
SANDIA REPOR AN2 nlited Release UC-70

jV7S'/M9-
470? 15

Reprinted July 1983

" Code Development in Support of
Nuclear Waste Storage Investigations

- for a Repository in Tuff

1-1)

< I

Roger R. Eaton, Mario J. Martinez,
Rodney K. Wilson, Jace W. Nunziato

Prepared by
Sandia National Laboratories
Albuquerque, New Mexico 87185 and Livermore, California 94550
for the United States Department of Energy
under Contract DE-AC04-76DP00789

r

-

I
., ;1

0r
F

0

tj
0

'' Ca
; 3

M
z
-I-

Z

: C
en

I.-
-4
I.-

I c 

I .I .

SF 2900-0(6-82)~~~~~~~~~~



Issued by Sandia National Laboratories, operated for the United States
Department of Energy by Sandia Corporation.
NOTICE This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States Govern-
ment nor any agency thereof, nor any of their employees, nor any of their
contractors, subcontractors, or their employees, makes any warranty, express
or implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product, or pro-
ce disclosed, or represents that its use would not infringe privately owned
rght. Reference herein to any specif commercial product, process, or
service by trade name, trademnark, manufacturer, or otherwise, does not
necessariy constitute or imp its endorsement, recommendation, or favoring
by the U~nited States Government, any agency thereof or any of their
contractors or subcontractors The views and opinions expressed herein do
not necessarily state or reflect those of the United State Government, any
agency thereof or any of their contractors or subcontractors

Printed in the United States of America
Available from
National Technical Information Service
U.S. Department of Commerce
5285 Port Royal Road
Springfield, VA 22161

NTIS price codes
Printed copy ADS
Microfiche copy- AO1



Category
UC-70

SAND82-2771
Unlimited Release

March, 1983
Reprinted July, 1983

CODE DEVELOPMENT IN SUPPORT OF
NUCLEAR WASTE STORAGE INVESTIGATIONS

FOR A REPOSITORY IN TUFF

Roger R. Eaton
Mario J. Martinez
Rodney K. Wilson
Jace W. Nunziato

Fluid Mechanics and Heat Transfer Division 1511

Abstract

A summary of the code development provided by the Fluid and

Thermal Sciences Department in support of.the design and .

performance evaluation of a nuclear waste repository in tuff

(NNWSI) is documented herein. Various aspects of equation

derivation, code development, code verification and scoping

calculations for flow through partially saturated media are

presented.
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INTRODUCTION

Yucca Mountain on the Nevada Test Site has been pro-

posed as a possible location for a nuclear waste repository.*

Recent interest in investigating the hydrological flow through

partially saturated regions of this mountain has prompted the

-_ development of a finite element code SAGUARO.1 The SAGUARO

code is applicable to the analysis of time dependent pore water

motion and energy transport in a rigid porous media which may

be saturated or partially saturated with a single fluid in

liquid state (i.e., no water vapor is considered). The code

is a direct derivative of the MARIAH finite element code.2 '3

The MARIAH code is applicable to completely saturated regions

only. Experienced MARIAH users should have few difficulties in

using SAGUARO because of their similarities. The code formats

have been made nearly identical to expedite user application.

Diring the development of this program a series of status

memorandums were written which address a broad spectrum of

topics. The purpose of this report is to compile these memos

under a single cover to provide a reference document covering

the development, verification and scoping computations done to

date. This report supersedes all previous memos.

The Appendices presented in this report were written by

several different authors, therefore the nomenclature is not

*The Nevada Nuclear Waste Storage Investigations Project, managed
by the Nevada Operations Office of the U.S. Department of Energy,
is examining the feasibility of siting a repository for high-
level nuclear wastes at Yucca Mountain on and adjacent to the
Nevada Test Site. This work was funded in part by the NNWSI
Project. The ultimate use of this information will be to develop
appropriate criteria for design of subsurface facilities.
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always consistent. In particular, the Richards equation is

referred to in Appendix C, , and E. The forms given are:

Appendix C, page 3:

rK(, ($ + )1 C(d, At 
az L 1J e

Appendix D, page 3:

V . EK(s)vM] = C(s) A5 , and

Appendix E, page 1:

v . [k(&)P ad = we AM
17 k atp

All of these forms can be seen to be equivalent by using the

following definitions

K = gk

= og(& + z) ,an 

C =3

These terms are discussed in more detail in the Appendices. One

additional form of the flow equation is given in Appendhix A, page

9. By neglecting the Soret effect (D 0) and the Boussinesq

approximation ( 0) it an easily be seen that this equation

is equivalent to the others. The original memorandums often

referred to the finite elemnent code MRIAH/UNSAT. This coie has

officially been given the name SAGUARO.

-2-



It will be observed that the one-dimensional infiltration

problem has been addressed in several of the Appendices. Each

solution addresses a different purpose. Some solutions are used

to compare codes, others are used to evaluate various types of

boundary conditions.

SUMMARY OF DEVELOPMENTAL STUDIES

Modeling Development

An outline of the derivation of the partially saturated flow

equations is presented in Appendix A. This analysis draws on

the continuum theory of multiphase mixtures and provides the

foundation for the partial differential equations for mass flux

and energy transport used in SAGUARO.

Solving for water flow through partially saturated regions

poses special requirements regarding the applied boundary condi-

tions and material property characterization. Appendix B gives

a detailed outline of the SAGUARO input data requirements

including those for the non-linear material curves.

Discretization and Code Verification

Appendix C presents the derivation of the finite difference

and finite element methods of discretization for one-dimensional

unsaturated porous media flow equations. Results obtained from

these methods are presented, for comparison purposes, in Appendix

D. Appendix D provides additional comparisons and summarizes the

"current" status of computational capabilities for predicting

energy and mass flux through partially saturated porous media.

The isothermal version of the equations is of primary concern

in this memo.
-3-



Results obtained from three non-related codes are

presented for the classical one-dimensional infiltration

problem. All results agree well with the SAGUARO code.

The material characteristic curves for permeability

and moisture content are extremely nonlinear in unsaturated

portion of the media. Appendix E outlines a method for

obtaining material characteristic curves using experimental

mercury intrusion data. The resulting nonlinear curves

were used in SAGUARO to compute the time-dependent saturation

in a 15 m long core of tuff rock during an imbibition experi-

ment. These computed saturation curves were found to be in

good agreement with experimentally obtained data.

Scoping Calculations

Appendices F and G present the results of various

scoping studies. The importance of using good characteristic

curves is discussed in Appendix F. The curves were shifted

parametrically to show how the calculated pore pressure and

moisture content results for one-dimensional infiltration

are a strong function of the assumed material characteristic

curves and the applied boundary and initial conditions. The

effect of short-term, surface water fluctuations on pore-water

is discussed in Appendix G. It is concluded from these

results that the short-term annual fluctuations in the applied

ground surface boundary condition (rain) has no effect at

repository level (depth 100 ). This is an important result

in that by neglecting these short-term boundary fluctuations

the cost of computing typical results is appreciably reduced.
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CONCLUSIONS

The studies compiled in this report give a comprehen-

sive overview of the development history of SAGUARO. These

studies give insight into the extent of the code capabilities

and background into code usage. Several Appendices stress

the significance of material characteristic curves. Future

work will be done in the area of code application and veri-

fication. One of these areas will include the investigation

of the importance of fluid vapor transport. Another is the

coupling of the FEMWASTE (species transport code) to SAGUARO.

It is also becoming evident that the flow through fractures

may be important. Therefore the code capabilities to handle

discrete fractures and statistically distributed fractures

will be expanded.
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Sandia National Laboratories
date: June 28, 1982 APPENDIX A Albuquerque, New Mexico 87185

to: L. D. Tyler, 9762

from: R. K. Wilson and J. W. Nu to, 5511

subject: Derivation of the Partially Saturated Flow Equations
Utilized in the Finite Element Code SAGUARO

Introduction

As part of DOE's National Waste Terminal Storage (NWTS)

Program, serious consideration is being given to the storage

of commercially-generated nuclear waste in tuff at the Nevada

Test Site (NTS). Current plans are to locate the repository

at Yucca Mountain near the western boundary of NTS in one of

four stratigraphic horizons. In order to determine whether

these geological formations will provide an adequate barrier

for long term, nuclear waste storage, it is important to

develop an understanding of the groundwater motion through

the candidate horizons and evaluate radionuclide retention in

the rock as well as the travel times for nuclide transport

to the biosphere. The processes involved are generally quite

complex and are only further complicated by the fact that two

of the horizons lie above the water table and hence represent

partially saturated zones.

In this work, we will focus on the hydrological models for

flow through porous media.* For the tuff horizons being

'The physics of radionuclide transport can generally be analyzed
separately from the hydrology and will not be treated here.
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L. D. Tyler, 9762 -2- June 28, 1982

considered, this represents modeling problems which extend

far beyond classical Darcy's law. The porous medium may be

either saturated or partially saturated and, due to the heat

release from the decay of the waste, is subject to non-

isothermal conditions. In partially saturated media,

capillary forces are also expected to have a significant

influence on pore water motion.

Our purpose here is to outline the derivation of the

equations governing pore water motion and energy transport

in saturated and partially saturated porous media, as we

currently understand it.* These transport equations are the

equations which are being solved in the two-dimensional,

finite element code SAGUARO.

Definitions

We wish to model the flow of an incompressible fluid in

a rigid porous medium, including the effects of heat transfer

and the presence of air. Let n denote the (constant) connected

porosity and let a represent the volume fraction of the

mobile constituent a (a = 1 for the liquid water and a = 2

for the air). Dimensionally, a is the ratio of the volume

of the mobile constituent to the total volume. The saturation

Sa of constituent a is defined by

*a=a (1)
n

*A more complete derivation of these equations is given in
reference [1).
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L. D. Tyler, 9762 -3- June 28, 1982

and, clearly, all the pore volume is occupied so that

S + s2 1 (2)

The densities of the constituents are denoted by Pa (a = 1,2)

and p represents the (constant) rock mass grain density.

The fluid and the air are assumed to move through the

porous medium with the velocities va. The corresponding

Darcy velocity is given by*

'!a = n sa va (3)

Conservation Equations

We require the partially saturated rock system to satisfy

the conservation equations for mass, momentum, and energy.

For the mobile constituents, conservation of mass, momentum,

and energy can be expressed as

a(p Sa)
ata + V(Paua) = (4)

Viaa +nsa pa a + a = (5)

Bea +
n sa Pa -t + Paua*Vea Vega + Qa + ea (6)

where V is the gradient with respect to the spatial coordinates

x, qa is the symmetric partial stress tensor for each

*The underscore indicates the quantity is either vector-
or tensor-valued.
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L. P. Tyler, 9762 -4- June 28, 1982

constituent, ba is the external body force vector due to

gravity, ma is the momentum exchange vector between the

mobile constituents and between the constituents and the

solid rock mass, ea is the internal energy (energy per unit

mass), a is the heat flux vector, Qa is the external heat

supply as a result of heat sources (total energy per unit

time), and ea is the energy exchanged between the con-

stituents and with the rock mass. In writing (5) and (6),

we have assumed that inertial forces and the mechanical work

done by the stress a and the momentum exchange ma are

negligible. However, (6) does include convective energy

transport.

For the rock mass, we have the energy equation

ae
(l-n)p aS 5 - V*qs + Q - (e + e 2) (7)

In this analysis, we account for the buoyant motion of

fluid resulting from temperature gradients through the usual

Boussinesq approximation. Thus, the densities a are assumed

to be constants () in every equation except in the momentum

equations (5), where they are expressed as

Pa= Pa (1 - pa (T-) ) * (8)

The parameter a is the thermal expansion coefficient and T

is the reference temperature. In view of this assumption, con-

servation of mass and momentum, (4) and (5), can be written as

-10-



L. D. Tyler, 9762 -5- June 28, 1982

nta+a =0 (9)

0 0 +
Veaa + n sa Pa (1 - a (T-T) ) ba + a = 0 (10)

Finally, we note that since we are dealing with a system

in which all constituents are in thermal equilibrium, it is

convenient to compute the temperature T from the total energy

equation resulting from combining (6) and (7):

n lPl ae + aes OP2 2) + (-n)p, ae

+ pl~luVel + P 2 12 -Ve 2 (11)

Ve(q 1 + q 2 + q s) + Q

where the total heat supply Q is

Q = Q 1 + Q2 + Q3

Derivation of the Flow Equation

The equation for the balance of momentum of constituents

can be expanded by writing constitutive equations for the

partial stress a and the momentum exchange ma. The partial

stress of constituent a is assumed to be hydrostatic and we

write

2= n sa Pa (12)

-11-



L. D. Tyler, 9762 -6- June 28, 1982

where Pa is the gauge pressure of constituent a. Momentum

exchange occurs through three mechanisms*: (1) momentum

exchange resulting from the forces acting on the fluid due to

the presence of the air, (2) momentum exchange due to thermal

diffusion (Soret effect [2]) and (3) momentum exchange to

a given constituent due to resistance against the solid.

As a result of these three mechanisms, the constitutive

equation for ma has the form

+ VT
ma = Pav(n sa) + n s Wa T - Ras a (13)

where Wa is a tensor with constant value reflecting the thermal

contributions to mass flux and Ras is a tensor whose components

are the resistivities resulting from the drag of constituent a

on the solid. These are tensor valued quantities to account

for anisotropic properties of the porous rock.

It is assumed that the only body forces acting on constit-

uent a result from gravitational effects so that we can write

ba gVz, (14)

where g is the gravitational constant and Z is the elevation

measured from a reference point. Substitution of (12) - (14)

into (10) thus gives

R1s '. = - n sl Vp1 - ns, El-Pl1 (T-f)] gVz

+ AT (15)
1 1 T (5

*A fourth mechanism, resistance between the fluid and air
phase, is negligible.
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L. D. Tyler, 9762 -7- June 28, 1982

R2s V2 n 2 VP2 - n 2 P2E1-P2 (T-i)] gVz + n s2W2 T (16)

Further assumptions are made concerning the air phase.

First, gravitational effects are assumed to make negligible

contributions to the motion of the air. Second, the air is

assumed to escape freely so that the resistance between the

air and solid is small (R2 s ' 0). Third, the effects of

thermal gradients on the motion of the air are negligible

(W2= 0). As a result, (16) reduces to

VP2 = (17)

Since the pressure of the air at the boundary is atmospheric

and since Pa is always measured as gauge pressure, it follows

that 2 = .

The momentum equation for the fluid phase (15) leads to

Darcy's law with thermal effects added; that is,

-l p1 V + lgDl VT - 0 10g(T-f)Vz , (18)

where

)2
kl=(ns,) Pi Ris '(19)

(ns 1 ) -1
= PgT W1 -1s ' (20)

are the intrinsic permeability tensor and the thermal diffusion

tensor (due to the Soret effect), respectively, p, is the

fluid viscosity, and

-13-



L. D. Tyler, 9762 -8- June 28, 1982

= PI + plgz (21)

is the hydraulic head. In addition to the gauge pressure 1

and the hydraulic head, there are two other measures of

pressure. They are the pressure head, , defined by

= P1 (22)
U-

pig

and the capillary pressure Pc which, in the absence of air

pressure, is defined by

PC p1 - P0gf * (23)

Recalling the equations for balance of mass, we have

as VU
n = -Vu 1 , (24)

as2 asi
for the water phase, and (noting from (2) that at2 a t

asi
Vu2 = n -t . (25)

for the air phase. The latter equation determines the flux of

air escaping the porous medium,* Substitution of (18) into

(24) yields

n 1 = 11 V + P gD VT i a1 8g(T-T)Vz t * (26)

*The flux of air escaping is not a quantity computed in SAGUARO.

-14-



L. D. Tyler, 9762 _9_ June 28, 1982

The capillary pressure is known to be a function of the

liquid saturation [3]* so that partial differentiation of

(23) with respect to time yields

IS, - IS, DP (27)

at = ap at I
C

or

___ n ds 1 (28
n -tl -ndla (28)

p1g

The quantity n(dsl/dF) is referred to as the specific moisture

capacity C(f).

Substitution of (28) into (26) yields as a final result

a (D ~~ ~~0 o
C MW) a= Vi (K 1 V + D1VT) - V(K lpiyg(T-TVz (29)

where

0

K1 =1 kl ' (30)

is the hydraulic conductivity. Typically, the specific moisture

capacity and hydraulic conductivity are determined experi-

mentally and put into SAGUARO in the form of the character-

istic curves shown in Figure 1.

* The liquid saturation s is often referred to as the moisture
content 6.

-15-
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-4'
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FIGURE 1. Material Characteristic Curves

Because the moisture capacitance and the hydraulic conductivity

are dependent on the pressure head, equation (29) is a highly

nonlinear partial differential equation. In the absence of

thermal effects, this equation is identical to Richard's

equation. It is important to note that in regions that are

saturated, the moisture capacitance is zero so that (29) reduces

from a parabolic flow equation to the usual elliptic equation

that models flow through saturated media. Thus, equation (29)

is applicable to both saturated and partially saturated flow i

problems.

The Energy Equation

The energy equation in SAGUARO is obtained from (11) by

writing constitutive equations for the heat flux and the

internal energy of the fluid, air, and solid constituents;

2a -aVT q8 ' - XsVT , (31)

-16-
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0 0
ea = ea + Cpa (T-) ; e = es + Cps () (32)

where ka and Cpa are the thermal conductivity tensor and constant

heat capacity of constituent a, respectively. Substitution of (31)

and (32) into the total energy balance equation (11) yields

(PC + Pic)-1 P2c 2u 2).VT = V-(eff VT) + Q , (33)
Peff pil'Y 22ef(3

where

*

(PC) = nslp1Cp + n(l-s1 )P2Cp2 + (-n)P 5 CP5 (34)
eff

X ff= X + 2+ 3 ' (35)
eff - 2 -

are the heat capacity and thermal conductivity tensor for the

mixture. To reach the final form of the energy equation,

(i) the heat content of the air is assumed to be small

(P2Cp2 0)

(ii) the conductivity of the air is assumed to be small

(X2 0)

(iii) xi is written as the difference between the effective

thermal conductivity of the fluid and the contribution

due to thermal dispersion in the fluid. If E is the

thermal dispersion tensor, X = l - ns E 
~ ~ eff

As a result, (33) becomes

-17-
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(PCp)~f PC~? *VT V- V@(Xef ns- + 0Q (36)
Peff at 1l pl~l VT=V[eff -n ]T 

where

(pcp) = nsp1 Cpl + (n)pCp, (37)

eeffZ1 . (38)
eff

This form of the energy equation (36) is sufficiently

general to permit the inclusion of various models for the

thermal conductivities Xe and In which may depend on

saturation si.

It is useful to note the nonlinear character of the energy

equation and its relation to the characteristic curves. In

particular, all the coefficients of (36) can be functions of

the temperature. In addition, the dependence of the effective

heat capacity (pCp) (and possibly eff) on saturation,
~eff ef osauain

Sl' implies a dependence on the hydraulic head . Clearly,

then, equations governing the pore pressure (29) and energy

transport (36) are coupled. Together, (29) and (36) determine

the hydraulic head and the temperature T. The correspond-

ing velocity field for the water u is computed from (i8).

These are the equations solved in SAGUARO.

-18-
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Sandia National Laboratories
date: July 13, 1982 APPENDIX B Albuquerque. New Mexico 87185

to: L. D. Tyler, 9762

from:/.K isn Eaton, M. .Martinez, 5511

subject: Field and Laboratory Data Requirements for Implementing
Computational Flow Field Codes

This memo summarizes the data requirements necessary
for the application of existing numerical codes (thermal,
hydrologic and species transport) for modeling hypothetical
nuclear waste repositories at the Nevada Test Site
(NTS). This required data would most likely be obtained
through a combination of laboratory and field testing.

The memo is arranged in two sections:

(1) A general description of code input requirements, and

(2) A specific list of required parameters for the
thermal code COYOTE [13; the hydrological/thermal
codes COYOTE/UNSAT [2), MARIAH [3,4] and SAGUARO
[5); and the species transport code FEMWASTE [6].

I. GENERAL THERMAL-HYDROLOGICAL PROBLEMS

The data needed to solve general hydrologic and thermal
problems occurs as one of three types: (i) geometric,
(ii) boundary and initial conditions and (iii) material
properties.

(i) GEOMETRY

The solution of problems requires an accurate description
of site geometry, stratigraphy and repository dimensions.
Specifically,

A. The areal dimensions of the problem must be specified
including the cross sections to be modeled.

B. Details of the specific stratigraphy: thickness of
the layers, offset of layers due to faulting and
location of perched water supplies or large void
pockets.

-20-



I - I-L. D. Tyler -2- July 1., 1Ys

C. The geometry of fault zones and fractures of which there are
two types: (1) Large, highly permeable "zones" which are
modeled discretely. These fault zones act as sources, sinks,
highly transmissive paths and even barriers to fluid flow. The
important geometric parameters are the location, length,
thickness and dip of these zones. (2) Heterogeneous fracturing.
This kind of fracture is interspersed in the material and has
the effect of creating anisotropic behavior with respect to
permeability and conductivity but is not significant enough to
warrant discrete modeling. The spacing, orientation and
aperture of these fractures is important in determining the
effect on the material properties of the rock and the density
and spacing of groups of these fractures is also needed for
detailed modeling.

D. Location of the water table. It is essential to know the
location of the water table to determine whether or not a
saturated or unsaturated code is to be used. It is also im-
portant to know the time dependency of the location (changes
due to rainfall and groundwater recharge).

E. Finally, accurate dimensions of access tunnels and adits,
torpedo tubes or storage rooms, and other man-made changes to
the site are needed to accurately predict repository behavior.

(ii) BOUNDARY AND INITIAL CONDITIONS

A. Boundary conditions: A determination should be made of the
distribution of (1) fluid pressure, (2) water flux, (3) tem-
perature, (4) heat flux and (in the case of partially saturated
zones) (5) moisture content across all boundaries. It is also
important to consider the time dependency of these distribu-
tions. Examples where this is important are in rainfall vs.
time distributions at the surface, heat generation and/or
heat flux of waste canisters and flow conditions such as changes
in subsurface groundwater flow or air cooling of adits and rooms
during the construction phase. It is also important to accu-
rately determine which species are released from the waste
canisters and at what concentrations or rates.

B. Initial Conditions: (1) SATURATED ZONE. It is necessary to
obtain spatial distributions of PRESSURE, TEMPERATURE and
SPECIES CONCENTRATION (2) UNSATURATED ZONE. It is necessary
to obtain spatial distributions of MOISTURE CONTENT, TEMPERATURE
and SPECIES CONCENTRATION.

(iii) MATERIAL PROPERTIES

A. ROCK

(1) Saturated Zone: (a) density
(b) porosity (both rock and fracture)

-21-
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(c) principal permeabilities and the
directions they make with respect to
coordinate axes (in the case that the
rock contains a continuous distribu-
tion of small fractures, the orienta-
tion, spacing and aperture are
needed to determine the effect on
anisotropy)

(d) thermal conductivity (here again the
anisotropy of the material may depend
on fracturing)

(e) absorption equilibrium coefficients
(some of these can be concentration
dependent. In addition, the frac-
turing may also affect the values
from point to point due to surface
area effects)

(2) Unsaturated Zone:

* - Unsaturated -14 Soturote

Tension-saturated

I toturoti

(a) density
(b) porosity (both rock and fracture)
(c) thermal conductivity (check for

anisotropic due to fracturing)
(d) adsorption equilibrium coefficients

(some of these can be concentration
dependent. In addition, the frac-
turing may also affect the values
from point to point due to surface
area effects)

(e) moisture content vs. pressure head
curves (Figure 1)

(f) hydraulic conductivity vs. pressure
head curves (Figure 2)
Figures 1 and 2 are only example
characteristic curves. Specific
curves for all materials being used
must be specified.

Id

Dryi
moisture

- content
x porosity

of soil,
n.30%I

30

Q-

20 
0.10

U 2.

0

0.03 

.-

0.02 
' E

0.01 EU

00
X

0
I Wetting

-400 -300 -200 -100 C

Pressure Head (m)

0
100 -400 -o -100 0 100

Pressure Head 9(m)

Figure 2.Figure 1.
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(3) Fractured Zones: (a) permeability or hydraulic conductivity
(b) thermal conductivity
(c) roughness (in the case of open frac-

tures, a detailed flow analysis might
involve this quantity in determining
the permeability)

(d) does the zone act as a barrier to
flow? a source? a sink? a zone of
high transmissivity?

(e) an adsorption equilibrium coefficient
analogy may have to be established

NOTEI Many of the above properties may be temperature dependent.
If so, the nature of the problems modeled suggest obtaining
this kind of dependency.

B. WATER

Here the age of the water is a parameter which can be measured
and may provide useful information. For example, if the age of
the groundwater increases with depth and then suddenly decreases,
this may indicate that recharge from subsurface groundwater is
occuring.

II. SPECIFIC INPUT REQUIREMENTS

A. COYOTE (parabolic equation solver)

The finite element code COYOTE l] calculates time dependent tem-
perature fields. The following input data is required:

1. GEOMETRY (2-D): planar, axisymmetric or polar

2. BOUNDARY CONDITIONS: temperature or heat flux

3. INITIAL CONDITIONS: temperature at all spatial locations

4. MATERIAL PROPERTIES: a) p density

b) cp specific heat

c) Kij components of thermal conductiv-
ity tensor and direction of
principal axes

5. ENERGY SOURCE (for all times)
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B. COYOTE/UNSAT [2)

The finite element code COYOTE can be used to calculate the iso-
thermal head distribution in partially saturated media by providing
the following input data:

1. GEOMETRY 2-D): planar, axisymmetric or polar

2. BOUNDARY CONDITIONS: pressure head [ = pg( + z)] or mass flux

3. INITIAL CONDITIONS: pressure head or moisture content at all
spatial locations

4. MATERIAL PARAMETERS: a) p fluid density

b) moisture content vs. pressure head
(Figure 1)

c) hydraulic conductivity vs. pressure
head (Figure 2)

d) 0 porosity

5. SOURCE: mass source at all spatial locations and times must be
specified

C. MARIAH

The finite element code MARIAH [3,4] calculates two-dimensional
incompressible fluid flow through porous SATURATED media with
mass and energy transfer. The following input data is required:

1. GEOMETRY (2-D): planar, axisymmetric or polar

2. BOUNDARY CONDITIONS: temperature or heat flux AND pressure
or mass flux must be specified at all
boundaries for all times

3. INITIAL CONDITIONS: temperatures and pressures must be
specified at all spatial locations

4. MATERIAL PROPERTIES:

(i) Rock: a) p density

b) cp specific heat

c) Xij components of the thermal conduc-
tivity tensor and direction of
axes (may also be specified as a
function of termperature, pressure,
space and time)
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d) Kij components of the permeability
tensor and direction of axes
(may also be specified as a
function of temperature, pres-
sure, space and time)

e) dispersion

f) + porosity

(ii) Fluid: a) p density

b) p viscosity (may be specified as a
function of temperature)

c) cp specific heat

d) X thermal conductivity (may be
specified as a function of tem-
perature)

e) P volumetric expansion coefficient
(may be specified as a function of
temperature)

5. SOURCES: fluid and/or energy sources may be specified as
functions of time

D. SAGUARO (previously referred informally to as MARIAH/UNSAT)

The finite element code SAGUARO 5J is a derivative of MARIAH.
It is designed to calculate two-dimensional incompressible fluid
flow and heat transfer in PARTIALLY SATURATED OR FULLY SATURATED
porous media. SAGUARO requires all the input data for MARIAH
plus the following-for each material of interest:

1. Moisture content as a function of pressure head (Figure 1)

2. Permeability as a function of pressure head (Figure 2)

3. The components of the thermal mass diffusion coefficient
tensor Kii and directions

E. FEMWASTE

The finite element code FEMWASTE E63 models the transport of solutes
through a spatially two-dimensional, saturated/unsaturated porous
mnedium due to convection, hydrodynamic dispersion, chemical
sorption and first-order radioactive decay. The input requirements
for FEMWASTE are as follows on the next page:
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1. GEOMETRY: planar only

2. BOUNDARY CONDITIONS: there are three types of boundary condi-
tions accepted by FEMWASTE:

(a.) Dirichlet boundary condition: the
specification of concentrations at
a boundary

c = ci(x,z) on B (B1 is a portion of B,
the boundary surface)

(b) Neumann boundary condition: the
condition defined by the equation

-(ODVc - c)- = q2(xz) + (v.n)c on B2

(n is the outward normal to B2)

(c) Cauchy or mixed boundary condition
combining (a) and (b):

-(8DVc - vc)-n = q3(xz) on B3

3. INITIAL CONDITIONS: an initial concentration field must be
specified for the entire domain

4. FLUID VELOCITY FIELDS: the fluid velocity field, steady-state
or transient, must be computed externally
to FEMWASTE and included as input data

5. PRESSURE HEAD DISTRIBUTIONS: in addition the pressure head
distribution, steady-state or
transient, must also be computed
externally and.inputed into
FEMWASTE

6. MOISTURE CONTENT DISTRIBUTION: the distribution of moisture
content, steady-state or
transient, must be supplied
as input

7. MATERIAL PROPERTIES: a) p bulk density of medium (M/L3)

b) pf fluid density (M/L3)

c) a' coefficient of compressibility of
the medium

.. d) r toruosity coefficient of the medium
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e) * porosity

f) aL longitudinal dispersivity coef-
ficient (L)

g) aT transverse dispersivity coef-
ficient (L)

h) Dm molecular diffusion coefficient
(L T)

i) Xik radioactive decay rate frol
species i to species k (T)

j) Kd equilibrium distribution coef-
ficient (the ratio of the quantity
of adsorbed material per mass of
solid to the quantity of dissolved
material per volume of fluid)
(L /M)
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NOMENCLATURE

A

B

c ()

C

D

J

K(4)

L

N

0

R

t

z

e

w

Coefficient for tridiagonal matrix

Coefficient for tridiagonal matrix

Derivative of moisture content

Coefficient for tridiagonal matrix

Coefficient for tridiagonal matrix

Maximum number of mesh points

Hydraulic conductivity

Length

Coefficient for basis function

Flow-through rate at bottom boundary

Rain rate at upper boundary

Time

Vertical coordinate

Increment in time or space

Moisture content

Pressure head 4 = P/pg

Imqplicit/explicit weighting factor

Vertical spatial coordinate

(1/min)

(1/min)

(1/cm)

(1/min)

(1/min)

(ND)

(cm/min)

cm

(ND)

(cm/min)

(cm/min)

min

cm

(ND)

(ND)

(cm)

(ND)

(cm)

Subscripts:

i, J, n, 5

Superscript

Spatial coordinate see Figure 1

.s:

Time indicator

Transpose

Current time step minus one
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INTRODUCTION

To date, the majority of the analysis done in support

of the design of a nuclear waste repository in tuff have been

made assuming the rock is fully saturated. The focus of the

computational effort is now being shifted from saturated to

unsaturated media because of the possibility of locating the

waste repository above the water table.

In an initial attempt to understand the characteristics of

unsaturated flow, the current study was made in which the time-

dependent equations describing isothermal, one-dimensional flow of

water through a non-, partially- or fully-saturated media have

been solved using two basically different computational methods.

The first method uses a weighted implicit/explicit finite

difference scheme. The spatial derivatives are centered in

space and a forward difference in time is used. The resulting

tti-diagonal matrix is solved using Taylor's method which gives

a time dependent pressure head and moisture content for all

spatial coordinates. These same equations are solved using

Galerkin's weighted residual finite element method. The

solutions obtained from both methods are compared with pub-

lished results.

Finite Difference Method

The basic equation for the isothermal flow of water

through a partially saturated media (O saturation 1) as

given by Freeze and Cherry(l) is:
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K ( + 1)0 -c( at (1)

Equation 1 is commonly referred to as the Richards equation. It

simulates the Darcy type flow of a fluid through a porous media

which is not necessarily fully saturated. The coefficient K

and c are strong functions of the pressure head q,. The presence

of air in the formation is neglected. This essentially says

that any trapped air can always escape a partially saturated zone

without influencing the flow of the fluid.

Using Darcy's law(l), the boundary mass flux conditions can

be expressed as

= ' F ) - 1 at z - Zmax (2)

and

+ 1 at Zmin.T-i K(AP ) 3

These boundary conditions allow the user to specify the liquid

influx at the top and bottom boundaries. Using the grid given

in Figure 1, the equivalent finite difference expression can

be written as

1 K(1 + [W(4 , + (i-W)((,,?n- n-i

cn+n

-2 (in -Q n1) 
tit i J-1 ~~~~~~~~~~(4)

-33-



This general equation

-A 4j-l + B j - Cap'? = D (5)
can 1 ) be r r n+1 i a o

can be represented by the following matrix equation:
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where the coefficients for 2 < j < J-1 are given by

Aj = - Kw/Az , (6)

Bj = - (Kn + K)w/A - ZC jn /,At (7)

C; = - Knw/Az (8)

D= - Kn~ + (-w)(*.+l -

+ BE + (-w)( n- 1

- ,Izcfj+1/2 4EIP 1 /At , (9)

and Kn = (Kj+l + K)/2.0 , (10)

Kr = (KJ + K_)/2.0 (11)

At the boundaries f1 + pj are obtained from the boundary

conditions (2) and (3).

= ( - - 1)AZ (12)

= (K + 1)AZ (13)

Finite Element Method

Equation 4 is also solved using Galerkin's ortho-

gonalization method of weighted residuals wich can be

expressed for the infiltration problem as
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J zmax
[N (E aK( (E + 1) - c(') dz = (14)

where [N~t is a column vector composed of the coefficients of the

basis or weighting function. The details of this weighted residual

solution methods is given by Segerlind(2).

The interpolating function , used to approximate , K

and c is defined over a single element and therefore Equation

14 may be written in terms of a summation over all elements.

E I INelt(aZ K(4)( + 1)1 C() edz = 0 (15)

LAz

It is assumed that , K and c can be approximated by ex-

pansions. The basis function or shape function for this

problem will be assumed to be linear and of the general form

i N. + N fj = | (i - L ) ',= L |Ne]|¢ (16)

where * = A, c, or K and AZ = Z. - Zi

The order of Equation 15 is reduced to first order by performing

an integration by parts (Green's theorem) on the first term.

f[N] t [K( ) + 1] dz

[N] + K(W)( + ) J KM)( + 1) dz (17)
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Insert Equation 16 and 17 into Equation 15 and evaluate across

each element to obtains

(N~t x(i)(~ + 1)1_ If [N]{K±I } m li} 

Az ~ ~ ~ ~ A

[JN~t O] J( l N 1 ON] 4U dz 0 (18)

0~~~~~

Evaluating the integrals in Equation 16 using the basis functions

(eq. 16) and the time derivative,

0 = t -
(19)

gives the general ordinary differential equation

C + A * + B D(t) .
_ -
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Where

3c, + c C, + c ily

A r 12(At) ci + c ( ci + 3c Y3 Y4

(K + K) - (K + KI Ia3 a41

YEZ z- (Ki ) 2 + (1i+ a3

(21)

(22)

C + A 
[y + 'I Y2 + 2]

Y3 + a 3 Y4 + a 4 J
.a1 a21

a 3 C4J
(23)

Em - .(K + Kj)[ 1
[B21

-I2 (24)

Flow Through i
D~t) at Bottom.D tt) =Flow through 1 (25)

at top. - R 25

The general equation for a single element now becomes

[a1 a2L ~il 'V1 Y2 |i l; ]

[ c i 3 a 4 J ( 4 j ) - 1 ~ ~ l( 2 6 )
3 4] jl lY3 Y4 2 j
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The expansion of this matrix

through j = J gives: -

equation for all elements j = 1

j 0 1 [ ''1 (2) '1 + 2 1) 2 - 1 (I)-. - (1 . + a, (1) ' 01

':3 (1) 

j 2

j i(2 )2

a3 (2) .2

w 3

I1(3) 3

+ i4 (1) .2

+ :&2 (2) ,3 

+ k 4 (2) .3

+ 2 (3) 4

- 13(1).1

- I 12):2' 

- 'I Mg)42

- *2(2) .3

+ 2(1) RI

-1 (2) ' 2

-2 (2) R2

- If3(2)'2 - *4(2J;3

- )1 (3) - 2 3) ' + - 3) 03

J3(3).3 + .4 (3).4 - ) (3) .3
3 3

- 4(3).4 + '2 (3) R3

j J1 3 2)J2

I1 ( -1) J-1i

+ 4 (J-2).J 1 - 3(J-2) .- 2 - 4 (J-2);-1 + 2 (J-2) - 1

+ 23 -1) - - (J 1 'J-1 I (-1); + E1 (J-1) - J
. ,

3 - 3 3 4,- ~4(3-1)-j - 3 (3j:..j - '4(3-1); + 2 J- ) R .

Since R = -Qj+ allntermediate values of R and Q can

be eliminated from the problem by adding sets of two equations

each-as shown-by the j 3 1 to j - J brackets. This process is

commonly referred to as assembly.

The assembled equations result in a tridiagonal matrix

with the general form:
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B 1 4 1 - C 1 q 2 =D

-A 241 + B2 4 2 - 2'3 52

A3(+2 + B3 43 - C3 c' 4 =4

AJ-1J-2 + Bj-lfj-l - Cj-1fj Djl

-kj 4j + Ej =ThJ

where for 2 j < J - 1

Aj a3 (j ) (27)

B. (a4(-l) + al(j))(a4(j-1) ~~~~~~~~~(28)

C j a2 (j) (29)

j =y 3(j-1) j-1 + (40-1) + 1 ))+j

+ r2(i) j+l - (0 2 (i-1) + 1(j))

The coefficients at j = 1 and j = J differ depending on the

boundary conditions applied. For applied R and Q (flow through)

quantities

B1 = a1)

C1 = -a 2(1)

D = -Q + Yj(l) f + 2 (1) 2 1-
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Ai -a3(J-1)

B3 - 4 (J-l)

Di = R + y3(J-l) 4J-1 + 4(J-l) 4'3 - 2(J1)

For some problems, it is sometimes desirable to specify the 

value instead of R (rain). For this condition

20
B l1xl102 and

Dj x 102

Prior to solving the resulting matrix, it is necessary

to define K = K(f), e (fk) and c = c(f). These expressions

are specific functions of the material (soil) being considered.

For the examples considered in this paper, a curve fit for the

wetting portion of Figures 2 and 3 taken from Freeze(l) are used.

The curves for K, 9, a are given by Figures 4, 5, and 6

respectively.

Sample Problem

The boundary-value problem defined by the finite difference

and finite element methods given above are solved for the first

100 cm of soil below the ground surface with the initial distri-

but-ion of moisture content, pressure head and hydraulic head

shown in Figures 7, 8, and 9. The transient behavior occurs in
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response to a constant-intensity rainfall that feeds the soil

surface at the rate R = .13 cm/min. This rate is 5 times the

saturated hydraulic conductivity of the soil, Ko = .026 cm/min.

The boundary conditions applied allow for a maximum ponding rate

of 10 c. The results obtained using the finite difference solu-

tion method, described herein, for 0, cJ, and h are given on

Figures 7, 8, and 9 for times of 0, 12, 24, 36, 48 and 60 minutes

after the rain started. One hundred and one mesh points are

used. Figure 8 shows that the surface becomes saturated after

12 min. The moisture content increases down the profile with

time until the entire region is saturated at 60 minutes. Figure 8

shows the pressure-head changes. The pressure head does not

reach the 4 = 0 point for 30 minutes which implies that the

upper few centimeters of surface saturation indicated by the

moisture-content profile are in "tension-saturated" state. At

t = 36 minutes the pressure head has reached 10 cm indicating

that 10 cm of water are ponded above the ground surface at

this time. The initial water table which is at -95 cm. remains

constant for the first 36 min. of rainfall after which time it

begins to rise in response to the infiltrating moisture from

above. The hydraulic head, h, curve (Figure 9) is a direct

response to the 4) curve (h = + z). The results of these

calculations agree well with those given by Freeze and Cherry(l).

The differences are attributed to the simplified fits to the

charateristic curves given by Freeze and Cherry relating K and

0 to (,.
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Comparison of Results

Table 1 gives a comparison of results given by the finite

element and finite difference solution methods. The first column

gives the results of the finite element method as developed herein.

Column two gives the results of the finite element method using

boundary conditions identical to those used in the finite dif-

ference formulation. Column three gives the results of the finite

difference solution described herein. It can be seen that all

three procedures, although not identical, give results which are

very similar. The difference is caused by the different weighting

of the nonlinear coefficients in the two methods and by the

method in which the boundary conditions are applied.

Finite Difference-Finite Element Solutions

for the Linear Problem

Because of the difference in weighting of the equation

coefficients K(f) and c(fp), and the method of representing

the time derivative of , it is not possible to obtain an exact

one to one correspondence between the two solution methods for

the nonlinear problem. However, if these coefficients are con-

sidered to be constant (linearized) and the time derivative is

approximated by

= * - W
at a

where 4 _
6
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TABLE 1

Comparison of Finite Element with Finite
Difference Computational Results (t = 36 min.)

Distance Below
Ground Surface

(cm)

Finite
Element

0

10

20

30

40

50

60

70

80

90

100

10.0

-19.2

-45.6

-49.7

-42.5

-32.8

-22.7

-12.7

- 2.7

7.3

17.3

Pressure head, P/Pg (cm)
F. E. with

F. D. Boundary
Conditions

10

-18.2

-44.2

-49.4

-42.4

-32.7

-22.7

-12.7

- 2.7

7.3

17.3

Finite
Difference

10

-16.2

-41.6

-49.5

-43.7

-34.3

-24.4

-14.4

- 4.4

5.6

15.6
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the two solutions methods yield identical stiffness matrixes.

The stiffness matrix coefficients for this case are

Az 6At 

2 + C{z

C =k~g- fi) and

D = .+ 4 +
6At j+. 

.When identical boundary conditions are applied, then the results

from the two methods are obviously identical.
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Conclusions

This exercise was undertaken as an initial attempt to

understand some of the characterictics of unsaturated flow

and the procedures by which solutions can be calculated.

It was shown that the results for this isothermal problem

could be obtained equally well using finite difference methods

or finite element methods. The results obtained are in good

agreement with existing published results. It is also shown

that the two methods can be made identical for the (linear)

constant coefficient cases.
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FIGURE 1. Geometry Notation.
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FIGURE 5. Moisture Content.
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APPENDIX D Sandia National Laboratories
date: January 6, 1982 Albuquerque, New Mexico 87185

to: L. D. Tyler, 4537

from: R. Eaton and J. W. Nunzia 5511

subject. Current Status of Computational Capabilities for Predicting
Energy and Mass Flux Through Partially Saturated Porous
Media

In response to your request to develop computational tools
for predicting flows through porous media containing regions
which are not necessarily fully saturated*, modifications
have been made to the existing COYOTE and MARIAH codes.
This memo discusses the action which has been taken to:

1. Modify the time-dependent, finite element,
heat conduction code COYOTE to make it applicable
for calculating isothermal flow of water through
partially saturated porous media. This code
will be referred to as COYOTE/UNSAT.

2. Extend the finite element code MARIAH, which
was originally written to calculate the mass and
thermal transport through saturated porous rock,
to a code which is applicable for analyzing heat
and mass transport through porous material with
regions which are partially saturated. This
code will be referred to as SAGUARO.

Both of these revisions of the codes are based on the
Richards flow equation and have two-dimensional
capabilities (axisymmetric or planar). Motivation for
developing the computational capabilities within
Sandia are two-fold: 1) Assure compatibility between
our partially saturated computational studies and
associated thermal and stress calculations done within
organization 5500, and 2) In-house development will
make it possible to combine the statistical fracture
work currently being done by D. Gartling, 5511, and B.
Thomas, 5521 with the partially saturated flow model.

*In this iremo, unless otherwise specified, regions which
are not necessarily fully saturated are referred to as
partially saturated.
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The number of codes existing with similar capabilities
is very limited. One such code is the one-dimnsional
finite-element code developed by Baca and King . The
equations solved in both the Baca code and SAGUARO
are similar. However, the Baca code uses a log trans-
formation for the pressure which results in the code
not being applicable to completely saturated regions.
This restriction is seldom significant for doing near
surface calculations in arid site vadose zones; the
region for which the Baca code was written. This
restriction could be limiting for analyzing regions in
tuff where both fully saturated and unsaturated rock
are found.

RRE:JWN:5511:fvc

Copy to:

4511 G. E. Barr
4530 R. W. Lynch
4531 L. W. Scully
4537 D. R. Fortney
4537 A. R. Lappin
4537 B. S. Langkopf
4538 R. C. Lincoln
5500 O. E. Jones
5510 D. B. Hayes
5511 D. K. Gartling
5511 G. R. Hadley
5511 C. E. Hickox
5511 M. J. Martinez
5511 D. F. McTigue
5511 D. C. Reda
5512 D. F. McVey
5512 R. H. Nilson
5521 R. D. Krieg
5521 R. K. Thomas
5522 R. K. Wilson
5532 B. M. Butcher
5511 R. R. Eaton
5511 J. W. Nunziato
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NOMENCLATURE

Cp

Dij

Eij

g

k

K(40)

Q

Vi

9
a
e

4

xij 

Derivative of moisture content ()

Specific beat

Thermal diffusivity

Thermal dispersion tensor

Gravitational constant

Permeability

Hydraulic conductivity

Heat source

Fluid velocity

Porosity

Moisture content

Water density

Pressure bead potential
- pg(4I+Z)

Pressure head - p/pg

Thermal conductivity tensor

(/rm)

(J/kg c)

(m 2 / *c * s)

(J/s mc)

(m/s2)

(m2)

(m/s)

(J/sm 3)

(mn)

(ND)

(kg/m3)

(N/m2)

(m)

(J/srMnc)

Subscripts:

eff Effective

f Fluid
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Conversion of COYOTE to COYOTE/UNSAT

The conversion of the thermal code COYOTE to a partially

saturated flow code was possible because of the similarities between

the thermal conduction equation

Vo[X(T)VT - pCp( T)A (1)

and the mass transport equation

V.EK(4')V3= c(4f) at (2)

(See nomenclature list for definitions of terms.)

Equation 2 is commonly referred to as the Richards equation. It

simulates the Darcy-type flow of an incompressible fluid through

a porous media which is not necessarily fully saturated. The

coefficients K and c are strong functions of the pressure head

4. The presence of air in the formation is neglected. This

essentially says that any trapped air can always escape a

partially saturated zone without influencing the flow of the

fluid.

Converting the COYOTE code was a straight forward procedure

because: 1) the original code was designed to solve equation 1 in

which the coefficients (K and Cp) can be highly nonlinear,

and 2) the basic structure exists within the code which allowed

for construction of user subroutines" in which these coefficients

can be specified as complicated functions of the dependable

variable. For partially saturated flows, the coefficients K(4)
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and c(*p) are functions of as shown in the typical curves

shown in Figure 1. The curves show the significance of the

hystersis effects on the (K, ) and (, ) relationship. It is

through these curves that the influence of capillary action is

accounted for.

Unsaturated -iiit Saturated-

Tension-saturated -. 1
Saturated

I moisture
conteflt 30 Saturoted 0.03Drying a porcsity hydroufilc .0

of soil, Condctv,
nx30% ~-IK:0026

20 cm/mn .0X X

400 300 200-100 0 100 -400 -300 -200 -100 0 100

Pressure head, 4' {cm of voter) Pressure hood 4dCmo vOfter)

( a) ( b)

Figure 1: Characteristic curves relating hydraulic conductivity
and moisture content to pressure head for sand/soil,
see reference 3.

Details concerning the application of COYOTE/UNSAT to

a specific problem is given below in the Sample Calculation

section. -
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Conversion of ARIAH to SAGUARO

The original MARIAH code is a finite element computer pro-

gram designed for the solution of two-dimensional, incompressible

flows in porous media, including the effects of heat transfer.

The continuity/momentum equation is

a I-k \ a I-k az\
T-Xi axi ' P gT E (3)

and the energy equation is

(PC ) I V>
p eff + Pfo f hi aX

_a I a aT 0

The original mass transport equation (eq. 3) applies to

quasi-steady flows and includes the Boussinesq approximation

to account for buoyant effects. The time-dependent energy

equation accounts for energy transport by convection and

conduction.

The MARIAH code (good for saturated regions only) has been

converted to extend it range of applicability to the partially

saturated and unsaturated regions as follows. The form of the

energy equation remains unchanged. The momentum/continuity

equation has been replaced by
-61-



V-tK(I,)V#) + VD(4,T)VT - c(f) .a

D(4,T) is the coefficient of thermal diffusion, the process

by which mass is transported as a result of temperature gradients.

This diffusion term originates as a refinement to the Darcy

equation for velocity. The relationship K and c as functions of

4 are the same as those discussed above in the COYOTE/UNSAT

section. The diffusion coefficient (D(4,T)) must also be

defined for non-isothermal problems.
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Sample Calculations

In order to demonstrate the capability of the modified codes

to calculate the head potential in mixed regions, sample calcu-

lations were computed for one-dimensional, time-dependent infiltra-

tion of rain into a partially saturated soil (Figure 2).

* Ground Surface * Initial Conditions

Partially
. '- . Saturated

; - . Fully
* * _ . _ , ' Saturated

FIGURE 2. Geometry Used in Sample
Infiltration Problem

In order to keep the sample calculations as simple as possible,

the wetting portion of the curves shown in Figure 1 were reduced

to those shown in Figure 3. Although computed results are sensi-

tive to the exact shape of these curves, it was felt that the

validity of the procedure could be adequately shown with these

less complicated curves. Of course, similar calculations can

be done using the drying portion of the curves and thus we

would have bounds on the correct solution.
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FIGURE 3a. Hydraulic Conductivity of oil.
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/ ~~0.2 

0

0.1 0
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Pressure Head (cm of water)

Figure 3b. Moidture Content
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4Jc

0 \10 - 0.005 :

-150 -100 -50 °~~~~~~~~~~~~~~~~~~~~~~~~~~~~1.

Pressure Head (cm of water)

FIGURE 3c. Derivative of Moisture
Content with Respect to
Pressure ead.

The boundary conditions for the test case are:

1. Rain is such that it feeds the soil at a rate

of .13 cm/min until the maximum allowable ponding

height of 10 cm is reached. urface pressure is

then held at 10 cm.

2. The initial pressure ead () i given by Figure 4

which says at t = 0 the fluid velocity is zero

everywhere.
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FIGURE 4. Initial Pressure Head

The computational results of this calculation is given

in Figure 5. They compare well with the results obtained

using the one-dimensional finite difference and

finite element solution described in reference . The

computed results from COYOTE/UNSAT and SAGUARO

agree to 3 significant figures.
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FIGURE 5. Pressure head for Time 0, 12, 24, 36, 48 and 60 mn.
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Conclusions and Future Work

Two computer codes are now available for limited application

to problems having regions which are fully-, partially-, and/or

unsaturated. The COYOTE/UNSAT code is limited to isothermal problems.

The SAGUARO code includes the effect of mass transport and

energy transport and therefore is not limited to nonisothermal

problems. To access these codes, contact R. Eaton, 5511.

Future work will include the following:

1. Benching marking of SAGUARO for cases in which thermal

gradients are significant.

2. Develop characteristic curves for K(f,), (f), and

D(4,T) for tuff-like materials.

3. Investigate the importance of including water vapor

transport. The equations discussed in this memo do

not account for change of phase of water or energy

transport resulting from water vapor motion.

4. Investigate bouyancy effects and how to account

for them.

5. Data will be collected in order to make possible

repository draw down calculations on a global scale.
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APPENDIX E

Sandia National Laboratories
date: March 31, 1982 Albuquerque, New Mexico 87185

to: L. D. Tyler, 4762

from; Eaton, 5511

subject: Comparison of Numerical Calculation with Experimentally
Obtained Results from Imbibition Experiments on Partially
Saturated Welded Tuff

Recent interest in investigating the hydrology in the

partially saturated region of Yucca Mountain has prompted

the development of a numerical code SAGUARO. The code

is applicable to hard-rock applications in which the

moisture content may vary from zero (unsaturated) to one

(fully saturated). The code solves for mass and energy

transport, as outlined in References 1 and 2. For the

isothermal case considered in this report, the mass trans-

port equation in the code reduces to the Richards equation

in which the mass flux is obtained using Darcy's law.

The derivation of this equation assumes that the air in

the partially saturated zones offer no resistance to the

movement of water. The resulting momentum-continuity

equation is

|k g BeI a lp

-70-



L. D. Tyler, 4762 -2- March 31, 1982

where

9 - gravitational constant M/S2

k(q) - intrinsic permeability m2

t - time 8

p - water density kg/m3

11 - water viscosity kg/m-s

9 - moisture content

* - porosity / ax

4D - hydraulic head = pg 4 + z(mZ) m

In order to use this equation to predict the movement

of water through partially saturated media, the intrinsic

permeability, k(4,), and the derivative of the moisture

content, De, must be obtained as a function of pressure-

head () for the specific materials to be considered.

The code has previously been benchmarked for soils

using the characteristic k and curves given in Freeze

3& Cherry This report discusses the procedure for

obtaining these characteristic curves for tuff using

mercury intrusion porosimetry measurements. As an

additional step in benchmarking the code, these curves

were then used in SAGUARO to simulate the imbibition

test performed by Hadley4 on a sample of tuff material.

Formulation of Characteristic Curves

The experimental mercury intrusion data was obtained

by True Technology of Dallas, Texas5. This pressure vs.
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mercury fill rate data is given in Table I. The procedure

for obtaining this data and converting from mercury/air to

water/air is discussed in Reference 6. An outline of that

procedure is discussed here for completeness. A simple

capillary model is assumed to describe the phenomena. In

this model, the rock is assumed to be comprised of a group

of capillary tubes of various sizes. As mercury is forced

into the pores, it is assumed that all the large diameter

pores fill first. As the pressure on mercury is increased,

smaller and smaller tubes fill until finally the entire

sample of rock is saturated with mercury. Obtaining a

water pressure versus moisture content curve is accom-

plished by determining expressions for the water/pressure

and mercury/pressure to fill a capillary tube of radius r.

These force balance equations for mercury and water res-

pectively are (see Figure 1).

a 2r cosO
PHg =Pa + 2 H9 (1)

27a

a r cosHg and

2o cose 
Pw Pa - r2 (2)
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Eliminating r from equation 1 and 2 results in

Pw P P (Y~~/ HgCosa li
P = _ (P _ pa)/(H Hg (4)

H 0 Ca H 0~
2 ~2

or

W PW a1 f p _/(p / 0 Hg COSaH \
w Pg Pg a ' (Hg - a)/\ _ 0 (5)

2 H~20

Typical values for the constants are

aHg = 480 dynes/cm. ' aH2 0 70 dynes/cm

cOsaHg = 140 cosH 2 0 0

Using this equation and the relation H2 0 = (1 OHg)I

to account for the non-wetting nature of water on rock,

the mercury intrusion data in Table 1 can be converted

to water pressure vs. moisture content. The resulting data

is plotted in Figure 2.

The code requires the derivative of this moisture

content curve The original curve has an extremely

steep slope near H20 = 1.0. The area under the original

(as/a) curve is too concentrated in a small A range

to be compatible with the time-dependent finite element

code. Therefore, the H20 vs. c4 curve is smoothed while

forcing full saturation ( = 1.0) to occur at the same

ip, Figure 2, curve A. The derivative of this approximate

curve is given in Figure 3. The area under this curve is a
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measure of the material capacitance or the ability of

the porous material to store additional amounts of

water. The final step in obtaining a capacitance curve

( vs. c), which is compatible with the structure of

the code, is to smooth the derivative curve maintaining

the same A interval and enclosed curve area. This is

shown with a dashed curve in Figure 3. The permeability

curve is assumed to have the same general shape as the

e curve, Figure 4, as is implied in the infiltration

example presented in Reference 3, pg. 42.

Computational Results

The code SAGUARO1 was run using the character-

istic curves given on Figures 3 and 4. The experimental

geometry simulated is shown in Figure 5. The initially

dry sample of tuff was submerged in a water bath at time

zero. The rate of water migration into the sample through

the exposed lower face was monitored using a gamma beam

densitometer7. The resulting experimental results shown

in Figure 6 were taken from Hadley's report4. Numerically,

the experiment was duplicated, Figure 7, using one-hundred

finite elements as shown in Figure 8. All surfaces were

considered no flow boundaries except for the bottom face

through which the water enter the sample at constant

pressure. Figure 9 shows the numerical results super-

imposed on the experimental data. Using a
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Ksaturated = 3 x 10-18 m2 gives the best correlation with

experiment regarding early arrival time of some water

at the upper end of the block, and of the smeared out

moisture front through the region. It appears from

Figure 9 that the entrapped air in the unsaturated pores

resists the influx of water near the top end (x > 10 cm)

at late times (t > 2 days).

Conclusions and Discussion

It is concluded that the isothermal Richard's

equation can be used under certain conditions to give

reasonable water infiltration rates into a dry sample

of tuff rock. This implies that the capillary model

used to convert the mercury pore symmetry data to water

intrusion data is applicable.

Additional consideration will be given to this

problem. The question remains as to how this procedure

involving a small (14 cm) sample extends to the repository

scale problem which may include large-scale inhomogenities

including fractures and faults. The extremely big nega-

tive pore pressures restrict the applicable types of

experimental procedures. The large negative pressures,

"tension head" or "suction head" as referred to in Freeze

and Cherry, are the results of small pore radius within

the tuff blocks and large water surface tension effecxs.
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Typical pore diameters are often smaller than one micron.

At these diameters bubble formation (cavitation) within

the matrix is restricted from reaching its critical minimum

size required for stability. This phenomena is discussed

in Reference 8. A better understanding of this phenomena

and how it pertains to flow through unsaturated porous

media is required. Additional effort will be concentrated

on:

1. Obtaining a better understanding of the limitations

of Richard's equation with respect to materials

with small pore diameters where the capillary

forces are large.

2. Investigate additional experimental procedures which

might be applicable to tight rock, such as the

long column, high pressure, experimental procedure

used by Glenden Gee at Pacific Northwest Laboratory.
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TABLE 1

V

Ppsia

1.4

8.9

16.9

28.6

53.6

73.6

113.4

357.5

1,114.0

2,611.0

5,377.0

12, 556.0

22, 153.8

29,406.0

33,831.0

39,047.0

51,882.0

59,706.0

Air/Mercury

OHg

Air/Water

j, (cm) 0 H2 0

0

.038

. 111

.114

.149

.173

.206

.299

.397

.625

.799

.921

.960

.973

.980

.987

.997

1.000

1.01 x 103

.90 x 103

.79 x 103

.63 x 103

.28 x 10

-. 01x 103

-. 57 x 10

-4.00x 103

-14.64 x 103

-35.71 x 103

-76.64 x 103

-175.63 x 103

-310.66 x 103

-412.71 x 103

-474.97 x 103

-548.36 x 10

-728.95 x 103

-839.00 x 103

1.0

.962

.889

.886

.851

.827

.794

.701

.603

.375

.201

.078

.040

.027

.020

.013

.003

0.000
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FIGURE 1: Capillaries of radius r for
mercury/air and water/air.
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o Experimental Data

Approximate Curve

Partially Saturated Saturated

I _

tZ1 .6c

I~~~~~~~I

0

~~~~~~.4 °,
a. )

- .2 ~~~~~~~~~~-

0--

-2.0 x 105 0

Pressure Head () cm

FIGURE 2: Characteristic curve for moisture

content as a function of pressure

head. Solid curve reduces large

slope near saturation.
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Curve
Derivative of Moisture Content

-- Curve A, Figure 2.
_ _ Approximation to Curve C which

conserves enclosed area.
K

Ln
0

x

(O'o

68 
w
44
U

4 4-

0
a)6 0
.H

- -I

r-__- 

-Z.0 x 10- -1.0 x 10

Pressure Head ( cm

FIGURE 3: Characteristic curve for derivative
of moisture content as a function of
pressure head. Dashed curve eliminates
first order discontinuities in curve
while maintaining same area under curve.
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2.0 x -1.0 x 10 0

Pressure Head () cm

FIGURE 4: Characteristic curve for permeability
as a function of pressure head

kip < 2 x 105 = ksat/
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FIGURE 5: SCHEMATIC OF APPARATUS TO MEASURE
WATER SATURATION PROFILES IN ROCKS

. i.
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FIGURE 6: Experimental results showing water
intrusion in tuff (Reference 4).
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FIGURE 7: Calculation of water intrusion into tuff.

-86-



No flow boundaries

x = 14 cm

x

x = 0

Water pressure = 1 atms

FIGURE 8: Computational finite element msh,
100 elements.
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FIGURE 9: Comparison of experimental 

and computational
results.

(k = 3 x 10 m2)
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Sandia National Laboratories
APPENDIX F

date: July 14, 1982 Albuquerque, New Mexico 87185

to: Distribution

from: Eaton, 5511

subject: The Importance of Accurate Material Characteristic Curves
and Boundary Conditions for Performing Computations in
Unsaturated Media.

Introduction

Computing Darcy type flow of a fluid through a porous
medium which is not completely saturated requires knowledge
of the relation between the fluid pressure within the
material pores and (1) hydraulic conductivity and (2)
moisture content. These two functional relations, which
are not required for saturated calculations, are not
readily available for all materials of interest. Con-
sequently, it is sometimes necessary to make calculations
using sketchy or sparce experimental data to define these
relationships. The purpose of this paper is to determine
the sensitivity of resulting calculations to parametrically
varying the characteristic curves which define the
hydraulic conductivity and moisture content as a function
of pressure. The computational tool used foj this study
was a one-dimensional finite difference code which runs
interactively on the NOS or VAX.

Problem Definition

The classical problem chosen for this study involves the
one-dimensional infiltration of rain into solid which is
partially saturated (see Figure 1). The boundary conditions
for the test case are:

1. Rain is such that it feeds the soil at a rate of
.13 cm/min until the maximum allowable ponding
height of 10 cm is reached. Surface pressure is
then held at 10 cm.

2. The initial pressure head () given by
Figure 1 is linear, which says at t = 0 the fluid
velocity is zero everywhere.

The computational mesh for this problem consisted of one
hundred mesh points, each having a AZ value of 1.0 cm.
The units chosen for this problem are gm, cm, and seconds.
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Results for this base problem was reported on in Reference 1. In
that study, a series of straight lines were used to represent the
material characteristic curves. The code has been revised such
that these curves are now constructed internally in the code
using sets of data points for pressure versus moisture content
and pressure versus hydraulic conductivity.

Table 1 lists a set of points taken from the characteristic curves
given in Reference 2.

Table 1. Data Points Taken From Published Characteristic
Curves (Freeze, Reference 2)

Pressure Head Hydraulic Conductivity Moisture Content
() cm of Water K (cm/min) 0(% by Volume)

-180 .001 .057
-160 .001 .059
-140 .0014 .065
-120 .0028 .075
-100 .0057 .095
-80 .0136 .165
-60 .0227 .261
-40 .0258 .291
-20 .026 .299
-00 .026 .300

The code fits these points using a spline curve fit subroutine.
The spline subroutine also provides the derivative of the moisture
content, (/64). This quantity is required for the coefficient
of the time derivative term, (/8t). These three curves are
shown in Figure 2. They provide the data for what is referred to
as the "base case" for this study. It can be seen from this
figure that the ten sets of data points (Table 1) result in reasonably
smooth curves, Figures 2a and 2b. The derivative of curve b,
Figure 2c, is not as smooth. However, the code and, consequently,
the results are not particularly sensitive to the irregular shaped
tails as long as area under the curve is correct. Physically,
this area is related to the material's ability to absorb water.
It was found in this study that this procedure for defining the
curves was easy to use and compatible with the computer code.

Parametric Study

The base case discussed above was varied in four ways to provide
a realistic set of conditions for a parametric study. The data
points defining the hydraulic conductivity curve and the moisture
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content curve were shifted both to the right and left by 20 cm of
water to provide a total of five cases as outlined in Table 2.
The resulting curves are given in Figure 3.

Table 2. Input Characteristic Data for Parametric Study

Hydraulic Curve Moisture Curve
CASE Conductivity Figure 3 Content Figure 3

1. (base) zero shifted b zero shifted b
2. right shifted c zero shifted b
3. left shifted a zero shifted b
4. zero shifted b right shifted c
5. zero shifted b left shifted a

These cases were computed interactively on the NOS using a one-
dimensional time dependent codel which solves Richard's equation

a ( K ( ( + 1)) = c ( at~ (1)

where

c= De

K = hydraulic conductivity (cm/min)

t = time (min)

z = vertical distance (cm)

f = pressure head (cm)

e = content

Results

The resulting moisture content, pressure head, and hydraulic head
for these five cases are given in Figures 4 through 9, for the
initial pressure head distribution given in Figure 1. Figures 4
through 6 demonstrate the effect of fixing the moisture content
curve while varying the hydraulic conductivity curve. The time
required for 100% saturation for the three cases varies only from
52 to 58 minutes, as can be seen from the curves. However, it
must not be concluded that flow through unsaturated media is
insensitive to the hydraulic conductivity characteristic curve
because, as it turns out for this test problem, the time to
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saturation is stongly coupled to the applied boundary condition
at the ground surface. The applied boundary condition (see b.c. 1
above) stipulates that the surface influx (rain) is .13 cm/min
until a ponding height of 10 cm is reached. At this computational
time, the b.c. is changed such that the ponding height (surface
pressure) is held constant and the influx is automatically adjusted
by the code. Consequently, during the early part of the run
(P surface < 10 cm) the influx rate for all cases is the same
regardless of K value. Only at late times, when P surface = 10 cm,
is the influx rate for case 3 increased because of the increased
(left shifted) conductivity curve, and the influx rate for case 2
decreased. At early times, the shape of the moisture content
curves reflect the differences in conductivity. The smaller the
conductivity, the faster the regions near the surface approach
saturation. The fluid enters through the surface but does not
get transported to lower depths.

Figures 7 through 9 show the effect on saturation from shifting
the moisture content characteristic curve, Figure 3b, while
holding the hydraulic conductivity characteristic curve fixed.
These curves show that the saturation rate differs significantly.
Times to full saturation of 24 minutes for left shifted moisture
curve, Figure 3b (curve a) to 109 minutes for the right shifted
curve (curve c) were computed. The first impression from these
results could lead one to conclude that saturation rates are a
strong function of the characteristic curve. As before, however,
one must consider not only the characteristic curves but also the
initial and applied boundary conditions. For these problems, the
initial pressure distribution was assumed constant. Therefore,
the water table (depth at which full saturation first occurs)
location actually varies by ± 20 cm as the moisture content
curve is shifted. This results in initial moisture content which
varies drastically, see Figure 7a versus Figure 7c. Simply, case 4
starts at time zero with about 4 times the void space used in
case 5. It is reasonable then that it would take longer to fill
(saturate) with water.

Conclusions and Future Work

It is concluded from this study that the time required to fully
saturate a region by one-dimensional infiltration is a result of

1. Hydraulic conductivity characteristic curve

2. Moisture content characteristic curve

3. Initial conditions

4. Applied boundary conditions
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All of these factors work in a coupled fashion to determine the
end result. The most sensitive combination of parameters is the
initial pressure profile and moisture content characteristic
curve. Varied combinations of these two curves can effect the
time required to saturate by a factor of four for the cases
investigated.

A similar type of study will be made along a one-dimensional line
through section c-c of Yucca Mountain using the best available
data for the characteristic curves, material properties, and
geometry. The object of this study will be to study the sensi-
tivity of solutions to applied conditions, including characteristic
curve shapes and hystersis, and to study the time required for
typical surface influx to reach proposed repository elevations.
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Figure 4. Moisture Content as
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Figure 5. Pressure Head as a Function
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Figure 6. Hydraulic Head as a
Function of Depth for the Base
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Figure 8. Pressure Head as a
Function of Depth for the Base
Hydraulic Conductivity Curve
(curve b) and Three Different
Moisture Content Curves.
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APPENDIX G Sandia Laboratories
date: October 15, 1982 Albuquerque, New Mexico

Livermore, California

to: Distribution

from: R. R. Eaton 1511

subject: The Effect of Short-Term, Surface Water Fluctuations on
Pore-Water Motion at Repository Horizons

INTRODUCTION

A series of computations have been made using the
finite element code SAGUARO to determine the importance of
short-term seasonal variations in rain on pore-water motion
in the vicinity of a hypothetical nuclear waste repository.
If these fluctuations can be determined to be small or of
no signficance, then the cost of long-time calculations
can be significantly reduced.

PROBLEM DEFINITION

The problem of one-dimensional infiltration through a
multi-layered rock mass was considered (Figure 1). The
properties of the various rock layers are given in Table 1.
The non-dimensional curves for the permeability, moisture
content and derivative of moisture content curves for all
rock are given in Figures 2 thru 4. The dimensional values
for each strata were obtained by use of the saturated
values of permeability (Ksat) and porosity(¢) given in
Table 1. The region was subdivided into 47 finite elements.
All surfaces except the top were considered impermeable.
Three cases were run. The source boundary condition at
the ground surface for the first case is given in Figure 5.
In this case, the influx (rain) was varied from +7.7 in/yr
to -6.3 in/yr with an average influx of 0.7 in/yr. In the
second case, the influx was held constant at 0.7 in/yr,
Figure 6. The maximum time computed was 10 years. The
third case also used the influx given in Figure 5 with a
maximum time = 100 years. In the first two cases, the
computational time step was set at 1/6 year. The time
step in case 3 varied from 1/6 year to 10 years.
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RESULTS AND CONCLUSIONS

Figures 7 and 8 show the head (p + pgz) and pore water
velocity at seven depths as a function of time. Figures 9
and 10 give the head and velocity as a function of depth for
six times. Figures 11 and 12 give moisture content as a
function of time and distance respectively.

It can be seen from Figure 7a and 8a that the large
variations in the applied boundary mass flux (curve 6) are
essentially "damped" out at z = 1318 m (a depth of 49 m).
At a depth of 100 m, no oscillatory motion can be seen on
the figures. A comparison of these values of head and
velocity with those given in Figures 7b and 8b (steady
boundary flux) show the pore water velocity to be approxi-
mately the same at the 100 m depth. The same effect can
be seen using Figure 9a and 9b for pressure and Figures
10a and 10b for velocities. Near the surface (z > 1300 m),
the applied fluctuations boundary condition has an effect
on the pore water pressure and velocity. At greater
depths, the annual fluctuations are essentially damped
out. Figures 7c, 8c, 9c, 10c show the results of using
the non-fluctuating boundary condition for tmax = 100 yrs.

Figures 11 and 12 give the moisture content as a
function of time and distance for a boundary flux = 0.7
in/yr. These figures show that the region would require
a time much greater than 100 years to saturate.

It is concluded from these results that the short-
term annual fluctuations in the applied ground surface
boundary condition (rain) has no effect at repository
level (depth 100 m). This result is important from a
modeling view point. The allowable computational time
can be of the order of 60 times less if the detail of
near-surface oscillations is neglected. Therefore, the
cost of the computations can be greatly reduced.
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TABLE 1

Material Properties

Material Density Saturated Permeability Porosity
Kg/m3 (m 2 )

7 (top) 1700 8.0 E - 16 .32

6 2300 8.0 E - 15 .10

5 1960 1.6 E - 14 .23
Rock -'

4 1880 8.0 E - 15 .24

3 2140 6.4 E - 14 .20

"' 2 (bottom) 1840 1.6 E - 16 .24

1 (water) 994 ---

RRE:1511:fvc

Distribution
1500 W. Herrmann
1510 D. B. Hayes
1511 J. W. Nunziato
1511 R. R. Eaton
1511 N. E. Bixler
1511 M. J. Martinez
1511 D. C. Reda
1511 R. K. Wilson
1512 D. F. McVey
1513 D. W. Larson
1520 T. B. Lane
1522 R. P. Rechard
1541 H. C. Hardee
9760 R. W. Lynch
9761 L. W. Scully
9761 J. A. Fernandez
9762 L. D. Tyler
9762 N. K. Hayden
9762 J. P. Brannen
9762 Y. T. Lin
9762 J. K. Johnstone
9763 J. R. Tillerson

-106-



Rain influx boundary condition

Material

7

6

7

5

2

4

3

2

Ground Surface
1,369

1,2 67

- 959

- 814

+-Water Table Location

- 659

- 569

- 489

- 257

+ z (m)

0 1

FIGURE 1. Geometry, 47 Finite Elements

-107-



4a

a)

4.
(a

p

4.3

N>1

4-)

r-4
-1

(a

a)

Pressure Head, P/pg (m)

FIGURE 2: Nondimensional Permeability as a
Function of Pressure Head.

-108-



C;

0
U

4-)

0

Pressure Head, P/pg (m)

FIGURE 3: Nondimensional Moisture Conten
as a Function of Pressure Head

-o c

4.)

4-)0
U

44)

> _

-'4

-30. 130-730. 3.8U ~

Pressure Head, P/pg (m)

FIGURE 4: Derivative of Moisture Content
as a Function of Pressure Head

't

-109-



>1
4-)
-'4
U
0
'-4

10

0

-10

-*ii1 yrk~

0 5 10

Time (yrs)

FIGURE 5: Oscillating Influx of Rain at Top Boundary,
average flux = 0.7 in/yr.

>4

>4

4.

"-4

U
0
p-I
a)

10

0

-10

.7 in/yr

0 5

Time (yrs)

10

FIGURE 6: Steady Influx of Rain at Top Boundary
(flux = 0.7 in/yr.).

-110-



7.8

CN

'I-,
0

xo
cI

C)
tn4
ci

. 0 i X 11111110X11111101111
_ _ _ _ _ T _ T l l l I I Ll I I I I I I I 1 1.1 1 1t1W 11 11 1

I I ,, l | | | | & | 1 1 1 z 1 1 Inl | 1ll | | § | | | Z §i _ _ _ _ _ I _ I 11 r ffi r rs " l ^ | l lRl l lls | llr l l 1 l l §
._ _ _ _ _ I _ I l I I 1 .rrtm 1 l] 1 1al 1 Tl TT1 STlM

.6 _ _ _ _ _ ffi _ t 1WW 4 4$
. - Ar - r r r 1III 111 lsl Ir I I n l
. r r - Tr T r lill lilil lil Tr T 111 1 ' ' ' ' ' ' ' '
. [r [E w [E I 111111111 10l In [r 1117 I 11rlllJ

a I I < E 1111 1111 111 111 m 1111 | | § | § | | §
, _ _ _ g _ I g X L ITX m X llT X L HT 7 I I T l l 1 1 1

t X X miltWk | W X I T 1 I T l l I
. 4. _ _ _ r :1 S E l l l ll l l ll l T S ; 4 4 T 4 _ g

II . r g Trl 1 | ffi n l r m T I _ I ' ' _ 11
n 1 r 1 Jr 1 Tn m 1l ii 13 Wrr T T _ I Tl

; _ _ ] L J Z ] DE X i*.we u 6 i _ xr HT _ 11- - lt t g T f 1 1/ 1 1 14 1 1 + iF Z T X _ +
E T 11 11 33f 1/11 1 + T _ _ T iFli _ E

2 _ r r lil l l lu § g " | l l l l l l l l l l T T _ _ T _. r r {l jy ' ' ' ' ' ' ' ' l l l l l l - I t _ _ t 11 _ m
_ f r 1s | 11 1 | rl l lil l l l l l l I I _ _ I |T _ II

0

1

2

0
814

959

Curve Z(m)

7
3 1082

4 1267

5 1318

6 1367

7

..........................................

--------------------------------

7.011
C
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I
I 1

Time X 10-8

3 t
10 yrs

4

(s)

FIGURE 7. Pressure (p + pgz) as a Function of Time.

a) Oscillating Mass Flux Boundary Condition at
Ground Surface, Average Flux = 0.7 in/yr.,
tmax = 10 yr.

-111-



7.5 I I I-A

I Jd-

-LL .....

. .

1:�i i 1 1 1 I I 1 1 I 1 I 1 1.... Curve z (m)................ I- - - I... I II [I I 1114-H
7.4 H H I[1 1 1 11 'f l . ' .1 1 1 1 1 H

1

0

814

C4:

(12

0
s~d

tItI i i i H i J1 ! i i I I I I
' -A I I I I I I life........... 1 1 I I -1 I 1 1 ! 1 I

7.4

I JAIII II
II I II A I I II I

II I VI
II ILOW

A 1-1 I II - -.-L I -IIII -

2 959

3 1082

4 1267
5 1318

6 1369

I I I I I .. , I I J~ I I I-jIII III I-M
I T q I I I I I I . I I - 1 . . I . I . . . . . . . . - - - - - - - - -

- II I II I I I I I I 'IT I -" I .1 I - I
- I I I I I - - I I I I I I I - j 1.1 I I - -

I I I I I le -F4M A I - -
- I I I I 2- - 77, i "- LLL - -- 1111 -- ±H± -- -

1k11 L fi 1ll::;:. 11 T!1 U =* 1 i I I
hi- -

4.7.3 I E
0 1 2

4
10 yrs

Time x 10 8 (s)

FIGURE 7b: Ground Surface Mass Flux Boundary Condition
= 0.7 in/yr., t ax = 10 yrs.

-112-



7.

7 _" I II I I I II II i- |I I I I I I I I I I I ICurve Z(m)

0 0

.t _ _ __ _ m l[ I 1 TT I 1 l1 814
I . II ___ I .A I Il2I lllll__ 11 zU4

2 959

_I. _ _ _ _ _ _ tIf L I Il I I Ir~z IzIII. _ _ Lr 3 1082
CN _ Y I I Il _ i i I __
CN7 s _ . _ _ _ _ _ = ll I ,, l l _ _ _ I 1 1 _ _ § l 4 1267~7. ._~ ~ ~~ I I I I I I I I I C;1 I Ii __ rr rtrI __

I I .- _ I I I I 5 1318

__rT1 _6 1369

~4 7. -

. I r I II I I _ Il ii 
o ~~~~~~ II _ I I I I rIXXTT : 

04 I I_ I I I I I _I __ I I I 1 1 _ _ILl
I I I I A I I I I IL I -l 1 1 L4 - I _~4 I I

° ~ ~~~ I I ir I I I v I I I I I Lr I I E
7 .- 5 _ A _II T ____ 1 

0 1 2 _ _ _ _ _ _ ll _ I lill _ _ _ lil Ll41 1 1 H

100 yrs.

Time x 10- (s)

FIGURE 7c: Ground Surface Mass Flux Boundary Condition
= 0.7 in/yr, t = 100 yrs.

_ _ _ _;< _I rn __ ilmaxr_ 

-113-



L .HI II II HIM 1111

Curve Z (m)

0 659

1 814
-. ulilill 1T 1lil 2 959

- r r r r 1 11 I I I Iniljl 1 3 1082

H 0^ F l + S . ;; 30 13 l l S 4m 4 1267

>1 5 1318
.1-) E T a r _ | l lil l 1 1[ 1 a ll lil l l6 1369 
0

4

4.

1 l I 1 2 4
10 Yrs

Time x io-8 (S)

FIGURE 8: Pore Water Velocity as a Function of Time.

a) Oscillating Mass FluxBoundary Condition at
Ground Surface, Average Surface Flux 0.7 in/yr.,
tma1 yr0yrs.

-114-



I

0

-1

m

0

.0 -2
H

4

>1

*1-5

o -3
0

`-4
0)

-5

-6

_ _11 1 1 _ T I I 1111111 l III_1_ _ 1
__ ~I I I II 

Ils -,Kj I r .-. ,Li I I 0 6 59
I I I I iF~t-1- I N e | | | | |1 814rTV I T _I 1 . _-- I I I I I I II N I I IN I I i4 I I I I 2 95 9

3 1082

4 1267
I I I _X-i ~ ~ ~~~~5 1318

6 1369

m~~~~~I I I I I _ I I I I I I I__ _

HIM II T1 I _ 1111 1 __ _ 

c~~~~~~~~~~1 I A 
0 23 4

10 yrs

Time x 10 8 (s)

FIGURE 8b) Ground Surface Mass Flux Boundary Condition
0.7 in/yr, tmax = 10 yrs.

-115-



3

0
'-4

'-4

X

-'4
0

U
--4

1 I I I I I I I I I I I I I I I I I I I I _ _ _ I I I I I I

X Trm rrnTrrrFrrr l rl | l l Z r1 1 1 l 1 L1 111l l7 l l l l l l1 l fl l l l I I I l al l l alll l
Tl rfl n z rl I n | rl 1 1 1 1 1 1 { rnTn

. .. llLLrl 1 11 l m.rl _ 1 _ _ _ 1 I rral l r l l1 lO T _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ T - T 11111 11 111
S i I > I I lil

t t __ _ e_ _� _ _ _ __ _ _ _ _ 4 t l l l l l l l l l l-1 1 X _ X > I T l l l l l l l l l I
1 1 W = I I
n 1 + + + ITITITTIII

2 _ z 5 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ < _ i t1 1ll 1 1 1 1 1 1

t 7 X i i W1W

-3. \t R _ > > __ ___ _ _ ______ > > lilililill
i > S s t t mFlTHll

4 i s s _ _ _ s _ _ s > _ _ _ _ i t ITlIITIIII- - lA i X - - > X X X s s X X lx lx xrrrl l l l l l l
. T 5 . _ s _ _ _ _ s _ _ _ _ _ _ _ 15 ; LI 1v1 1 1 1 1 11
; I _ q _ _ _ _ _ _ _ _ _ _ I I l l l l l l l l l I

5' T _ _ _ s _ _ _ > < _ _ _ _ _ _ _ _ t + eLLl
t W t 

-6 s r. T _ . _ _ _ _ _ _ _ zE _ _ _ _ T _ T T 41161 ] lrl tq
.: _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ i'

Curve

0

1
2

3

4

5

6

Z (m)

659

814

959

1082

1267

1318

1369

. .

0 1 2 3 T

100 yrs

4

Time x 10 (s)

FIGURE 8c: Ground Surface Mass Flux Boundary
Condition = 0.7 inJyr, tmax = 100 yrs.

-116-



- F

7.

'-

fz
7.

I
C)

x
so

0U7

7 .

Curve

0

1

2

3

4

5

Time (yr

0

.7

1.7

2.7

5

10

7
0 200

Figure 9:

a)

400 600 800 1000 1200 1400

Elevation (m)

Pressure (P + pgz) as a Function of Distance.

Oscillating Mass Flux Boundary Condition
at Ground Surface, Average Flux = 0.7 in/yr.,
tmax = 10 yrs.

-117-



7.5

0

-
z

%D
I
CD

-

o

l
T4

(120w
w

7.45

7.4

I.

I.

E

�- -

5

4

Curve

0

1

2
3

3

4

2 5

1

Time (yr

0

.7

1.7

2.7

5

10

7.35

7.3

I 
C_ I I I I I I _I I ':~ I I 1-1ral SLY 10- _ I I _ I I _ I I 1 By:: ; -

0 200 400 600 800 1000 1200 1400

Elevation (m)

FIGURE 9b: Ground Surface Mass Flux Boundary
Condition = 0.7 in/yr., tmax = 10 yrs.

-118-



7.8

7.7

. . . . . . .

f j

I

I Curve Time (yr

z

VD
I

C

0

x

U4

P4

w

I I
- I . . .i . . . . . . . I .

0

4 1

2

3

4

[3 .5

0

5

1 0

20

50

100
_U -I

.WI I I I I

I I I I I I I
f M

f I.
j7.5

- - - .- - . - . . I

I

rt
A

L-4-1 1 1 I - I I _V-I 44-- ~ ~ ~ ~ 4 . , ,
I I I _i I I -K I 
IT I I I 71i I 

It( I

7.3
0 200 400 600 800 1000 l ) 14 00

Elevation (m)

FIGURE 9c: Ground Surface Mass Flux Boundary
Condition = 0.7 in/yr, tmax = 100 yrs.

-119-



2

0

E

a%
0

-2
4J
.,,

u

:>
0

1-I

'-4

U
.1 - 4

_4

)

-6

0

I I ~- I -1 I I i I I I I I I I L 

=~~~ ~ - - - 2 

=~~~~ == -+ -1 1 4 T 

.

'rve Time(yr)

0 0

1 .7

2 1.7

3 2.7

4 5

5 10

_ . . . . . . . . . . . . . . . . . . . . . .

_ I I I I I I I r I r]

_ t + I III I 1 I I I I I I I I II t

X = 1 11 T vI I I I I I r- I I l5

_~~ ~ -E -1 I I I III T 3
= I D = I I Lfg I 1H I 1 11Ir 

200 40'0 600 800 1000 1200 1400

Elevation (m)

FIGURE 10: Pore Water Velocity as a Function of Distance.

a) Oscillating Boundary Condition at Ground
Surface, Average Surface Flux = 0.7 in/yr,
tmax = l0 yrs.

-120-



]

11 Ll I 1' ' -1 I I

g

E
CD

0

-4
0
f-I

X
>9

.IJ

0
-I

f4

U

-IJ
p-

-2. ____________________ i _

-3 _ _- -_ -

-4---__XX_ _X___ Ur 

- 5----___ _____ ___I 

4- ______ ;-- ______ Tr1 

0

1

2

3

4

5

Curve

0

1

2

3

4

5

Time (yr

0

.7

1.7

2.7

5

10

v

0 200 400 600 800 1000 1200 1400

Elevation (m)

FIGURE lOb: Ground Surface Mass Flux Boundary
Condition = 0.7 in/yr, tmax = 10 yrs.

-121-



1

0

_____ I I L I I I I I I lllll1 

- - -- - 111111111111111111111 0

N
. ., .. -- 4-. . . . . . ,, , 

V

n
E

0
-

0
1-I

X

>1

0
H
.4

w1

-1

-2

-3

-4

I _ _ _ _ _ I I I I I I I o \1 1 X S 1811 1 1 1
. H I I 1+ \}H- ie
z _ _ _ _ _ l I l l l I I _ NX I v '1 1 11u1 1

H H T I I 41N S i1W1 T T_ _ _ _ _ I I I I I I I _ z _ \l 1 \1 1 1 I
I I T T T I I + X S \1 1 i_ = = = | IrTl rr _ A X 1\l Irnr 1l

_ _ _ _ _ l l l l l I _ I L X Itl E1 N r
. LkSt 3 + A ' H: HsLS1 t

I I I I I t t 5Xi1X RE
I I I T T 3L L < T T rr W_ _ _ _ _ I | l l l _ _ _ _ _ _ _ _ 3L \ 7 1 1 L

_ _ _ _ _ 1 I TTr _ _ _ _ _ _ _ _ i- S _ d _
. _ _ _ _ I I I T T _ _ _ _ _ _ _ I_ EL _ 3 2 L

1-l fl rr + + < ̂ W_ _ _ _ _ I I I 1 7 _ _ _ _ _ _ _ _ I - I _ _ t
I I TTT 30 3E

1. U.L V =

0

1

2

3

4
1
5

2

Time (yr)

0

5

10

20

50

100

3

4

5
-5

-6

0 200 400 600 800 1000 1200 1400

Elevation (m)

FIGURE lOc: Ground Surface Mass Flux Boundary
Condition = 0.7 in/yr, tmax = 100 yrs.

-122-



ONE DIMENSIONAL YUCCA MOUNTAIN AT WELL G1
1.0 . . .. . . . . . . . . . . . . .

.4J

.

4 i
r,

0

-…- - - -j
iii…1…

…
…

…
- - - -…- -

…---
- -

h- O-�- - - - - - - i-.�.444' - - � = �11…Ii - 6

:urve

0

1

2

3

4

5

6

Z ()

1232

1246

1273

1301

1328

1355

1369

- VIt I I _h
0

0 1 2 3 4

100 yr.

Time x 10 9 (s)

FIGURE 11: Moisture Content as a Function of Time for
Constant Ground Surface Flux = 0.7 in/yr.,
tmax = 100 yrs.

-123-



ONE DIMENSIONAL YUCCA MOUNTAIN AT WELL G1
1.0

0.
Time
(yr)

0

5

10

20

50

100

- V

4j

a)
.

0

0. 

0.

0.

0.0
0 200 400 600 800 1000 1200 1400

Distance (m)

FIGURE 12: Moisture Content as a Function of Distance
for Constant Ground Surface Flux = 0.7 in/yr.,
tmax = 100 yrs.

-124-



Distribution:
1510 D. B. Hayes
1511 J. W. Nunziato
1511 N. E. Bixier
1511 R. R. Eaton (10)
1511 D. K. Gartling
1511 C. E. Hickox
1511 C. M. Korbin
1511 M. J. Martinez (10)
1511 R. K. Wilson
1512 J. C. Cummings
1512 L. A. Mondy
1512 C. E. Sisson
1513 D. W. Larson
1520 T. B. Lane
1521 R. D. Krieg
1521 C. M. Stone
1530 L. W. Davison
1531 M. L. Slanford
1540 W. C. Luth
1541 H. C. Hardee
1541 J. C. Dunn
8120 L. D. Bertholf
8124 R. J. Gallagher
8125 M. J. Fish
9730 W. D. Weart
9731 A. Lappin
9732 T. 0. Hunter
9734 D. R. Anderson
9734 R. D. Klett
9760 R. W. Lynch
9761 L. W. Scully
9762 L. D. Tyler
9762 J. K. Johnstone
9762 R. R. Peters
9762 N. K. Hayden
9762 Y. T. Lin
9763 J. R. Tillerson
9763 R. M. Zimmerman

8214 M. A. Pound
3141 L. J. Erickson (5)
3151 W. L. Garner (3)

for DOE/TIC

DOE/TIC (25)
(C. H. Dalin, 3154-3)

-125-



Distribution:
Second Printing
UC-70

J. W. Bennett, Director
Geologic Repository Division
U.S. Department of Energy
NE-22
Washington, DC 20545

M. W. Frel
Geologic Repository Division
U.S. Department of Energy
NE-22
Washington, DC 20545

C. R. Cooley
Geologic Repository Division
U.S. Department of Energy
NE-22
Washington, DC 20545

C. H. George
Geologic Repository Division
U.S. Department of Energy
NE-22
Washington, DC 20545

J. J. Fiore
Geologic Repository Division
U.S. Department of Energy
NE-22
Washington, DC 20545

J. G. Vlahakis
Geologic Repository Division
U.S. Department of Energy
NE-22
Washington, DC 20545

T. P. Longo
Geologic Repository Division
U.S. Department of Energy
NE-22
Washington, DC 20545

C. Klingsberg
Geologic Repository Division
N.S. Department of Energy
NE-22
Washington, DC 20545

NTS Project Manager
High-Level Waste Technical

Development Branch
Division of Waste Management
U.S. Nuclear Regulatory Commission
Washington, DC 20555

Chief, High-Level Waste Technical
Development Branch

Division of Waste Management
U.S Regulatory Commission
Washington, DC 20555

J. 0. Neff, Program Manager
National Waste Terminal

Storage Program Office
U.S. Department of Energy
505 King Avenue
Columbus, OH 43201

N. E. Carter
Battelle
Office of Nuclear Waste Isolation
505 King Avenue
Columbus, OH 43201

ONWI Library (5)
Battelle
Office of Nuclear Waste Isolation
505 King Avenue
Columbus, OH 43201

O. L. Olson, Project Manager
Basalt Waste Isolation Project Office
U.S. Department of Energy
Richland Operations Office

Post Office Box 550
Richland, WA 99352

R. Deju
Rockwell International Atomics

International Division
Rockwell Hanford Operations
Richland, WA 99352

-126-



Distribution (cont.):

. w

Governor's Office Planning
Coordinator

Nevada State Planning Coordination
State Capitol Complex, Second Floor
Carson City, NV 89710

J. I. Barnes, Director
Department of Energy
State of Nevada
400 W. King St., Suite 106
Carson City, NV 89710

K. Street, Jr.
Lawrence Livermore National

Laboratory
Mail Stop L-209
P.O. Box 808
Livermore, CA 94550

L. D. Ramspott
Technical Project Office
Lawrence Livermore National

Laboratory
P.O. Box 808
Mail Stop L-204
Livermore, CA 94550

D. C. Hoffman
Los Alamos National Laboratory
P.O. Box 1663
Mail Stop E-515
Los Alamos, NM 87545

D. T. Oakley
Technical Project Officer
Los Alamos National Laboratory
P.O. Box 1663
Mail Stop F-671
Los Alamos, NM 87545

W. W. Dudley, Jr.
Technical Project Officer
U.S. Geological Survey
P.O. Box 25046
Mail Stop 418
Federal Center
Denver, CO 80225

W. S. Twenhofel
820 Estes Street
Lakewood, CO 80215 -127-

R. W. Lynch
Technical Project Officer
Sandia National Laboratories
P.O. Box 5800
Organization 9760
Albuquerque, NM 87185

G. F. Rudolfo
Technical Project Officer
Sandia National Laboratories
P.O. Box 5800
Organization 7254
Albuquerque, NM 87185

A. E. Stephenson
Sandia National Laboratories
P.O. Box 14100
Organization 9764
Las Vegas, NV 89114

D. L. Vieth, Director (5)
Waste Management Project Office
U.S. Department of Energy
P.O. Box 14100
Las Vegas, NV 89114

D. F. Miller, Director
Office of Public Affairs
U.S. Department of Energy
P.O. Box 14100
Las Vegas, NV 89114

D. A. Nowack (8)
U.S. Department of Energy
P.O. Box 14100
Las Vegas, NV 89114

B. W. Church, Director
Health Physics Division
U.S. Department of Energy
P.O. Box 14100
Las Vegas, NV 89114

A. E. Gurrola
Holmes & Narver, Inc.
P.O. Box 14340
Las Vegas, NV 89114



Distribution (cont.):

H. D. Cunningham
Reynolds Electrical &

Engineering Company, Inc.
P.O. Box 14400
Mail Stop 555
Las Vegas, NV 89114

J. A. Cross
Fenix & Scisson, Inc.
P.O. Box 15408
Las Vegas, NV 89114

R. H. Marks
U.S. Department of Energy
CP-1, M/S 210
P.O. Box 14100
Las Vegas, NV 89114

A. R. Hakl, Site Manager
Westinghouse - AESD
P.O. Box 708
Mail Stop 703
Mercury, NV 89023

M. Spaeth
Science Applications, Inc.
2769 South Highland Drive
Las Vegas, NV 89109

G. Tomsic
Utah Dept. of Community

Economic Development
Room 6290, State Office Bldg.
Salt Lake City, UT 89114

U.S. Department of Energy (2)
Technical Information Center
P.O. Box 62
Oak Ridge, TN 37830

-128-



/ ZY6 uk l

O rg. Bldg. Name Rec'd by jorg. Bldg. Name Rec'd by
Org. Bldg. Name Recd by jOrg. Bldg. Name Rec'd by

V.

0J Sandia National Laboratories


