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ABSTRACT 

The SHAFT 78 Code (multidimensional, two fluid phases, porous 
medium) has been used to begin assessment of the consequences 
of nuclear waste burial in a 1000-acre repository emplaced in 
argillite. The methodology used can well be applied to other 
argillaceous rocks as well as to hard rocks in general so long 
as their in-situ rock permeability can reasonably be assumed to 
be temperature- and stress-independent. The repository is as
sumed to contain spent fuel (Sf) »0 2 at an initial power load
ing of 150 kW/acre and located at a depth of 600 m. It.was 
found that with perfect backfill (permeability = 1 x 10 darcy), 
a maximum fluid pressure of 770 bars existed in the repository 
at a time of 55 yr after burial. Holding all other input vari
ables constant, the maximum fluid pressure in the repository 
never exceeded the local lithostatic pressure when the perme
ability of the backfill material was increased to 1 x 10 darcy. 
The calculated temperature histories are essentially independent 
of backfill permeability and porosity, indicating that heat 
transfer is conduction-dominated. 
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STATUS OF SHAFT 78 WITH RESPECT TO MODELING RADIOACTIVE WASTE 
BURIAL IN ELEANA ARGILLITE, INCLUDING CALCULATIONS TO DATE 

Introduction 

Numerous one- and two-dimensional thermal studies have previously 
been made to assess the consequences of nuclear waste burial in various 
geologic media by using heat-conductiuu models to calculate temperature 

1 2 fields- These models, which do not consider mass transport of 
groundwater, are reasonably simple to use. For the low-permeability 
materials, such calculations can provide complete temperature fields near 
repositories for a wide range of rock types and heat loadings. However, 
conduction models cannot predict the fluid pressures (pore pressures) or 
fluid transport resulting from waste emplacement. Large fluid pressures 
occurring within a rock as a result of such heating could have significant 
effects on the integrity of a repository, especially if significant fluid 
overpressuring were to occur within any appreciable volume in o:* near the 
underground workings. In the case of significant overpressuring in which 
the fluid pressure within the rock would greatly exceed that caused by 
simple hydrostatic head, weakening of the emplacement medium could occur. 

The magnitude of the fluid pressure fields resulting from waste 
emplacement in argillite and the validity of pure heat-conduction models 
when fluid transport is present are considered in this report. 
Computations were made by using a two-phase flow-field code, SHAFT 78. 
This code employs the multidimensional darcy formulation to calculate 
hydrothermal two-phase flow through a perfectly rigid (i.e., incom
pressible) porous medium. Computed results include fluid pressure fields 
and flow patterns in addition to temperature distributions. This code was 
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originally developed at Lawrence Berkeley Laboratory for use in high-
temperature geothermai reservoirs where the process of water boiling and 
steam condensation involves exchange of large quantities of heat between 
the fluid and the rock matrix. In this application, the flow of steam and 
water alters the distribution of both mass and energy in the reservoir. 
The basic code has been extended and adapted for use in analyzing nuclear-
waste repositories at Sandia Laboratories. 

This report discusses the basic structure of the code, the revisions 
made at Sandia to accommodate repository applications, and the results of 
an analysis of a 1000-acre repository in argillite. The code has 
previously been verified by computing several sample problems that had 
been investigated by other authors. No rigorous attempt has been made at 
Sandia to check the accuracy of the code for nuclear-waste repository 
applications. However, code consistency is discussed in the Applications 
and Results Section. 

Discussion of Computer Code 

The algorithm of the SHAFT 78 code used for this repository analysis 
is based en mass and energy balance equations for two-phase flow in a 
saturated porous medium. Density (kg/m ) and specific internal energy 
(J/kg) (hereafter referred to as energy) are used as independent 
variables, thereby permitting equations to be cast in conservation form. 
Tne mass fluxes of water and of steam are modeled by utiing the darcy 
equation with relative permeability for each phase. The resulting 
equations, conservation-of-mass and conservation-of-energy, are cast into 
an integrated finite-difference form using the Gauss divergence theorem. 
In this method the rock volume is subdivided into a finite number of 
arbitrarily shaped volume elements, each having a centered node point. 
Solutions are obtained at discrete time st«-ps using the Evans semi-
implicit, iterative technique. The advantage of this lumped-parameter 
approach is that difficult geometries can be analyzed with considerably 
more ease than when using finite-difference methods with mesh points on 

8 



classes of problems. Lawrence Berkeley Laboratory and Ssndia National 
Laboratories are continuously improving the code. 

In order to adapt the code for r epos i to ry a p p l i c a t i o n , the numerical 
tab les containing values of the f luid equa t ion -o f - s t a t e were extensively 
rev ised . The repos i to ry considered was assumed to be emplaced at 600-m 
depth and to contain the SF UO, (see Figure 1 ) . These condi t ions resu l ted 
in the ca lcu la t ion of large pore pressures (770 b a r s ) , as discussed l a t e r 
in the r e p o r t . Consequently, considerable numerical accuracy i s required 
in the high-pressure l iquid region. Other code rev i s ions at Sandia were 
l imited primari ly to those required for s e t t i n g up the problem to account 
for the high pressures and temperatures experienced in the a r g i l l i t e as a 
r e su l t of waste emplacement. 
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Applications and Results 

The SHAFT 78 code has been applied to several repository problems. 
Table 1 outlines the general boundary conditions and material properties 
used for these studies; the geometries considered are given in Figures 2, 
3, and 4. The most critical variable in Table 1 is the assumed argillite 
permeability. The assigned value of 1 x 10 darcy falls in the middle 
of the reported range for shales in general (1 x 10 to 1 x 10 darcy), 
on the high permeability side of values reported from in-situ testing at 
depth on the Savannah River Reservation in South Carolina (3 x 10 to 
4 x 10 darcy)j and on the high permeability side of regional permeabili 
ties backed out of groundwater modeling of the San Juan Basin (3 x 10 to 
3 x 10 darcy). The assigned value is thus likely to be reasonable in 
considering fluid pressuri2ation in many argillaceous rocks, if it is as
sumed that their permeability is temperature-independent. Other argil-
lite materiaL properties were taken or approximated from values collected 
in support of the Eleana near-surface heater tests operated by Sandia 
National Laboratories on the Department of Energy's (DOE's) Nevada Test 
Site (NTS). 8 

Properties of Argillite and Repository 
for Perfect Backfill Conditions 

Permeability (k) 1 x 10"' darcy 

Porosity (<£) 9.1% 

Specific Heat (C ) 1046 J/kg"C 

Thermal Conductivity (K) 2.7 W/m°C 

Geothermal Heat Flux 1.5/iCal/cm s 

Bulk Density (p) 2530 kg/m 3 
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The first case considered waB the calculation < f initial steady-state 
conditions before waste emplacement. This calculation verifies the code's 
capability for calculating steady-state conditions. In general the steady-
state condition can be approximated using q » KdT/dy and p = pgy; however, 
this does not account for fluid compressibility. These results reflect 
the hydrostatic head (assuming the water table is at tht surface) and the 
temperature distribution resulting from the assumed 1.5 ucal/cm2s geo-
thermal heat flux. Figure 2 gives the geometry of the volume elements 
used for the calculation of the initial steady state. The results of 
these runs are given in Figures 5 and 6. The CDC 7600 computer time 
required for this run was 100 s. The temperature distribution (Figure 5) 
approaches the steady-state solution monotonically with time, while the 
pressure (Figure 6) initially overshoots because of the heat influx and 
then relaxes to the final level as the fluid adjusts itself by flowing 
from element to element. The calculated real time required to obtain 
steady state is large, t = 5 x 10 5 yr, because of the small argillite 
permeability assumed, k = 1 x 10~' darcy. 

20.0 40.0 60.0 80.0 
TEMPERATURE ( C) 

Figure 5. Geothermal Temperature Distribution for 
q = 1.5 ucal/cm2s and g = 9.8 m/s 2 
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Figure 6. Geotheripal Pressure Distribution for 
q * 1.5 (j.cai/cin2B and g = 9.8 ro/s 

These steady-state conditions were used as initial temperature and 
pressure distributions in analysis of the 150-kW/acre repository case. 
The two-dimensional nodalization for the repository is given in Figure 3. 
i. .otal of 198 elements are lsed to represent a physical space of 3000 x 
7600 m. The smallest elements used near the repository in order to •jbtatn 
^oo.' spatial resolution are 10 x 100 m. The largest elements, 500 x 700 
m, are used near the far boundaries. In all cases, pressures and tempera-
Lures are calculated at element centers. The variable node system saves 
much computer time while maintaining reasonable resolution near the re-
nrsitory . 

In the first case modeled, no provision was tcade for considering 
different rock properties for the mine drift and shaft; i.e., perfect 
backfill was assumed present at all times. The calculated isobars and 



isotherms for this case are given at 25 and 50 yr after burial in Figures 
7 and 8. Note the very high fluid preaaures near the repository. These 
are caused by the small permeability assumed for the argillite that se
verely restricts the transport of water. The model predicts no vapori
zation for this case. Figure 9 gives the maximum fluid pressure (770 
bars) for this case (55 yr at the centerplane of the repository disk and 
centerline R = 0 of the model). The curves in Figure 9 show that local 
lithostatic pressure is exceeded by the pore or fluid pressure for 205 m 
above the centerline of the repository. 

The consequences of these high pressures could be significant to 
repository integrity since argillite appears to have a near-zero tentile 
strength in situ. Should such overpressuring occur, it is thus likely 
that most of the water in the overpressured zone would be released by 
vertical uplift of the overlying strata. 

Two factors affecting the results presented here must be kept in 
mind. First, perfect backfill has been assumed from time zero. All 
possibility of fluid venting or release into underground workings or the 
main access shaft has thus been eliminated, and calculated fluid pressures 
represent maximum values. Second, as mentioned above, the solid matrix of 
the argillite is treated by SHAFT as completely rigid; i.e., totally in
compressible and nondeformable. Consequently, thermal expansion of fluid 
in the constant-volume pore '-pace should lead to overestimates of the 
fluid pressures. Additional calculations presented below make some al
lowance for the presence of underground workings as an access shaft. 

The perfect backfill problem was recalculated by using a one-
diraonsionf.1. set of volume elements along the centerline (Figure 2). These 
results agreed with the two-dimensional centerline results to within 0.1%. 
Because an order-of-magnitude reduction of computer time resulted (650 to 
65 s ) , for many studies the one-dimensional case would be adequate. 
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Figure 9. Temperature and Pressure at R - 50 m 

In order to parametrically study the effects of varying the permea
bility of the material in the location of the mine shaft, 0 S R S 5 u, 
10 < Y ^ 600 m, and drift 0 < R < 100 m, 0 < ¥ < 10 m, while leaving the 
argillite permeability outside these regions constant, a quasi one-
dimensional model was used (see Figure 4). The model was truncated at 
R = 100 m to keep the computer times to a reasonable limit. The repository 
loading of 150 kW/acre was uBed. This model will give a reasonable in
dication of the pore pressures that exist during the postoperational phase 
of a repository with fully saturated, imperfectly backfilled shaft a.id 
drift. During the operational phase of the repository, the mine shaft and 
drift could be partially saturated or filled with air. The fully satura
ted drift/shaft assumption made in the code will result in an over-predic
tion of the argillite pore pressures. However, this over-prediction will 
not be significant as long as the assigned drift/shaft permeabilities are 
high enough that fluid release from the argillite into the shaft and drift 
is noL significantly hindered. Figure 10 gives the results of this study 
and Table 2 tabulates the conclusions drawn. When the assumed drift/shaft 
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serraeability is increased to 1 x 10 darcy, the calculated fluid pressure 
is everywhere below the local lithostatic pressure. Figure 11 compares 
for this case the calculated fluid pressure in the drift and argillite 
pressure at 15 m below the repository floor. 
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Figure 10. Repository Pressure and Temperature (R = 50 m) for 
Several Mine Drift and Shaft Permeabilities 
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Figure 11. Drift and Argillite Pressure for K ~ 50 m 

The temperature-time distribution at R = 50 m is also given in Figure 
10. It shows that temperature history is nearly independent of backfill 
permeability. In fact, the maximum variation of temperature with permea
bility was less than 1% for the cases calculated. These results verify 
the validity of temperature fields obtained with conduction codes under 
the assumed conditions. 

The next ^tudy considers the effect of backfill porosity on fluid 
pressures and temperatures. For this study, the porosity in the drift and 
shaft was varied from 0.09% to 27% while holding the permeability constant 
(k = 1 x 10 darcy). These results, presented in Figure 12, show that 
increasing backfill porosity, without correspondingly increasing its perme
ability, leads to large increases in pressures. This is- to be expected 
when one considers the greater mass of water expanding with no decrease in 
flow resistance (k). 
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Figure 12. Repository Pressure and Temperature (R - 50 m) 
for Several Mine Drift and Shaft Porosities 

The last case computed used the extreme values for drift permeability 
and porosity (k = 0.1 darcy and 0 = 27%). Fluid pressures within the 
drift for this combination are given in Figure 13. The calculated fluid 
pressure peaks at an earlier time (t * 1 yr) than it does for the case 
wh?re k » 0.1 darcy and # - 9.H. Additionally, the maximum pressure is 
20% higher. Figure 14 gives the vertical distribution of calculated fluid 
pressures within the argiilite and drift at r = 50 in for 5, 10, and 15 yr 
after burial. For this combination o£ permeability and porosity, the 
local lithostatic pressure is exceeded within the argillite at 35 m above 
the drift centerline at 15 yr after burial. 
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Discussion of Results and Future Flans 

The results of computations obtained from the SHAFT 78 code are 
summ.i-L tzed as fol lows : 

L. For the caf" of a repository at a depih of 600 m in argillite 
with perfect backfill and temperature-independent permeability, the 
maximum pore pressure exceeds the local lithostatic pressure by a factor 
of four. This result, tliough specific to the assumed power density and 
fluid permeability, inc .ates that fluid release into the repository may 
be a critical factor in safe disposal of waste in argillaceous rocks. 
This suggests that temperature-dependent permeability data must be used in 
such modeling as soon as possible. 

2. The thermal and fluid pressure response at the centerline of a 
full two-dimensional (axisymmetric) repository with perfect backfill can 
be represented with high accuracy (+0AZ) by using a one-dimensional model 
along the centerline. 

3. Repository pressure levels respond to drift/sheft backfill 
permeability and porosi.y as follows: 

a. Fluid pressure levels are a strong function of drift/ 
shaft backfill permeabilities. An increase of six 
orders of magnitude in the backfill permeability 
(1 x 10 darcy to 0.1 darcy) assures that the maxi
mum pressure encountered is below local lithostatic 
pressues at a constant porosity of 9%. 

b. Increasing the drift/shaft backfill porosity at 
constant permeability could cause a major increase 
in fluid pressure. 



4. Repository temperature is a weak function of backfill permea
bility and porosity in the range considered. Consequently, conduction 
ti.odels can be used to obtain reliable tetnpr acure distributions within 
the range of the validity of the assumptions used here, 

5. Fluid pressures near the repository are partially relieved by 
the presence of high-permeability backfill, thus reducing the concern of 
volatile overpressurization and the resultant possible degradation of the 
argillite, However, when both the permeability and porosity of the drift 
are increased, combinations of these parameters exist that will cause the 
calculated fluid pressure in the argillite to exceed the litHostatic 
pressure (Figure 14). 

Future work will include incorporation of temperature-dependent 
argillite permeability- Future efforts will also concentrate on the 
calculation of the thermal and fluid-flow time history about a single 
canister. This will be a difficult problem computationally because the 
volumetric heat flux generated by a single canister is 500 tl^es that 
used in the global repository model. Code limitations regarding this type 
problem are discussed below. 

For the cases examined, the CDC 7600 computer rur. time required 
depends largely on the amount of fluid transport. For example, it re
quires 68 s of computer time to compute 100 yr of burial time for the 
geometry shown in Figure 4 with the drift/shaft permeability equal to 
1 x 10 darcy. When th( drift/shaft permeability is increased to 
1 x 10 darcy, the required computer time increases to 636 s, For a 
drift/shaft permeability of 1 x 10~* darcy, the problem required 1500 s of 
calculation time to compute 8 yr of burial time. Consequently, the 
computational method presently used in S H A F T 78 is not satisfactory for 
problems containing materials with large permeability constants and 
appreciable fluid transport. 

This problem probably exists because of the uncoupling in the 
solution method between the energy and continuity equations. The time 
constants for these two equations differ appreciably, which accounts for 
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the mathematically stiff nature of the equations; i.e., small density 
changes result in large pressure changes. Currently, the solution method 
progresses by taking one energy time step, holding density constant, and 
then taking several density time steps using linearly i :.lerpolated energy 
values. Coupling the equations and using solution methods applicable to 
stiff equations should alleviate some of '.he problems associated with the 
current solution procedure. 

The water tables that represent the equation-of-state for the liquid, 
liquid-vapor, and vapor phases of water are currently being refined to 
increase the accuracy in the liquid region. The nearly incompressible 
nature of liquid water requires elaborate techniques both to construct and 
use the lookup tables in this regime. An additional improvement to the 
code, which would be desirable for analyzing nuclear-waste repositories, 
is the inclusion of a model to account for a nonrigid rock matrix. The 
extremely high fluid pressures calculated in the perfect backfill case 
(770 bars) might be unrealistic because the rock matrix is modeled as 
completely rigid. 

Finally, it s predicted that the code in its present form can be 
tailored to run more efficiently for given specific problems by being mere 
discreet regarding the input parameters that control numerical solutions 
such as upwind weighing for differences, time-step sizes, convergence 
tolerances, fluid rock coupling, etc. In summary, the SHAFT 78 code is 
presently a powerful computing tool but requires a high degree of user 
competence to obtain meaningful results. 

24 



References 

1. B. M. Bulmer and A. R. Lflppin, "Thermal Aspects of Waste Emplacement 
in Layered Tuffs ," presented at The Materials Research Society 
In te rna t iona l Symposium, Boston, MA, November 1979. 

2. D. F. McVey, "Near-Field I n t e r a c t i o n s , " presented at the 19th Annual 
ASME Symposium on Geological Disposal of Nuclear Waste, Albuquerque, 
NM, March 1979. 

3. K. Pruess et a l , SHAFT 78—A Two-Phase Multidimensional Computer 
Program for Geothertnal Reservoir Simulation, LBL-8264 (Berkeley, CA: 
Lawrence Berkeley Laboratory, Earth Sciences Divis ion , Januaiy 1979). 

4. K. Pruess e t a l , "Descript ion of the Three-Dimensional Two-Phase 
Simulator SHAFT 78 for Use in Geothermal Reservoir S tud ies , " SPE 7699 
(Society of Petroleum Engineers, AIME, December 1978). 

5. K. Magara, "Permeabi l i ty Considerations in Generation of Abnormal 
Pressures , " Soc Pe t r Engr, 11 : 236-242, 1971. 

6. C D . Marine, "Geohydrology of Buried Tr i a s s i c Basin at Savannah River 
Plant , SC," Am Ass Pe t r Geol Bul l , 58: 1825-1837, 1974. 

7. F. Lyfort , personal communication, USGS, Albuquerque, NM, 1978. 

8. D. F. McVey, A. R. Lappin, and R. K. Thomas, Small-Scale Heater Tests 
in A r g i l l i t e of the Eleana Formation at the Nevada Test S ide , SAND79-
0344 (Albuquerque: Sandia Labora tor ies , 1979). 

25 


