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Introduction

The Waste Isolation Pilot Plant (WIPP) is a United States Department of Energy (DOE)
research and development facility designed to demonstrate the safe management, storage,
and long term disposal of both contact handled (CH-TRU) and remote handled (RH-TRU)
transuranic waste generated by defense activities of the United States. The WIPP is located
in southeastern New Mexico in bedded salt deposits at a depth of 655 m below the surface.
Before the facility is allowed to accept waste for storage, the WIPP must be shown to be in
compliance with the Environmental Protection Agency’s (EPA) Standard40 CFR Part 191
(EPA, 1985) and other regulations prescribing limits on the transport of radionuclide
materials into the environment. Sandia National Laboratories is providing technical and
scientific support to the DOE in demonstrating WIPP compliance with the regulations.

Compliance with the regulations will be established by performance assessment
predictions of the long-term performance of the WIPP. Performance assessment meansan
analysis that identifies the processes and events that might affect the disposal system,
examines the effects of these processes and events on the performance of the disposal
system, and estimates the cumulative releases of radionuclides, considering the associated
uncertainties, caused by all significant processes and events (Bertram-Howery et al.,
1990). These long-term performance predictions are based on the results from
mathematical models which provide the respository response. The overall repository model
is composed of many smaller component models which describe various individual
processes in detail, e.g. fluid flow, radionuclide transport, and sealing. The component
model that is of interest in this report is the Disposal Room Model which provides
information about the effects of room closure on the waste.

The performance assessment model requires estimates of the porosity of a waste-filled
disposal room. Early performance assessment calculations assumed the porosity to be
constant based on the waste composition. However, it became clear that realistic estimates
of the porosity from a waste-filled, deforming room would be required. In addition, the
effects of internal gas generation from decomposing waste would have to be included
because the presence of the internally generated gas would greatly affect the closure of the
disposal room. Realistic estimates of the change in disposal room porosity as a function of
time require nonlinear finite element calculations which are expensive in both time and
computer resources. The complete set of calculations, involving large numbers of analyses
as required by the performance assessment methodology, made this approach totally
unfeasible. Therefore, a simplified approach which effectively provided the necessary
porosity data to the respository model was developed.

A less computationally intensive relationship between the amount of gas generation
potential and room porosity was developed by constructing a simplifiedporosity surface
from a minimal set of nonlinear finite element analyses. In each nonlinear analysis, a
porosity time history curve was determined for a specific gas generation potential. The
collection of porosity histories for various gas generation potentials were then combined to
form the porosity surface shown in Figure 1. Interpolation on this surface could then be
used by the repository model in the performance assessment calculation to correlate
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disposal room porosity with the amount of gas generation potential. This correlation is a
simple matter of interpolation on the porosity surface.

This report documents the analyses performed to generate the porosity surface data for the
final set of compliance calculations. This final set of calculations is based on presently
accepted reference data for the stratigraphy, waste characterization, gas generation
potential, and material response. The calculations were performed as described in
“Analysis Plan: Final Porosity Surface Calculations, WBS 1.1.01.2.3, Rev 1, November
6,1995, WPO# 29792”.

The next section of the report describes the disposal room model which includes
information about the disposal room and the waste contents. The following section
discusses the geomechanical model used for the analyses including descriptions of the
idealized stratigraphy and the discretized finite element model. Also included in this
section are descriptions of the constitutive models used in the analyses. References for the
sources of all of the dimensions, values for constitutive model parameters, and other input
information are given in (Butcher, 1997). The fourth section presents the results of the
analyses and is followed by a summary of the results.

Figure 1. A Typical Porosity Surface Used for the 1992 Comparison of Predicted
WIPP Performance With 40 CFR Part 191, Subpart B (Butcher and Men-
denhall, 1993).



11

Disposal Room Model

The disposal plan for the WIPP calls for waste drums containing transuranic waste to be
stored in long, rectangular shaped underground rooms mined in the bedded salt formations
in southeastern New Mexico. With time, creep of the rock salt is supposed to close the
rooms and encapsulate the waste. Various storage options for the waste have been
considered.

The disposal room model is developed around a rectangular room 3.96 m high by 10.06 m

wide by 91.44 m in length with an initial room free volume of 3644 m3. The current
disposal configuration calls for 6804 drums of uniformly distributed unprocessed waste to
be stored in the disposal room in 7-pack units. There are 972 of these units stacked three
high along the disposal room floor. Unlike previous calculations which included a crushed
salt layer around the waste and in the void space between the drums, the current analyses
considered a disposal room with waste only, no backfill. The corresponding volume

occupied by the waste and the drums is 1728 m3.

The transuranic waste form is a combination of metallics, sorbents, cellulose, rubber and
plastics, and sludges. Table 1 summarizes the available data for characterizing the waste.

The initial waste density, , is 559.5 kg/m3 and the solid waste density, , is 1757 kg/

m3. The initial waste density is the sum of the densities of the constituent waste forms.
Using the following definition of porosity, ( ), the initial waste porosity,

, is calculated to be 0.681 resulting in an initial solid volume of 551.2 m3. Using the

initial solid volume allows us to calculate the initial porosity of the undeformed disposal
room as 0.849.

The gas generation potential and gas production rate corresponding to the reference case
are composed of gas from two sources: anoxic corrosion and microbial activity. Butcher

Table 1: WIPP CH-TRU Waste Material Parameter Disposal Inventory
(Butcher, 1997)

Waste Form
Waste Density

(kg/m3)
Volume Fraction

Metallic 122. 0.218

Sorbents 40. 0.071

Cellulose 170. 0.304

Rubber & Plastics 84. 0.150

Sludges 143.5 0.256

Sum 559.5 0.999

ρ0 ρs

φ 1. ρ0 ρs⁄–=

φ0
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(1997) reports that the estimated gas production potential from anoxic corrosion will be
1050moles/drum with a production rate of 1mole/drum/year. The gas production potential
from microbial activity is estimated to be 550moles/drum with a production rate of 1mole/
drum/year. This means that microbial activity ceases at 550 years while anoxic corrosion
will continue until 1050 years after emplacement. The total amount of gas generated in a
disposal room for the reference case was specified to be based on the 6804 unprocessed
waste drums per room. The total gas potential for the reference case is shown in Figure 2.

The quasistatic, large deformation finite element code SANTOS (Stone, 1997), version
2.0.0 installed on the Sandia Cray J916 computer, was used for the analyses. SANTOS is
designed to compute the quasistatic, large deformation, inelastic response of two-
dimensional planar or axisymmetric solids. The solution strategy used to obtain the
equilibrium states is based on a self-adaptive, dynamic relaxation solution scheme, which
is based on explicit central difference pseudo-time integration and artificial mass
proportional damping. The explicit nature of the code means that no stiffness matrix is
formed or factorized which results in a reduction in the amount of computer storage
necessary for execution. The element used in SANTOS is a uniform strain, 4-node,
quadrilateral element with an hourglass control scheme to minimize the effects of spurious
deformation modes. Finite strain constitutive models for many common engineering
materials are available. A robust master-slave contact algorithm for modeling arbitrary
sliding contact is implemented.
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Figure 2. History of the Reference Gas Generation Potential
Used for the Disposal Room Analyses,f = 1.0.
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SANTOS computes the pressure in an enclosed, but deforming volume, with a user
supplied pressure-volume relationship and applies the resulting forces to nodes on the
enclosure boundary. The gas pressure in the disposal room was computed from the ideal
gas law based on the current free volume in the room. Specifically, the gas pressure, ,

was computed with the following relationship:

, (EQ 1)

where , , and  are the mass of gas in g-moles for the Baseline case, the universal gas
constant, and the absolute temperature in degrees Kelvin, respectively. For the current
analyses, the absolute temperature is taken to be 300 K. The variable  is the current free
volume of the room. During each iteration in the analysis, the current room volume is
calculated based on the displaced positions of the nodes on the boundary of the room. The

free room volume,V, is computed by subtracting the solid volume of the waste, 551.2 m3,
from the current room volume. The gas generation variable, , is a multiplier used in the

analyses to scale the pressure by varying the amount of gas generation. A value of =1

corresponds to an analysis incorporating full gas generation, while a value of =0
corresponds to an analysis incorporating no internal pressure increase due to gas
generation.

The porosity surface defines the relationship between disposal room porosity, amount of
gas present in that porosity, and time. Porosity can be computed directly from the disposal
room deformed shape. The concept of the porosity surface comes from the observation that
disposal room closure is directly influenced by gas generation and that disposal room
closure results forf = 0.8 lie between those forf = 0.6 andf = 1.0.   This observation allows
a surface to be constructed incorporating the closure results for various values off, which
is a convenient way to express the amount of gas generation occurring.

pg

pg f
NRT

V
------------=

N R T

V

f

f

f
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Geomechanical Model

Stratigraphy and Numerical Model

The idealized stratigraphy for the WIPP underground used in the geomechanical model is
the stratigraphy as defined by Munson et al. (1989). This stratigraphy is shown in Figure 3
with the disposal room located at the proper horizon. Recent work by Osnes and Labreche,
included as an appendix in Butcher (1997), has quantified the differences in room closure
obtained by assuming different stratigraphic models which incorporate different numbers
of clay seams and anhydrite marker beds. They compared a full stratigraphic model
consisting of 12 clay seams and 7 anhydrite layers to analysis results using smaller
combinations of clay seams and marker beds. Their work showed that room closure and
room porosity results from the full model could be reproduced using the simpler models.
In preparing for the current analyses, the author performed a set of calculations (Butcher,
1997) which identified a simple stratigraphic model that captured most of the room closure
and room porosity results seen in the more complex stratigraphic models. The stratigraphic
model used in the current work is composed of mainly argillaceous salt with a clean salt
layer above the disposal room between Clay G and Clay I, anhydrite MB 139, and a thin
anhydrite layer located in the clean salt layer identified as anhydrite A. Based on the prior
study by the author (Butcher, 1997), no clay seams were included in the model. The final
stratigraphic model used for the analyses is shown in Figure 4.

A two-dimensional plane strain disposal room model, as shown in Figure 5, was used for
the SANTOS analyses. The discretized model represents the room as one of an infinite
number of rooms located at the repository horizon. Making use of symmetry, only half of
the room needed to be modeled. The left and right boundaries are planes of symmetry. The
upper and lower boundaries are located approximately 50 m from the room. A lithostatic
stress ( ) that varies with depth is used as the initial stress on the configuration

and gravity forces are included. The model contains 1,680 quadrilateral uniform-strain
elements and 1,805 nodal points. A zero-displacement boundary condition in the horizontal
direction (Ux = 0.0) was applied on both the left and right boundaries of the model to
represent the symmetry condition of a half-symmetry disposal room in an infinite array of
rooms. A prescribed normal traction of 13.57 MPa was applied on the upper boundary and
a vertical zero-displacement boundary condition (Uy = 0.0) was applied on the lower
boundary to react the overburden load. An adaptive internal pressure, , was applied

around the boundary of the disposal room.

The basic half-symmetry disposal room dimensions are 3.96 m high by 5.03 m wide with
a significant portion of this area containing the stored CH-TRU waste. The waste is stored
in 7-packs stacked three high along the drift with a height of 2.676 m. This storage
configuration contains a large amount of void volume associated with each 7-pack. To
obtain the waste volume dimensions used in the calculations, the assumption is made that
each waste drum will laterally deform independent of one another. This void space between
drums must be eliminated in order to have an accurate continuum representation of the

σx σy σz==

pg
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Figure 5. Mesh Discretization and Boundary Conditions Used for the Disposal
Room Analyses.
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waste response. To eliminate the void space between drums, the assumption is made that
the lateral deformation of a configuration of drums caused by inward movement of the
walls of the disposal room is sufficient to eliminate space between the drums early in the
closure process at low stress levels. In other words, the lateral deformation of the disposal
room rib compresses the 7-packs causing the void space between the drums to be removed
with little or no resistance by the waste drums themselves. This assumption allows
calculation of an effective lateral dimension for the waste after lateral collapse of the space
between the drums is complete. The lateral dimension of the waste drums within the

disposal room is determined from the total initial waste volume of 1728 m3. Equation 2 was
used to determine the compressed dimensions of the waste used for the continuum
representation. In this equation, W0 is the nominal uncompressed width of the stored waste
in the disposal room (8.6 m), L0 is the nominal length of the disposal room available for
storing waste (89.1 m), and H0 is the height of the three stacked waste containers (2.676
m). The quantity D in Equation 2 is the amount of space that must be eliminated between
the drums. Note in Equation 2 that we have chosen to modify the length of the disposal
room by the same amount, D. Solving for D, we find that the modified width of the waste
is 7.35 m and the modified length is 87.85 m.

(EQ 2)

Contact surfaces were defined between the waste and room boundaries to model the contact
and sliding that occurs as the room deforms and entombs the waste. Specifically, contact
surfaces were defined between the waste and floor of the room, the waste and room rib, and
the waste and ceiling. All of the contacts surfaces were allowed to separate if the forces
between the surfaces reached a tensile value. This feature allows the room to reopen due to
gas generation within the disposal room.

Halite Constitutive Model

A combined transient-secondary creep constitutive model for rock salt attributed to
Munson and Dawson (1982) and described by Munson et al. (1989) was used for the clean
and argillaceous salt. The model can be decomposed into an elastic volumetric part defined
by,

, (EQ 3)

(where the  and the  are the total strain and stress components, respectively, and

is the elastic bulk modulus) and a deviatoric part defined by,

, (EQ 4)

W0 2D–( ) L0 2D–( )H0 1728=

εkk

σkk

3K
--------=

εij σij K

ṡij 2G ėij F ε̇s
2θcos

3θ J2cos
-------------------------sij

3 θsin
3θJ2cos

--------------------- sipspj

2J2
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where the second term of the above equation represents the creep contribution. In the above

equation,  is the deviatoric stress defined as ,  is the elastic shear

modulus, and  is the deviatoric strain defined by .

In the creep term of Equation 4,  is a multiplier on the steady-state creep rate to simulate
the transient creep response according to the following,

, (EQ 5)

where  and  are work-hardening and recovery parameters, respectively, and  is the

so-called transient strain limit. Finally,  is an internal state variable whose rate of change
is determined by the following evolutionary equation,

. (EQ 6)

In Equation 5, the work-hardening parameter  is defined as  where

 and  are constants. The variable  is the equivalent Tresca stress given by

 where  is the Lode angle and is limited to the range

. The variables  and  are the second and third invariants of the stress

deviator given by  and , respectively. The recovery

parameter  is held constant. The transient strain limit is given by

where , , and  are constants.

The steady-state, or secondary creep, strain rate, , is given by

(EQ 7)
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where the s and s are constants, the s are activation energies,  is the absolute

temperature,  is the universal gas constant, the s are the stress exponents,  is the so-

called stress constant,  is the stress limit of the dislocation slip mechanism, and  is

the Heaviside step function with the argument . The material constants

corresponding to the clean and argillaceous salt, used in the analyses, are given in Table 2
and Table 3.

Ai Bi Qi T

R ni q

σo H

σ σo–( )

Table 2: Salt Elastic Properties (Butcher, 1997)

G
MPa

E
MPa

12,400 31,000 0.25

Table 3: Salt Creep Properties (Butcher, 1997)

Parameters
(units)

Clean
Salt

Argillaceous
Salt

 (/sec) 8.386E22 1.407E23

 (cal/mole) 25,000 25,000

5.5 5.5

 (/sec) 6.086E6 8.998E6

 (/sec) 9.672E12 1.314E13

 (cal/mole) 10,000 10,000

5.0 5.0

 (/sec) 3.034E-2 4.289E-2

 (MPa) 20.57 20.57

5,335 5,335

m 3.0 3.0

6.275E5 2.470E6

 (/T) 9.198E-3 9.198E-3

-17.37 -14.96

-7.738 -7.738

0.58 0.58

ν

A1

Q1

n1

B1

A2

Q2

n2

B2

σo

q

Ko

c

αw

βw

δ
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Waste Constitutive Model

The stress-strain behavior of the waste was represented by a volumetric plasticity model
(Stone, 1997) with a piecewise linear function defining the relationship between the mean
stress and the volumetric strain. Compaction experiments on simulated waste were used to
develop this relationship. The deviatoric response of the waste material has not been
characterized. It is anticipated that when a drum filled with loosely compacted waste is
compressed axially, the drum will not undergo significant lateral expansion until most of
the void space inside the drum has been eliminated.

For the volumetric plasticity model, the yield surface in principal stress space is a surface
of revolution with its axis centered about the hydrostat and the open end pointing into the
compression direction. The open end is capped with a plane which is at right angles to the
hydrostat. The deviatoric part is elastic-perfectly plastic so the surface of revolution is
stationary in stress space. The volumetric part has variable strain hardening so the end plane
moves outward during volumetric yielding. The volumetric hardening is defined by a set
of pressure-volumetric strain relations. A flow rule is used such that deviatoric strains
produce no volume change (associated flow). The model is best broken into volumetric and
deviatoric parts with the deviatoric part resembling conventional plasticity. The volumetric
yield function is a product of two functions,  and , describing the surface of revolution

and the plane normal to the pressure axis, respectively. These are given by

(EQ 8)

(EQ 9)

where a0, a1, a2 are constants defining the deviatoric yield surface, p is the pressure, and

is the volume strain. The form of g is defined in this problem by a set of piecewise linear
segments relating pressure-volume strain. Table 4 lists the pressure-volumetric strain data
used for the waste drum model and the data is plotted in Figure 6. Note that the final point
listed in the table is a linear extrapolation beyond the curve data given in Butcher (1997).
The final pressure of 12 Mpa corresponds to an axial stress on a waste drum of 36 Mpa.
The elastic material parameters and constants defining the yield surface are given in Table
5.

Anhydrite Constitutive Model

The anhydrite layer beneath the disposal room is expected to experience inelastic material
behavior. The MB 139 anhydrite layer is considered to be isotropic and elastic until yield
occurs. Once the yield stress is reached, plastic strain begins to accumulate. Yield is
assumed to be governed by the Drucker-Prager criterion

(EQ 10)
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Table 4: Pressure-Volumetric Strain Data Used in the Volumetric-Plasticity Model
for the Waste Drums (Butcher, 1997)

Pressure (MPa) ln

1.53 0.510

2.03 0.631

2.53 0.719

3.03 0.786

3.53 0.838

4.03 0.881

4.93 0.942

12.0 1.14

0.00 0.25 0.50 0.75 1.00 1.25
Volume Strain

0

5

10

15

P
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u
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Figure 6. Curve of the Pressure-Bulk Strain Input to the Volumetric
Plasticity Model Used to Model the Waste Drums

ρ ρ0⁄( )
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where J2 is the second deviatoric stress invariant and J1 is the first stress invariant ( ). A

nonassociative flow rule is used to determine the plastic strain components. The elastic
properties and Drucker-Prager constants, C and a, for the anhydrite are given in Table 6.

Table 5: Material Constants Used With the Volumetric Plasticity Model for the
Waste (Butcher, 1997)

Parameter Value

G 333. Mpa

K 222 Mpa

a0 1.0 Mpa

a1 3.0

a2 0.

Table 6: Elastic and Drucker-Prager Constants for Anhydrite (Butcher, 1997)

Material
Young’s Modulus

(Gpa)
Poisson’s Ratio

C
(Mpa)

a

Anhydrite 75.1 0.35 1.35 0.45

σkk
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Results of the Analyses

Analyses using SANTOS, version 2.0.0 installed on the Sandia Cray J916, were carried out
to a simulation time of 10,000 years. Thirteen cases of gas generation were investigated,
these were for =0.0, 0.025, 0.05, 0.1, 0.2, 0.4, 0.5, 0.6, 0.8, 1.0, 1.2, 1.6, and 2.0. The input
file for one of the SANTOS analyses is included in Appendix A. The other input files are
identical except for the title line. The gas generation parameter,f, is set in the user-supplied
subroutine FPRES. A sample FPRES subroutine forf = 2.0 is given in Appendix B.

The results of interest from the analyses are the pressure buildup in the disposal room and
the corresponding room porosity. Figure 7 shows the disposal room pressure histories for
the various values of gas generation parameter, . Obviously for =0, the amount of gas
generation is zero resulting in a zero pressure in the room for all times. As would be
expected in all other cases, the room pressure rises during the gas generation period of
1,050 years. Thereafter in time, there appears to be a transition in the character of the
response at about =0.5. For  values greater than 0.5, the room pressure begins to drop
after gas generation stops, and for values less than 0.5, the room pressure remains constant
throughout the 10,000 year simulation. For example with =1.0 (full gas generation) the
room pressure increases monotonically during the period of gas generation and reaches a
value slightly larger than 21 MPa at 1,050 years. When the gas generation ceases at this
time, the room pressure begins to drop, reaching a value of approximately 18 MPa at
10,000 years. For the highest values off (1.6 and 2.0), there is very little difference in the
maximum pressure reached, approximately 23 Mpa at 550 years. The pressure drops
dramatically to 18 Mpa at 10,000 years and still appears to be decreasing as the internal gas
pressure and overburden try to reach equilibrium. On the other end of the range for , an

interesting case is =0.025 (i.e., 2.5 percent of full gas generation). The figure clearly
shows that for even this tiny amount of gas generation, the pressure in the room rises
significantly (3 MPa at the end of 10,000 years) to approximately 20 % of the value of the
lithostatic stress at the repository horizon.

Figure 8 shows the disposal room porosity histories for the thirteen cases of gas generation
considered. As would be expected, the room porosity drops monotonically from its initial
value of approximately 85 percent for the first 100 to 500 years, depending on the value of
. Thereafter, once again, there appears to be a transition in response at about =0.5. For

values of  below that value, the porosity continues to decrease with time but at a slower
rate, as equilibrium is reached between the internal gas pressure and the salt overburden.
For values of  greater than 0.5, the porosity starts to increase after reaching a minimum

value. In fact, for the gas generation case of =2.0, the room actually inflates to a porosity
of about 85 percent at the end of the simulation, which is nearly equal to the original
porosity. The porosity reached at this same time for the case without any gas generation,
=0, is approximately 23.5 percent.

f

f f

f f
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f f
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Figure 7. Pressure Histories for Various Values of the Gas Generation Parameter, f,
for a Disposal Room Containing Waste Only.  The Gas Generation Pa-
rameter Values Range From Bottom to Top: f = 0.025, 0.05, 0.10, 0.20,
0.40, 0.50, 0.60, 0.80, 1.0, 1.2, 1.6, and 2.0.
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Figure 8. Porosity Histories for Various Values of the Gas Generation Parameter, f,
for a Disposal Room Containing Waste Only. The Gas Generation Param-
eter Values Range From Bottom to Top: f = 0.0, 0.025, 0.05, 0.10, 0.20,
0.40, 0.50, 0.60, 0.80, 1.0, 1.2, 1.6, and 2.0.
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Figure 9 and Figure 10 show a close-up view of the deformed mesh around the disposal
room at 300 and 10,000 years, respectively, forf = 0.0. The deformed shape clearly shows
that the maximum compaction of the waste is due to vertical closure of the room. At 300
years the vertical closure has reached 77 percent of its maximum value. Horizontal contact
of the rib with the waste occurs at approximately 150 years. At 10,000 years, the waste has
been compacted somewhat by horizontal closure of the rib but not significantly compared
to the vertical compaction. Both figures show that the large deformations of the roof and
floor result in contact with the rib at the corners of the room. The contact in the corners of
the disposal room is an important feature of the analyses and the arbitrary contact surface
capability in SANTOS allows it to be captured. The roof and floor are either in contact with
the waste or in contact with each other which means that no significant void spaces are
developed. This deformation mode results in a minimum free volume in the room.

The closure of the disposal room at 300 and 10,000 years forf = 0.5 is shown in Figure 11
and Figure 12, respectively. As seen in the figures, the compaction of the waste is entirely
due to vertical room closure since the deforming rib does not come into contact with the
waste. No contact between the waste and rib occurs at any time during thef = 0.5 analysis.
The gas generation is such that the room porosity is the same at 300 years as at 10000 years.
The gas pressure essentially balances the overburden load so that the vertical closure of the
disposal room becomes constant.

.
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Figure 9. Close-up View of the Deformed Disposal Room With Waste
at 300 Years forf = 0.0.

X

Y

Figure 10. Close-up View of the Deformed Disposal Room With Waste
at 10,000 Years forf = 0.0.

X

Y
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Figure 11. Close-up View of the Deformed Disposal Room With Waste
at 300 Years forf = 0.5.

X

Y

Figure 12. Close-up View of the Deformed Disposal Room With Waste
at 10,000 Years forf = 0.5.

X

Y
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Summary of Results

Calculations of the mechanical creep closure response of a disposal room with waste but
without crushed salt backfill have been performed to allow three-dimensional porosity
surfaces to be constructed for WIPP performance assessment activities. Data supplied to
the performance assessment group consisted of room pressure and porosity histories for
various gas generation rates for a period of 10,000 years following excavation and waste
emplacement. Closure results from the calculations show rapid closure of the disposal room
occurring during the first 100 to 500 years following excavation. Depending upon the
amount of gas generation, the room will either continue to experience a decrease in porosity
over time due to continued creep closure of the room or an increasing porosity due to the
action of the internally generated pressure acting on the room boundaries.
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Appendix A:

Sample SANTOS Input File for a Disposal Room
Analysis
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TITLE
DISPOSAL ROOM CALCULATION - FINAL - F = 2.0 - WASTE W/O BACKFILL
PLANE STRAIN
INITIAL STRESS = USER
GRAVITY = 1 = 0. = -9.79 = 0.
PLOT ELEMENT, STRESS, STRAIN, VONMISES, PRESSURE
PLOT NODAL, DISPLACEMENT, RESIDUAL
PLOT STATE, EQCS, EV
RESIDUAL TOLERANCE = 0.5
MAXIMUM ITERATIONS = 1000
MAXIMUM TOLERANCE = 100.
INTERMEDIATE PRINT = 100
ELASTIC SOLUTION
PREDICTOR SCALE FACTOR = 3
AUTO STEP .015 2.592E6 NOREDUCE 1.E-5
TIME STEP SCALE = 0.5
HOURGLASS STIFFENING = .005
STEP CONTROL
   500  3.1536e7
  2000  3.1536e9
 36000  3.1536e11
END
OUTPUT TIME
   1   3.1536e7
   1   3.1536e9
 200   3.1536e11
END
PLOT TIME
  10   3.1536e7
 100   3.1536e9
 120   3.1536e11
END
 MATERIAL, 1, M-D CREEP MODEL, 2300. $ ARGILLACEOUS HALITE
TWO MU = 24.8E9
BULK MODULUS = 20.66E9
A1 = 1.407E23
Q1/R = 41.94
N1 = 5.5
B1 = 8.998E6
A2 = 1.314E13
Q2/R = 16.776
N2 = 5.0
B2 = 4.289E-2
SIG0 = 20.57E6
QLC = 5335.
M = 3.0
K0 = 2.47E6
C = 2.759
ALPHA = -14.96
BETA = -7.738
DELTLC = .58
RN3 = 2.
AMULT = .95
END
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MATERIAL, 2, SOIL N FOAMS, 2300.   $ ANHYDRITE
TWO MU = 5.563E10
BULK MODULUS = 8.3444E10
A0 = 2.338e6
A1 = 2.338
A2 = 0.
PRESSURE CUTOFF = 0.0
FUNCTION ID = 0
END
 MATERIAL, 3, M-D CREEP MODEL, 2300. $ PURE HALITE
TWO MU = 24.8E9
BULK MODULUS = 20.66E9
A1 = 8.386E22
Q1/R = 41.94
N1 = 5.5
B1 = 6.086E6
A2 = 9.672E12
Q2/R = 16.776
N2 = 5.0
B2 = 3.034E-2
SIG0 = 20.57E6
QLC = 5335.
M = 3.0
K0 = 6.275E5
C = 2.759
ALPHA = -17.37
BETA = -7.738
DELTLC = .58
RN3 = 2.
AMULT = .95
END
MATERIAL, 4, SOIL N FOAMS, 752.
TWO MU = 3.333E8
BULK MODULUS = 2.223E8
A0 = 1.0e6
A1 = 3.
A2 = 0.
PRESSURE CUTOFF = 0.
FUNCTION ID = 2
END
NO DISPLACEMENT X = 1
NO DISPLACEMENT Y = 2
PRESSURE, 10, 1, 13.57E6
CONTACT SURFACE, 100, 400, 0., 1.E-3, 1.E40
CONTACT SURFACE, 200, 500, 0., 1.E-3, 1.E4
CONTACT SURFACE, 300, 600, 0., 1.E-3, 1.E4
CONTACT SURFACE, 300, 200, 0., 1.E-3, 1.E4
CONTACT SURFACE, 100, 200, 0., 1.E-3, 1.E4
ADAPTIVE PRESSURE, 700, 1.e-6, -6.4
FUNCTION,1  $ FUNCTION TO DEFINE PRESCRIBED PRESSURE
0., 1.
3.1536e11, 1.
END
FUNCTION,2
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 0.0000, 0.0000
 0.5101, 1.5300E6
 0.6314, 2.0307E6
 0.7189, 2.5321E6
 0.7855, 3.0312E6
 0.8382, 3.5301E6
 0.8808, 4.0258E6
 0.9422, 4.9333E6
 1.1400, 12.000E6
END
FUNCTION = 3
 0.        0.5
 3.1536E11 1.
END
EXIT
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Appendix B:

Sample User Subroutines for the Adaptive Pressure
Boundary Condition and the Initial Stress State
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      SUBROUTINE FPRES( VOLUME,TIME,PGAS )
C ....
C .... THE PRESSURE IS COMPUTED ON THE BASIS OF THE IDEAL GAS LAW,
C .... PV = NRT. THE TOTAL NUMBER OF MOLES OF GAS, N (EN), PRESENT
C .... AT ANY TIME IS DETERMINED ON THE BASIS OF A CONSTANT RATE OF GAS
C .... GENERATION. R IS THE UNIVERSAL GAS CONSTANT AND THETA IS THE ROOM
C .... TEMPERATURE, 300 K. V IS THE CURRENT VOLUME OF THE ROOM. THE VOLUME
C .... MUST BE CORRECTED BY MULTIPLYING BY 2 OR 4 TO ACCOUNT FOR THE USE OF
C .... HALF OR QUARTER-SYMMETRY MODELS. THE VOLUME MUST ALSO BE MULTIPLIED
C .... BY A FACTOR TO ACCOUNT FOR 3D LENGTH.
C ....
C
      R = 8.314
      THETA = 300.
C
      IF( TIME .LT. 1.7325E10 )THEN
         PVALUE = 0.0
         RATE = 4.32E-4
         TSTAR = 0.0
      ELSE IF( TIME .LT. 3.3075E10 )THEN
         PVALUE = 7.48E6
         RATE = 2.16E-4
         TSTAR = 1.7325E10
      ELSE
         PVALUE = 1.0886e7
         RATE = 0.0
         TSTAR = 0.0
      END IF
C
C .... CORRECT VOLUME AT THIS TIME TO GET VOLUME OF VOIDS
C
      EN = PVALUE + RATE * ( TIME - TSTAR )
      SCALE = 2.
      SYMFAC = 2.
      XLENG = 91.44
C
C     .... THIS MODIFICATION REMOVES THE BACKFILL FROM VSOLID
C
C     VSOLID FOR WASTE AND DRUMS ONLY 551.2
      VSOLID = 551.2
      VOLUME = SYMFAC * VOLUME * XLENG - VSOLID
      IF( VOLUME .LE. 0.0 )VOLUME = 1.
C
      PGAS = SCALE * EN * R * THETA / VOLUME
C
      RETURN
      END
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      SUBROUTINE INITST( SIG,COORD,LINK,DATMAT,KONMAT,SCREL )
C
C
****************************************************************
C
C   DESCRIPTION:
C     THIS ROUTINE PROVIDES AN INITIAL STRESS STATE TO SANTOS
C
C   FORMAL PARAMETERS:
C     SIG      REAL        ELEMENT STRESS ARRAY WHICH MUST BE RETURNED
C                          WITH THE REQUIRED STRESS VALUES
C     COORD    REAL        GLOBAL NODAL COORDINATE ARRAY
C     LINK     INTEGER     CONNECTIVITY ARRAY
C     DATMAT   REAL        MATERIAL PROPERTIES ARRAY
C     KONMAT   INTEGER     MATERIAL PROPERTIES INTEGER ARRAY
C
C   CALLED BY: INIT
C
****************************************************************
C
      INCLUDE ‘params.blk’
      INCLUDE ‘psize.blk’
      INCLUDE ‘contrl.blk’
      INCLUDE ‘bsize.blk’
      INCLUDE ‘timer.blk’
C
      DIMENSION LINK(NELNS,NUMEL),KONMAT(10,NEMBLK),
     *        COORD(NNOD,NSPC),SIG(NSYMM,NUMEL),DATMAT(MCONS,*),
     *        SCREL(NEBLK,*)
C
      DO 1000 I = 1,NEMBLK
         MATID = KONMAT(1,I)
         MKIND = KONMAT(2,I)
         ISTRT = KONMAT(3,I)
         IEND = KONMAT(4,I)
            DO 500 J = ISTRT,IEND
               II = LINK( 1,J )
               JJ = LINK( 2,J )
               KK = LINK( 3,J )
               LL = LINK( 4,J )
               ZAVG = 0.25 * ( COORD(II,2) + COORD(JJ,2) +
     *                COORD(KK,2) + COORD(LL,2) )
                   STRESS = - 2300. * 9.79 * ( 655. - ZAVG )
               IF( MATID .EQ. 4 )THEN
                  STRESS = 0.
               END IF
               SIG(1,J) = STRESS
               SIG(2,J) = STRESS
               SIG(3,J) = STRESS
               SIG(4,J) = 0.0
  500       CONTINUE
 1000 CONTINUE
      RETURN
      END
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