRARAARARNAARARARRAARARRAARRARNARARER]

N 12 Dec 1979 RUN IDENTIFICATION December 12, 1979-7
SET 4-DISSSCC WORKING LIST FOR OPTION 2 NC, NCC WITH DECAY OF BPH
(CAL/GM/YR)
(cM)
(cM)
(PER CM)
(CU CM /YR)
(DYNE/SQ CM)

OE4

OE2

0E2

ME AT

OR NC WITH DECAY OF BPH
OR NCC WITH DECAY OF BPH

N WITH AND WITHOUT CRACK CLOSURE (DISSCC WORKING LIST-OPTION 2 FOR NC AND NCC WITH DECAY .
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NC=N,ANCC=C,AVNEC=V,AVNECC=A,SCDIA=D,SCDIAC=S,BDRAT=B,PVRAT=P .
RCVRLR, RCVRC=H ’ ' ’ ' Figure AR.5.3H
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VD H B . N . c R P . VAS
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1001.0VDHB= = = = . C = = = =N. = = = = = R - - - -P-, VA,DS
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2001.0VC- = - - = SR e NeeouoR==a=- P VABH,CDS
Ve . . N R P VABH,CDS
Ve . . N R P VABH,CDS
cD . . N R P CVABH,DS
cD . . N R P CVABH,DS
cD . . N R P CVABH,DS
CcD . . N R P CVABH,DS
o) . . N R P CVABH,DS
cD . . N R P CVABH,DS
cD . . N R P CVABH,DS
3001.0CD= = - - - . v = - - - e Ne « = =R == = = = P CVABH,DS
cD . . N R P CVABH,DS
ch . . N R P CVABH,DS
CSD . . N R P CVABH
csSD . . N R P CVABH
cSD . . N R P CVABH
CSD . . N R P CVABH
CSD . . N R P CVABH
csD . . N R P CVABH
CcSD . . N R P CVABH
4001.0CSD = = = = , = = = = = e =-N-=ooBR==---= P CVABH
CSD . . N R P CVABH
csD . . N R P CVABH
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CcSD . . N R P CVABH
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CSD . . N R P CVABH
CcSD . . N R P CVABH
csD . . N R P CVABH
5001.0CSD = = = = , = = = = = . = <Ne= =R === = = P CVABH
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DATE OF RUN 12 Dec 1979 RUN IDENTIFICATION December 12, 1979-8
REFERENCE SET 4-DISSSCC WORKING LIST FOR OPTION 2 NC, NCC WITH DECAY OF BPH
DCP= 0.094 (CAL/GM/YR)

BMCL= 60 (CM)
RCW= 1E-5 (CM)
CC= 5§ (PER CM)

MBFA=.3E12 (CU CM /YR)

NBPH=2E6 (DYNE/SQ CM)
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PLTPER= 1.0£2

OVERRUN TIME AT

OPTION 2 FOR NC WITH DECAY OF BPH
OPTION 2 FOR NCC WITH DECAY OF BPH

DISSOLUTION WITH AND WITHOUT CRACK CLOSURE (DISSCC MOURKING LIST-OPTION 2 FOR NC AND NCC WITH DECAY
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Figure AR.5.8C
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Figure AR.5.8C
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