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A Similarity 5 tion for Two-Phase Fluid and Near
High-Level'luclear Waste Packages Emplaced in Porous Media *

C Doughti y and K Pruess (Earth Sciences Division, Lawrence Berke-
kcy Laboratory, Berkeley, CA 94720i 41-488-6453)

The emplacement of heat source, uch s a high-level nuclear
waste package, into a geologic medium gives rise to strongly coupled
thermal and hydrologic behavior. Under certain conditions a
phenomenon known as a heat pipe may develop. In heat pipe eat
transfer is primarily convective. Near the heat source, liquid water _
vaporizes cusing pressurization of the gas phase and gas-phase flow
away from tbe heat source. The water vapor condenses in cioler
regions way rom the eat source. depositing its latent heat of
vaporization there. This sets up saturation profile, with liquid
saturation increasing away from the heat source. The saturation
gradient drives the backflow of the liquid phase toward the itat
source through capillary forces. The liquid then again vaporizes and
repeats the cycle. t

Heat transfer in a heat pipe can be much more efficient than conluc-
tive heat transfer through geologic media, leading to greatly
decreased temperatures at the heat source. The counter-current
fow of vapor and liquid water causes a purging of gasphase com.
ponents from the near heat-source region, while liquid-phase om-
ponents are concentrated there as liquid water vaporizes.

In an infinite homogeneous permeable medium with a constant-
strength linear eat source, the partial differential equations govern-
ing uid and heat Bows in a radial geometry can b converted to
ordinary differential equations through the use of a similarity vari
able, v7r /ht. These equations are umerically integrated using
an iterative "shooting method" to provide a description of tem;era-
ture, pressure, saturation, heat low, gas ow, and liquid flow ccndi.
tions around heat source such u a nuclear waste package. The
Similarity solution s verified by numerical simulations. Illustrstive
solutions are given for a range of hydrologic and thermal pasrme-
ters.

The figures below show the results obtained for a 200 W/m :eat
source emplaced in a water-saturated porous medium initially it a
temperature of W8C and a pressure of 1.013 ban. The heat soiree
is located at Inq=-oo, while the temperature td pressure boundary
condition is maintained as n1a-oo. The beat Aipe
(-12<lnQ<-9.S) is characterized by a large liquid-gs counterlow
with zero net luid flow (Q. =Q, +Q,) and constant temperature.
Elsewhere the linear temperature profile and small luid ows iadim
Cate that heat low (Q.) is conduction-dominatetd.

This work was supported by the NNWSI Performance Assessi;ent .I 
Division, SandiL National Laboratories, and the U.S. Department of c%
Energy.

00 t Soo _ . * co
O \

IV - S< oo f> o 

O O tO -1040 P t c 0 .

* S a -Ila
_t7 -3 . g .m .mg MI .s M

*This work was supportedk" the U.S. Department of !Liergy (US DOE) under contract
DE-AC04-76DP00789.
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Computational and Experimental Procedures for Predicting
Flow Through Low-Permeability, Partially Saturated, Highly

Fractured Rock-

Roger R. Eaton and Nathan E. Bixler
Fluid and Thermal Sciences Department

Ralph R. Peters
Nevada Nuclear Waste Storage Investigations Project Department

Sandia National Laboratories, Albuquerque. NM 67165

Abstract

Current interest in storing high-level nuclear waste in underground repositories has

resulted in an increased effort to understand the physics of water flow through highly.

fractured rock with low permeability. The L'.S. Department of Energy is investigating

a prospective repository site located in volcanic h (tuff) hundreds of meters above the

water table at Yucca Mountain, Nevada. (Figure 1). Consequently, mathematical models

and experimental procedures are being developed to provide a better understanding of the

hydrology of low-permeability, partially saturated, highly fractured rock. The modeling of

the vadose zone of soils and of permeable rocks such as sandstones has received considerable

attention for many years; however, the treatment of flow through materials such as Yucca

Mountain uffs has not received this level of attention, primarily because it is outside the

realm of interest of agricultural and petroleum technology.

This paper reviews the status of mathematical models and computational and ex-

perimental procedures currently being applied to the proposed waste repository site. The

computational aspects of these problems are quite challenging because of the highly non-

linear character of Yucca Mountain tuffs. Limited data on the material properties for these

tufis in combination with their highly heterogeneous nature make it advantageous to use

both deterministic and stochastic methods.

"The Nevada Nuclear Waste Storage Investigations Project, managed by the Nevada Operations Office of the
* .S. Department of Energy (DOE), is examining the feasibility of a repository for high-level nuclear wastes
at Yucca Mountain. This work was funded by the DOE under contract number DE&ACO476DP00789.



Current computational approaches include finite elements (Bixler '.I and Reeves and

Duguid 2), integrated finite differences (Pruess and Wang '3'. and Wang and Narasimhan

4). and standard finite differences (Travis et a). 5). Al) of these approaches include some

form of Darcys law and a mass balance equation. The resulting codes vary in complex-

ity from one-dimensional, single-phase, isothermal flow to multidimensional, multiphase.

nonisothermal flows. Most of them use a pressure equilibrium formulation as described

by Peters and Klavetter 61. They all use numerical procedures that maintain computa-

tional stability even when the values of the material properties, such as permeability and

moisture capacitance, vary by several orders of magnitude.

A limited number of experiments have been carried out on these tuff materials. Dif-

ficulties arise because of the extremely low pore pressures that exist in the unsaturated

rock (about negative 100 bars for saturation of 0.5) and the long experimental time scales-

required. Numerous laboratory-scale experiments have been run to determine the pressure-

saturation functions for each of the geological strata that exist in the mountain (Peters et

al. 7). Other experiments have been run to determine the nature of water flow through

typical rock cores (Reda 6, and Peters et &l. 9). The results of these and other field and

laboratory scale studies are discussed. Computational results are compared with experi-

mental results where they are available. These comparisons indicate the need for further

experimentation.
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Figure 1: E-W Cross-section of Yucca Mountain Showing Layering of Welded (e.g.. TCw)
and Non-welded (e.g.. PTn) materials. Cross-hatched Area Shows Proposed Repository
Position.
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Analysis of Proposed Laboratory Experiments in Partially-Saturated Small-Pore Fractured Rock'

R. R. EATON R. C. Dykhuizen, and A. J. Russo (Sandia National
Laboratories, Albuquerque, NM 87185)

A set of pretest numerical calculations has been made to pre-
dict transient saturation profiles through a centimeter-scale small-
pore rock with a small discrete fracture. The impetus of this
numerical/experimental investigation is to determine the effect of
micro fractures on the transport of water through highly-fractured
partially-saturated hard rock. In these calculations, the fracture
length relative to the contact region existing between the fracture
surfaces was numerically varied between the extremes of no frac-
ture to a fracture that completely traversed the two-dimensional
test sample. The contact region between the fracture surfaces is
considered to have the characteristics of the intact rock mass. The
calculated results show that the ratio of the fracture length to the
length of the contact region has a significant effect on the rate at
which the saturation front traverses the test sample. A set of cal-
culations was also made in which the discrete fracture was modeled
using a composite model to simulate the fracture by area weighting
the material/fractre properties. Disagreement in the results im-
plies that the composite model is not adquate for these geometries.
Experimental test times of a month are predicted for rocks having
matrix permeabilities in the range of 1020 m2 . The results of the
discrete fracture calculations are being used to predict appropri-
ate experimental parameter ranges for sample size, fracture size,
and matrix material. Gamma-beam densitometry, a nonintrusive
diagnostic technique, will be used to measure transient saturation
distributions in the planed laboratory experiments.

'This work was funded by the the Yucca Mountain Project, managed by
the Nevada Operations Office of the U. S. Department of Energy (DOE),
which is examining the feasibility of a repository for high-level nuclear wastes
at Yucca Mountain. DOE contract number DE-AC04-76DP00789.
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ABSTRACT

UNDERGROUND REPOSITORY DESIGN METHODOLOGY FOR A
REPOSITORY IN TUFF*

By

M. P. Hardy and C. M. St. John
J. F. T. Agapito & Associates, Inc.

To be presented at the joint SME/SEF Applied Mechanics Conference, Berkeley
- June 20-22, 1988

ABSTRACT

Excavation stability is required during construction, emplacement,
retrieval (if required), and closure of a nuclear waste repository to
ensure worker health and safety. Excavation stability is ensured by
appropriate excavation procedures and installation of rock support
reinforcement systems where required. Based on excavation experience in
other tuff, excavation stability is expected to be favorable in the Topopah
Spring Member at the Yucca Mountain site, requiring only minimal rock
support in the majority of excavations. A priori evaluation of stability
is required, however, to evaluate different waste configurations during
planning and to support the license application process.

An assessment of stability requires that the potential mechanism of rock
deformation and failure be understood. Experience in the Topopah Spring
Formation, which includes core hole data and regional geologic mapping,
indicate that the host rock at the repository horizon, welded tuff, is
strong, chemically stable, and above the water table. The jointing is
expected to be predominantly near vertical with variable joint spacings.
Deformation is expected to be controlled by jointing. The underground
facility will be designed for an operational life of up to 100 years, with
temperature changes of over 170-C near the emplaced waste and from 50'C to
100C around emplacement rooms, depending on the emplacement option.

A methodology for assessing stability based on site conditions, empirical,
analytical, and subsequently, observational methods is presented. The
emphasis is on analytical methods using numerical excavation experience in
tuff at elevated temperatures, and observational methods are only
applicable during construction and monitoring. The analytical methodology
includes methods for analysis of systematically jointed rock masses
(compliant joint methods), randomly jointed and widely spaced discrete
joints. Rock loads from in-situ stress, thermal expansion, and seismic
events are considered. Ground support requirements are assessed from the
extent of the region of joint slip or rock mass failure. The credibility
of any analytical methodology depends on the quality of the input
parameters and validation of the methodology via comparisons with
controlled full-scale demonstrations and back-analysis of appropriate case
examples. Such demonstrations and case studies will be provided during the
exploratory shaft construction and tests.

*This work was supported by the U. S. Department of Energy (US DOE) under
contract DE-AC04-76DP00789.
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USE OF PERFORMANCE ASSESSHENTS TO GENERATE
A REPOSITORY Q-LIST

L. J. Jardine
Bechtel National Incorporated

San Francisco, California 94119

and

T. W. Laub
Sandia ational Laboratories

Division 6311, Nuclear Waste Engineering Projects
Albuquerque, New exico 87185

SUHMARY

Items identified and classified as important to safety are placed on the
repository Q-list. The Q-list identifies structures, systems, and
components that are subject to quality assurance requirements beyond
standard engineering practices as specified by 10 CFR 60, Part G. These
QA requirements correspond to those imposed by 10 CFR 50, Appendix B for
safety class systems in nuclear power plants. These QA measures are
applied to the repository design, procurement, and construction
activities and operations to provide a higher degree of assurance that
Q-ltist items will perform their intended functions. The QA measures are
implemented by the direct incorporation of the requirements into
appropriate design documents, such as drawings, specifications, and
operational procedures.

An assessment to identify items important to safety was completed for the
proposed Yucca Mountain repository. The assessment implemented a
classification methodology based on general guidance developed by the
Department of Energy (DOE) for use by all repository projects (Ref. 1).
Although some qualitative judgment techniques were used, the assessment
was based on quantitative dose and frequency performance assessments.
This paper will discuss the results of applying a performance assessment
to generate the initial Yucca Mountain repository Q-list.

Items important to safety are defined by the NRC as "those engineered
structures, systems, and components essential to the prevention or
mitigation of an accident that could result in a radiation dose to the
whole body, or any organ, of 0.5 rem or greater at or beyond the nearest
boundary of the unrestricted area" (Ref. 2). This definition provides a
single criterion, a dose specification, for identifying items important
to safety. For purposes of identifying items important to safety, a
second criterion, a minimum frequency of occurrence, has been defined by
DOE for applicable or credible accident scenarios (Ref. 1). Therefore,
two numerical criteria have been identified that allow quantitative
performance assessment methods to be used to identify items important to
safety:
This work erformed at Sandia National Laboratories was supported by the U.S.
Department of Energy under contract number DE-AC04-76D00789.
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(1) The dose criterion--an accident must cause an offsite radiation
dose of 0.5 rem or greater to merit consideration in identifying
items important to safety

(2) The frequency criterion--an accident must have a frequency of
occurrence greater than 1 x 10-5 per year to be credible and
therefore considered in identifying items important to safety.

If an accident exceeds both of these criteria, then one or more of the
systems, structures, or components whose failure results in exceeding
these criteria are important to safety. It is important to note that the
dose criterion is not a limit for accident consequences; it is a
threshold for identifying items important to safety. A dose limit for
accidents at a geologic repository has not yet been established in the
federal regulations.

A formalized method for classifying items important to safety was
developed in accordance with current DOE and NRC guidance (Refs. 1, 3).
The method is based on a performance assessment approach as described in
Ref. 4 together with the detailed analyses and results from this method.
Figure 1 illustrates this method.

To apply the classification methodology, the repository was separated
into 13 compartments, each consisting of different zones containing
various types of radioactive materials. Assessments were performed
within each compartment to determine initiating events and accident
conditions that could result in offsite doses. All items in each
compartment were then analyzed for their response to a spectrum of
initiating events. Twenty-seven event trees were constructed to
systematically summarize the initiating events and various accident
sequences. Frequencies of occurrence and offsite dose consequences were
estimated for each accident sequence.

The 27 event trees contained 149 accident sequences; of these, 45
sequences had zero dose consequences. The other 104 sequences were
estimated to have either doses greater than 0.01 mrem or frequencies
larger than 10-14 per year. Of these, only 3 sequences exceeded one of
the two important-to-safety screening criteria; three others were close
to both criteria, but did not exceed either one. None of the sequences
exceeded both criteria.

Scenarios which exceed both criteria are classified as Q-scenarios.
Because no sequences exceeded both the dose and frequency criteria, no
further analyses were required at this stage in the design to determine
which of the structures, systems, or components involved in the
Q-scenarios are important to safety. Scenarios which do not exceed the
two criteria are classified as either "on-Q Scenario (Q)" or
"Potential-Q Scenario (PQ)." All NQ scenarios are those well below the
screening criteria and thus are eliminated from further consideration in
identifying items important to safety.

Any scenarios not classified as Q or Q scenarios but judged to have a
reasonable potential to be upgraded to Q-scenarios, were classified as PQ
scenarios. PQ scenarios were subjected to further analysis to determine
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which items should be placed on a "potentially" important to safety
list. Scenarios were classified as PQ if there were judged to be
sufficient uncertainties in these initial performance assessments to
warrant further investigation to ensure that the results would not exceed
the dose and frequency criteria.

At present, no items are classified as important to safety for the tuff
repository; however, there are ten items that are potentially important
to safety. The first of these is a crane in the cask receiving and
preparation area of the waste-handling building. In this case, a crane
drop of a shipping cask is the initiating event of the PQ scenario. The
second item potentially important to safety is the shipping cask dropped
by the crane. The third, fourth, and fifth items are cranes in hot
cells. The sixth item is the packaging hot cell structure. These four
items were identified in scenarios initiated by an earthquake. The last
four items are the truck and railcar vehicle stops in the cask receiving
and preparation area, the waste-handling building fire protection system,
the underground waste transporter cask, and the container transfer
machine. The assumptions made and the analyses performed to identify and
classify these items were extremely conservative, and therefore further
refinement of this work is unlikely to identify any items that alust be
placed on the tuff repository Q-lisL.

REFERENCES

1. Department of Energy, "Guidance for Developing the SCP-CDR and SCP
Q-lists," Prepared for DOE by Roy F. Weston, Inc., Washington, D.C.
(July 1986).

2. Code of Federal Regulations, Title 10, Energy, Chapter 1, Nuclear
Regulatory Commission, Part 60, "Disposal of High-Level Radioactive
Wastes in Geologic Repositories," Washington D.C. (January 1, 1985).

3. Division of Waste Management, "Draft Generic Technical Position on
Items and Activities in the High-Level Waste Geologic Repository
Program Subject to 10 CFR Part 60 Quality Assurance Requirements,"
U.S. Nuclear Regulatory Commission, Washington D.C. (July 1986).

4. Il.R. MacDougall, L.W. Scully, and J.R. Tillerson, "Nevada Nuclear
Waste Storage Investigations Project Site Characterization Plan
Conceptual Design Report," SAND84-2641, Sandia National Laboratories,
Albuquerque, New Mexico (September 1987).
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APPROACHES TO GROUNDWATER TRAVEL TIME*
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Paul Kaplan, Elmer Klavetter, and Ralph Peters
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Waste Management 89 Conference Proceedings

ABSTRACT

One of the objectives of performance assessment for the Yucca Mountain
Project is to estimate the groundwater travel time at Yucca Mountain, Nevada,
to determine whether the site complies with the criteria specified in the
Code of Federal Regulations, Title 10 CFR 60.113 (a)(2). The numerical
standard for performance in these criteria is based on the groundwater travel
time along the fastest path of likely radionuclide transport from the
disturbed zone to the accessible environment. The concept of groundwater
travel time, as proposed in the regulations, does not have a unique
mathematical statement. The purpose of this paper is to discuss (1) the
ambiguities associated with the regulatory specification of groundwater
travel time, (2) two different interpretations of groundwater travel time,
and (3) the effect of the two interpretations on estimates of the groundwater
travel time.

THE REGULATION

Technical criteria for the disposal of high-level radioactive waste in
geologic repositories have been published by the U.S. Nuclear Regulatory
Commission (NRC). Included under 10 CFR 60.113, "Performance of particular
barriers after permanent closure," is a provision specifying criteria for the
geologic setting (1).

"The geologic repository shall be located so that prewaste-
emplacement groundwater travel time along the fastest path of
likely radionuclide travel from the disturbed zone to the
accessible environment shall be at least 1,000 years or such
other travel time as may be approved or specified by the
Commission."

The authors have made two assumptions about the intent of the groundwater
travel time regulation stated above: (1) the criteria are intended to provide
a simple measure of the ability of the natural barriers at the site to
restrict the transport of contaminants to the environment, and (2) the
calculation of a groundwater travel time is to be performed only along the
physical paths by which contaminants are likely to travel.

* This work was supported by the U.S. DOE under contract DE-AC04-76DP00789.
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THE PROBLEM

The regulation defines groundwater travel time in a manner that is ambiguous
and allows more than one interpretation. Ambiguities associated with the
meaning of groundwater travel time arise, in part, from two simultaneous
processes that redistribute mass as fluid flows through a system. The first
process is mechanical dispersion (2), which occurs in a moving flow field.
The second process is diffusion, which transports mass from one part of a
system to another as a result of random molecular motion (3). The combination
of both processes in a moving flow field is often called hydrodynamic
dispersion (2). As a result of hydrodynamic dispersion, variations in the
concentration of mass occur within the flow system. The assumption is also
made that the behavior of the particle represents some ensemble property of
the quantity of mass injected into the system. This assumption may also
result in additional interpretations.

TWO GROUNDWATER TRAVEL-TIME INTERPRETATIONS

Two different interpretations of groundwater travel time will be used to
calculate the cumulative travel time through a hypothetical, one-dimensional,
100 m column of fractured rock. Flow fields have been determined for two
different water fluxes through the column. The first flow field has been
calculated using a low flux rate. As a consequence, flow through the column
is predominantly in the porous matrix with little flow in the fractures. The
second flow field has been calculated using a high flux rate. Under this
condition, more than 85% of the flow is carried by the fractures. The
following two interpretations of the criteria have been used to approximate
groundwater travel times at both flux rates.

Interpretation 1--Particle Track

The travel time of an imaginary particle from the input boundary to the end of
the column is calculated as the distance traveled divided by the average
velocity. In a system comprising both matrix and fractures, the fastest
continuous pathway is used to calculate the groundwater travel time. Neither
dispersion nor diffusion is included as a flow mechanism.

Interpretation 2--Conservative Tracer

The movement of a packet of nonsorbing, nonreacting tracer is calculated. The
tracer can move back and forth between the fractures and the matrix as a
result of dispersion and diffusion. Travel time is the time required for some
fraction of the tracer to move through and exit from the system.

RESULTS OF THE CALCULATIONS

The results of the groundwater travel-time calculations under low flux
conditions are illustrated in Fig. 1, and the results under high flux
conditions are illustrated in Fig. 2. The solid curves in both graphs
represent the cumulative percent of the injected tracer mass leaving the
column versus time in years, and are the consequence of calculating
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groundwater travel time using a conservative tracer (Interpretation 2). The
range of groundwater travel time over many years is the result of hydrodynamic
dispersion. The circle in each figure is the travel time calculated using
Interpretation 1. The circles are plotted on the 100t axis for ease of
viewing. Table I summarizes the groundwater travel times for both flux rates
using the two interpretations of the criteria for each of the two flux
conditions.

TABLE I
Calculated Groundwater Travel Times

Groundwater Matrix Flow Fracture Flow
Travel Time Low Flux High Flux
Interpretation (yr) (vr)

1. Particle 400,000 2.6

2. Tracer 20,500-1,000,000 2.6-1,000,000

Low Water Flux

Under low flux conditions, where flow occurs predominately within the porous
matrix of the column, the groundwater travel time of the particle is
400,000 yr. This agrees reasonably well with the 50% breakthrough of the
tracer as seen in Table II. The tracer first arrives in some quantifiable
portion (0.0000000000000000001%) in about 20,000 yr. At the end of a million
years, tracer is still leaving the system. The concept of groundwater travel
time is meaningless under these circumstances unless some mass fraction of the
tracer is specified as illustrated in Table II.

TABLE II
Groundwater Travel Times Using the Cumulative Percent

of Tracer Leaving the System

Matrix Flow Fracture Flow
Tracer Low Flux High Flux
(Cumulative %) (yr) (yr)

1 140,000 4,500
50 360,000 10,500
99 1,000,000 31,500
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Fig. 1. Low Water Flux (Predominant Matrix Flow)

Fig. 2. High Water Flux (Predominant Fracture Flow)
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High Water Flux

Under high flux conditions, more than 85% of the water is transmitted through
the fractures. The particle traverses the entire column in 2.6 yr (flux has
been increased fourfold) (Fig.2). The marked decrease in travel time results
from fracture conductivities that are much higher than the matrix
conductivity. The fastest path through the column is calculated using
Interpretation 1 for groundwater travel time, regardless of the quantity of
fluid. The difference between the two interpretations is rather dramatic
under high flux conditions as can be seen by the breakthrough curve of the
tracer. The particle can be thought of as the first, infinitesimally small
amount of tracer that exits the column. It should be pointed out that only
0.000000000000000000000004% of the injected tracer leaves the column when 500
yr have passed.

DISCUSSION AND CONCLUSION

The calculations illustrate that different interpretations of the GWTT
criteria determined can yield vastly different groundwater travel times. The
behavior of a single particle may not be representative of the flow field.
The use of a tracer, while possibly providing a better perspective of the
transfer of mass through the system, requires that the travel time be
specified in terms of some fraction of that mass. It is not the purpose of
this paper to argue the relative merits of one method over another. The point
we wish to make is that to determine a level of compliance with the regulatory
criteria the regulation must not be ambiguous.

REFERENCES

1. U. S. Nuclear Regulatory Commission, "Disposal of High-Level Radioactive
Wastes in Geologic Repositories," Code of Federal Regulations, Energy, Title
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The Problem

How do we interpret the GWTT regulation
to remove the ambiguities in assessing
Lhe performance of a site for potential
licensing of a high-level radioactive
waste repository. 2
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The Ambiguities

The concept of GWTT as stated in the
regulation has no precise meaning
and multiple interpretations have been
proposed.

Ambiguities associated with the meaning
arise, in part, from two simultaneous
processes - dispersion and diffusion.
Both contribute to the redistribution of
and a variation in solute concentrations
as fluid flows through the system.
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Two GWTT Interpretations

Particle Track - The travel time of an
imaginary particle from the starting point
to the exit is calculated as the distance
traveled divided by te average velocity.
In a system comprising both matrix and
fractures, the fastest continuous pathway
is used to calculate the WTT. Neither
dispersion o diffusion e included.

Tracer - The movement of a packet of
nonsorbing, nonreacting tracer is calculated.
The tracer can move back and forth between
the fractures and the matrix as a result of
dispersion and diffusion. Travel time is
tLhe time required for some fraction of the
tracer to move through the system and
cxit. from it.t



Figure 1
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Figure 2
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Calculated GWTT's

GWTT
Interpretation

Low Flux
(matrix flow)

High Flux
(fracture flow)

Particle 400,000 yrs 2.6 yrs
.............................................................................................................................

Tracer 20.500 to 1,000,000 yrs 2.6 to 1,000,000 yrs

1 tracer

SOX tracer

99X tracer

What criteria
groundwater

140,000 yrs

360.000 yr.

1,000,000 yrs

should be used
travel time?

4,500 yre

10,500 yre

3 1.500 yre

to pick a

On what basis should the criteria be
chosen?
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Discussion

Figures 1 and 2 illustrate that different
interpretations of the method by which
groundwater travel time is calculated can
yield vastly different results.)
In addition, the tracer interpretation
requires a specification of the fraction
of mass leaving the system to define a
travel time for the regulation.
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APPENDIX

Information from the Reference Information Base
Used In this Report

This report contains no information from the Reference Information
Base.

Candidate Informatlon
for the

Reference Information Base

This report contains no candidate information for the Reference
Information Base.

Candidat Information
for the

Site & Engineering Properties Data Base

This report contains no candidate information for the Site and
Engineering Properties Data Base.



SAND88 - 2247C

Modeling the Uncertainties in the Parameter Values

of a Layered, Variably Saturated Column of Volcanic Tuff

Using the Beta Probability Distribution

Paul G. Kaplan and Lane Yarrington
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Albuquerque, New Mexico

Abstract

The geologic formations in the unsaturated zone at Yucca Mountain,
Nevada, on and adjacent to the Nevada Test Site, are being investigated as
the proposed site of a repository for the disposal of high-level radioactive
waste. The Department of Energy is conducting studies of this site through
the Yucca Mountain Project. The numerical and conceptual tools that will be
used to analyze the site are currently under development. This paper
reports the status of a probability model that has recently been implemented
to address uncertainties in quantitative predictions of parameter values.
The model can also be used to quantify the changes in uncertainty that occur
as more information is obtained.

Sparse sampling data, unknown errors in measurement, and the inherent
variability of natural materials give rise to uncertainties in the choice of
appropriate parameter values to represent those materials in models. The
beta probability distribution is used to quantify the uncertainties
associated with the parameter values and can be used to test the
consequences of the analyst's subjective judgment on the density function of
the input parameters.

This work performed at Sandia National Laboratories was supported by the
U. S. Department of Energy under contract DE-AC04-76D00789. The data used
in this paper are NQ.
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Ten parameters for each hydrostratigraphic unit are required as input
to a numerical model that is now available for preliminary studies of one-
dimensional, steady-state flow through variably saturated rock. Natural
analog data, site data, theoretical considerations, functional limitations,
and subjective judgment are all used to constrain the beta probability
density of the input parameters. To obtain a beta distribution requires
four quantitative pieces of information: an upper and lower bound, an
estimate of the expected value, and an estimate of the coefficient of
variation. No prior assumption about the shape of the distribution is
required. The shape and the probability density are functionally
constrained by the analyst's estimates of the four required values.

The consequences of treating the input parameters as independent,
random variables are tested by repeated Monte Carlo sampling of the
cumulative density functions of the input parameters. This process
generates simulation data that are used to construct histograms of the state
variables and the output parameters in a hypothetical groundwater travel
time exercise.

1. Introduction

The geologic formations in the unsaturated zone at Yucca Mountain,
Nevada, on and adjacent to the Nevada Test Site, are being investigated as
the proposed site of a repository for the disposal of high-level radioactive
waste. The Department of Energy is conducting studies of this site through
the Yucca Mountain Project. Sandia National Laboratories is currently one
of the organizations developing conceptual and numerical tools that will be
used to analyze the behavior of the site. This paper documents the status
of a model recently implemented to address uncertainties in the distribution
of parameter values that are used in groundwater travel time simulations of
a variably saturated environment.

Within the context of this paper both the input and the output
parameters will be defined as random variables. A random variable is a
numerical variable whose specific value cannot be predicted with certainty
before an experiment (Benjamin and Cornell, 1970). To clarify this concept
for the application that will follow, consider a random hydrologic variable
as a numerical parameter whose specific value cannot be predicted with
certainty before measurement. Each individual measurement can be thought of
as an experiment. The same value of the variable can occur more than once
if measurements are repeated.

If one could take repeated measurements, a histogram describing the
frequency with which certain ranges of values occur could be constructed.
Eventually the process of repeated measurement would allow the statistical
behavior of the variable to be computed. The variable is no longer
described as a single-valued entity but as a function of its statistical
parameters.
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In many geologic and hydrogeologic investigations, the repeated
measurements required to compute a statistical description of the behavior
of the property of interest are not performed. Therefore, emphasis here
shifts from the computation of the statistics of the sampled data to a
measure of chance or likelihood based on the sampled data. This is the
difference between statistics and probability (Chow, 1964). The concept of
the random variable has not been abandoned because a statistical description
of the variable cannot be calculated. Instead of a statistical description,
a probabilistic description has been constructed based on the extent of
information available about the variable.

In this paper, we present a method for generating probabilistic
descriptions of uncertain model parameters using the beta probability
function (Harr, 1987). To illustrate the method, we have applied it to
estimate parameter distributions for a Monte Carlo simulation of groundwater
travel time through a layered sequence of variably saturated volcanic tuffs.
The exercise is strictly hypothetical.

2. Statement of the Problem

The overall objective of the Yucca Mountain Project is to determine
whether the natural system in conjunction with a system of engineered
barriers does or does not meet a level of safety specified by the regulatory
community. On a more limited scope, individual activities within the
Project address specific regulatory criteria. The objective of one task is
to estimate the liquid groundwater travel time at Yucca Mountain, Nevada, to
evaluate compliance with the criteria specified in 10CFR60.113(a)(2)(NRC,
1986). The numerical standard for performance in the regulatory criteria is
the groundwater travel time along the fastest path of likely radionuclide
transport between two boundaries defined to evaluate compliance, the
disturbed zone and the accessible environment. The compliance period is
stated as a travel time of at least 1000 years or any other period set by
the Nuclear Regulatory Commission. Therefore, the objective of the one task
is to determine whether the natural system does or does not meet the
groundwater travel time criterion.

Sparse sampling data, errors in measurement, and the inherent
variablity of natural materials have given rise to uncertainties in the
choice of appropriate parameter values to use in numerical simulations of
groundwater flow. This paper discusses one technique currently in use to
construct probability density functions of model input parameters. The
specific objective of the work of the one task is to quantify the
probability that the Yucca Mountain site will fail to meet the groundwater
travel time requirement specified in 10CFR60.



3. The Beta Distribution

If the input parameters are treated as random variables, a functional
description of their probabilistic behavior is required. At a minimum the
function has to be constrained by the laws of probability. In addition, it
is desirable that the function be unbiased in the sense that the analyst
refrains from making any prior assumptions about the shape of the function
and, therefore, the probabilistic behavior of the variable. The application
and use of the beta probability function described in this paper, which
meets the two criteria listed above, is given by Harr (1977, 1987).

The beta probability distribution is defined over the range [a,b by

f(x) - x - a)*(b x) I (1)

where a and ,i are > 1 and C, the normalizing constant, is

C - (a + + l)!/[atO!(b - a)(a ] , (2)

where a and are integers or as

C - r( + + 2)/r(a + l)( + )(b - a)(a++l)] (3)

for noninteger values of a and (Harr, 1977, 1987).

A solution of Equation 1 requires four pieces of information: the
minimum and maximum values that define the range of the random variable (a
and b, respectively) and the two exponents a and A. The exponents can be
calculated if the expected value Ex] and the coefficient of variation V(x)
are known as the following equations illustrate.

a[xJ - E[xIV(x) (4)

X - (E[x] - a/(b - a) (5)

Y - [xl/(b - a) (6)

a- (X2/Y2)( - X) -(1 X) (7)

- [(a + )/XJ - (a + 2) (8)

The exponents a and determine the shape of the function. Table 1
summarizes the conditions on the exponents under which certain shapes occur.
Plots of the various shapes are illustrated in Figure 1.



TABLE_1

EFFECT OF a AND ON THE SHAPE OF THE DENSITY FUNCTION

ShARe of the Distribution 

Uniform 0.0 0.0
Left Triangle 0.0 1.0
Right Triangle 1.0 0.0
Symmetrical [about (a + b)/2J a - a- a
Skewed Right a < a a > a
Skewed Left a > A 8 < a
U-Shape a < 0 a < 
J-Shape a > O > < 
Reverse J-Shape a S 0 P > 0

An understanding of the definition and concepts behind two of the
parameters used, the expected value E[xj and the coefficient of variation
V(x), is necessary. The expected value as used in this paper is not a
statistically defined property. The calculation of a mean value of N
samples is a basic statistical operation that describes an ensemble average,
whereas the concept of expected value emphasizes the point that the ensemble
does not exist (Dagan, 1986). In application, the analyst must subjectively
decide whether the available data or information reasonably reflect the
central tendency of the variable of interest. The coefficient of variation
is defined as the ratio of the standard deviation to the expected value.
The utility of this parameter in the application here derives from the fact
that the coefficient of variation is a description of the inherent
variability of a property independent of the sample population and can be
used in a probabilistic sense to estimate a standard deviation (x).

In the application that follows, the values of a, b, E[x], and V(x) are
assumptions. The beta probability distribution is a transform that takes
those assumptions and generates a function that constrains the outcome of
repeated experiments. Each assumption is based on the available data, the
physical meaning of the variable, the behavior of analog systems, and the
subjective judgment of the analyst. There is nothing absolute about the
assumptions. Changing any one of the assumptions used as input is likely to
affect the distribution. This is one of the great strengths of the
technique. It allows the analyst to test in a quantitative and
reproduceable manner the consequences of the assumptions about the
probabilistic behavior of the variable. It also provides a ready and simple
method for updating the distribution as additional data become available.
In the end, Equation 1 is nothing more than a model, one of many used in a
simulation. The decision to accept or reject a model is always subjective,
and the acceptance criteria frequently change as a deeper understanding of
the problem evolves.
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4. Using the Beta Distribution
in a Groundwater Travel Time Simulation

This section outlines the mathematical models that define the
parameters required for a groundwater travel time simulation and the domain
through which the flow process will be simulated. A summary of some of the
available data is presented. The beta probability distribution will be used
to quantify the uncertainties associated with one of the parameters as an
example.

4.1 Class of Problem

Conceptual models define the parameters that describe the process of
variably saturated flow and the physical system being simulated. For the
purpose of this exercise, the problem will be treated as a steady-state,
one-dimensional flow problem. Only a single fluid phase, the liquid phase,
will be considered. The system is assumed to be isothermal, the rock matrix
nondeforming, the fluid at constant density. Darcian flow is assumed to
occur in response to a matrix and gravitational potential gradient.

These assumptions are simplifications of the real process. The
validity of these assumptions as applied to a system comprising layered,
pyroclastic rock has yet to be demonstrated.

4.2 Mathematical Model

The mathematical model used in this paper to describe unsaturated flow
in a fractured, porous medium is the composite model of Klavetter and Peters
(1986, 1988). The model's one-dimensional, steady-state form can be
expressed as

-(Km b + Kf b)V(0 + z) - qf + qm - qt (9)

where the subscripts m, b, f, and t stand for matrix, bulk, fracture, and
total, respectively. The conductivity terms K and K b are bulk values
for a unit volume of the porous medium and aremdafined Et terms of the total
volume Vt and the fracture volume Vf as

Km b - Km(Vt - Vf)/Vt (10)

and

Kfb Kf(Vf/Vt)

The matric potential is a negative pressure potential that results from
the capillary and adsorptive forces of the porous medium. The term z is the
elevation or gravitational potential and is referenced to an arbitrary
datum. The flux terms q , qf, and qt are specific discharges representing



the volume of fluid flowing per unit time through a unit area normal to the
flow direction (Bear, 1979).

4.3 Parameter Models

The hydraulic conductivity and saturation are both defined here as
functions of the matric potential . The saturation S(O) as used here is
the "degree of saturation" defined by Campbell (1985) as

S(O) - V/(Vg+ V) (12)

where the subscripts 1 and g refer to liquid and gas, respectively.
Although S(V) appears to be bounded on the range 0,1] by the definition in
Equation 12, it is not clear that the bounding values can be achieved under
natural conditions (Hillel, 1980).

Equation 13 is the van Genuchten (1978) model describing the
desaturation of a porous medium in response to increasing matric potential.

S) - (SS Sr)[l/( + Ia,,n)](1-1/n) +S 0 , (13)

where S is the maximum saturation the porous material can attain (assumed
to be 1.0), Sr is the residual saturation, a is the air entry parameter and
is related to the suction force that must be applied to the porous material
before fluid will start to drain, and n describes the slope of the
desaturation curve. This model describes only the drying curve of what is
actually a hysteretic process (Freeze and Cherry, 1979; Nielsen et Al,
1986).

The equation for K(+) uses the parameters a and n as determined by the
fit of the van Genuchten model in Equation 13 and the method of Mualem
(1976).

R(M) - K l1 an 4(n-l)( + , 1n)-A 12/( + IaIn)A/2 (14a)

and

A - 1 - /n . (14b)

4.4 Velocity Calculations

Average linear flow velocities v through the fractures and matrix are
calculated with the following equations from Peters tj j (1986).

vm qM/M(Sm - Smr) -Km bV( + z)l/0m(Sm Sm )] I (15a)



and

Vf - qf/Of(Sf - Sf r) -KfbV( + z)[l/of(Sf - Sf)J , (15b)

where X and 0 are the matrix and fracture porosities, respectively, and
the subscript I stands for residual.

4.5 System Domain

The system that will be simulated in this example extends vertically
from the top of the Tuffaceous Beds of the Calico Hills into the Prow Pass
Member of the Crater Flat Tuff. The domain is bounded at the base by the
water table. The system is modeled after the descriptions of the lithologic
log of USW G-4 in Spengler and Chornack (1984) and the lithologic log of US'
G-1 in Spengler t al (1981). Alternating units of bedded and nonwelded
tuffs of various thicknesses are divided into hydrostratigraphic units in
this report on the assumption that a correlation between depositional and
diagenetic processes and physical properties may exist. The logs describe
the following lithologies: reworked tuffaceous materials, bedded ash-fall
tuffs, nonwelded tuffs, and partially welded tuffs.

Unit properties are defined by mathematical and parameter models.
Within each unit, each of the properties is assumed to be statistically
uniform. The sampled value of the property is assumed to be independent of
position within the unit. Variations in the sampled values from experiment
to experiment are treated as random, equally probable outcomes of sampling
from a unimodal density function of the property.

Labeling the hydrostratigraphic units follows the time stratigraphic
units, where CH and PP refer to the Tuffaceous Beds of the Calico Hills and
the Prow Pass ember, respectively. Numbering the units designates the
paired occurrence of both bedded and nonwelded tuffs, and lower-case n and b
refer to nonwelded and bedded, respectively. Table 2 lists the boundary
elevations above the water table and thicknesses of the hydrostratigraphy
used in this report.

Only one of the hydrostratigraphic units, CH3n, is assigned fracture
properties. The corresponding time stratigraphic unit in Drill Hole USW G-1
(Spengler et 1, 1981) is described in the lithologic log as partially
welded. Although all the units are probably fractured, it is assumed in
this exercise that, at high confining stresses, only the partially welded
and welded tuffs can sustain fractures having hydrologic properties
significantly different from those of the matrix.



TABLE 2

UNIT THICKNESSES AND ELEVATIONS FOR THE HYDROSTRATIGRAPHIC UNITS
OF THE CALICO HILLS IN DRILL HOLE USW G-4

Unit
Top of Unit

(m above water table)
Thickness

(m)

CHin
CHlb
CH2n
CH2b
CH3n
CH3b
CH4n
CH4b
CH5n
CH5b
PPn

111.7
107.1
106.6
100.3
97.4
65.6
64.6
34.4
34.3
21.5
4.4

4.6
0.5
6.3
2.9

31.8
1.0

30.2
0.1
12.8
17.1
4.4

4.6 Boundary Conditions

Because of the one-dimensional constraint, only two boundary conditions
are required. The upper boundary is a constant infiltration flux boundary.
The lower boundary is a water table boundary with a constant matrix
potential of V - 0.0.

4.7 Parameters Reouired

A groundwater travel time simulation that implements
described previously requires the specification of the 10
in Table 3.

the models
parameters listed

TABLE 3

PARAMETERS REQUIRED FOR A SIMULATION OF GROUNDWATER TRAVEL TIME

Parameter Name Symbol

Matrix Porosity
Bulk Matrix Saturated Conductivity Kb
Matrix Residual Saturation Sm.
Matrix Air Entry am,r
Matrix Desaturation nm
Fracture Porosity Of
Bulk Fracture Saturated Conductivity Kf b
Fracture Residual Saturation Sf,r
Fracture Air Entry af
Fracture Desaturation nf
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4.8 Data in Support of Parameter Estimation

Data derived directly from samples obtained from core holes at Yucca
Mountain are compiled in Peters j Al (1984, 1986) and Klavetter and Peters
(1986, 1987).

In this exercise, natural analog data, in particular soil properties,
were used to help bound the statistical behavior of porosity. Data are
compiled in Panian (1987). A detailed review of the data is discussed in
Wang and Narasimhan (in review).

Samples from Drill Holes USW G-4 and USW G-1 described in Peters et al
(1986) were assumed to represent tuffaceous rock and were used as the basis
for the model of the hydrostratigraphy presented in this document. Where
the sample actually was taken from one of the corresponding hydrostrati-
graphic units, it was chosen to represent that unit. The only units without
corresponding samples were the bedded units of the hydrostratigraphy. Some
bedded units have more than one corresponding sample. Where more than one
sample existed, the samples were arbitrarily split and assigned to represent
bedded units that had no corresponding sample. The fracture properties of
hydrostratigraphic unit CH3n are represented by the fracture properties for
the thermal/mechanical reference unit CHnz as described in Klavetter and
Peters (1986). The values of saturated conductivities and bulk matrix
saturated conductivities are assumed to be equal because of the extremely
small fracture porosities of the tuffs.

Table 4 illustrates that dividing the samples chosen according to
hydrostratigraphic units results in only one sample per unit. Table 5
describes the fracture properties assumed for hydrostratigraphic unit
CH3n. A technique for generating probability density functions of the model
parameters that define each hydrostratigraphic unit despite the fact that
each unit is represented by only one datum is discussed in the next section.

4.9 Estimatin a Parameter Distribution

As an explicit example of how the process of fitting a beta
distribution works, consider the matrix porosity for the unit CHin. The
representative value in Table 4 is given as 0.32. There is no reason to
believe that this value does not fairly represent the central tendency of
porosity for this unit and these materials, so it is acceptable as an
expected value in a probabilistic sense. The next step is to determine a
coefficient of variation. Analysis of data for 11 textural classes of soil
compiled by Panian (1987) gives coefficients of variation for porosity that
range from 0.102 to 0.313. Coefficients of variation of soil properties are
also tabulated in Harr (1987), where the value is reported as 0.10. The
data in Table 6 suggest that the value of 0.313 may not be representative.
For the purpose of this exercise a coefficient of variation of 0.20 will be
assumed.
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TABLE 4

MATRIX PROPERTIES OF THE HYDROSTRATIGRAPHIC UNITS OF THE
TUFFACEOUS BEDS OF THE CALICO HILLS IN

DRILL HOLE USW G-4

Unit Sample PoroElty

CHin
CHlb
CH2n
CH2b
CH3n
CH3b
CH4n
CH4b
CH5n
CH5b
PPln

Gl-1500
Gl-1753
G4-1548
Gl-1780
G4-1551
Gl-1790
Gl-1637
G4-1728
G4-1686
G4-1737
G4-1769

0.32
0.30
0.28
0.25
0.33
0.23
0.31
0.22
0.30
0.24
0.26

Bulk
Saturated

Conductivity
W5 s)

1.5e-11
1.4e-11
1.4e-12
2.le-12
3.2e-11*
5.2e-12
1.3e-11
4.5e-12
4.2e-12
2.6e-12
2.3e-12

Residual
Saturation

0.0134
0.2003
0.1095
0.0995
0.2017
0.0135
0.0427
0.1500
0.0600
0.1000
0.2154

Air
Entry

Parameter

0.007490
0.002000
0.003080
0.003700
0.004150
0.001700
0.002670
0.001580
0.006000
0.003700
0.000605

Desaturation
Parameter

1.333
1.954
1.602
1.500
1.894
1.626
1.428
1.685
1.460
1.496
2.487

*Arithmetic mean of subsamples G4-4F in Peters et el, 1984.

TABLE 5

FRACTURE PROPERTIES OF HYDROSTRATIGRAPHIC
OF THE TUFFACEOUS BEDS OF THE CALICO

IN DRILL HOLE USW G-4

UNIT CH3n
HILLS

Bulk
Saturated
Conductivity

Unit Sample Porositv (m/s)

Air
Entry

Parameter
Wl1M)

Residual
Ssturation

Desaturation
Parameter

4.23CH3n G4-1551 0000046 9.2e-9 0.0395 1.2851
t



TABLE-6

POROSITY STATISTICS REDUCED FROM PANIAN (1987)

Number Coefficient
Soil Class of Samples of Variation

Sand 12 0.313
Loamy Sand 27 0.164
Sandy Loam 140 0.194
Sandy Clay Loam 69 0.127
Loam 97 0.143
Clay Loam 127 0.117
Silty Loam 347 0.125
Silty Clay Loam 289 0.119
Sandy Clay 17 0.124
Silty Clay 46 0.136
Clay 141 0.102

Having chosen an expected value and a coefficient of variation, the
minimum and maximum values are assumed to lie at plus and minus three
standard deviations from the expected value. Equation 4 is used to
calculate the standard deviation [x], and the two following equations are
used to calculate the minimum a and maximum b.

a - Ex] - 3x] - Ex) - 3(E[x]V(x)) , (16a)

and

b - Ex] + 3x] - Ex] + 3(Efx]V(x)) . (16b)

The only qualification is that, should the minimum value calculated using
Equation 16a be below 0.0, the arbitrary minimum value will be set at 0.0 as
input for calculating the coefficients of the beta distribution. Likewise,
should the maximum value calculated using Equation 6b exceed 0.60, a likely
maximum, the arbitrary value of 0.60 will be used as the maximum.

The range describes the smallest and largest values of interest and is
bounded, in the assumptions above, by the choice of three standard
deviations as a constraint. Some insight as to the probability that a value
lies outside this range is offered by Chebyshev's inequality (Harr, 1987),
which states that for h standard deviations to each side of x

P[(i - ho) x i ( + ho)] 2 1 - 1/h2 , (17)

where is the value of oax], and x is a random sample. Substituting 3 for
h yields a probability of 0.89. Thit is, given a random sample of any
distribution, 89% of the sampled values will lie within the range bounded by
plus and minus three standard deviations. The probability of sampling



within the estimated range is further constrained if more information is
available. If the unknown density function is symmetrical about the
expected value and unimodal, it can be shown that Gauss' inequality

P[(i - h) x ( + ho)] 1 - 4/9h2 (18)

is applicable. For plus and minus three standard deviations the
probabilities increase to 95%. The expected value E[xJ; the coefficient of
variation V(x); the minimum a and the maximum b for the hydrostratigraphic
unit CHln, which were used to define the beta probability distribution of
porosity, were estimated at 0.32, 0.20, 0.128, and 0.512, respectively.

To visualize the density function, an interactive procedure was written
and embedded within a commercial software package called RS/Explore. When
the procedure is called, the analyst is asked to provide the four pieces of
information listed above. A graph of the density and cumulative function
appears on the terminal. Figure 2, the probability density of porosity for
unit CHln, was generated using this procedure. The objective of the
interactive graphics is to allow the analyst to visualize the consequences
of the assumptions in the probability model.
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i I
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2-/

0- 0.0
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Figure 2. Probability Density and Cumulative Probability of Matrix Porosity
for Hydrostratigraphic Unit CHln

5. Example of a Groundwater Travel Time Simulation

This section briefly describes the method used to generate a
distribution of groundwater travel times from the beta probability
distributions of the input parameters.

Implementing a simulation requires input of the parameters that define
the beta probability distribution of each of the independent variables in
Table 4 to the Latin ypercube Sampler (LHS) (Iman and Shortencarier, 1984).
For the exercise in this paper, the LHS was used to generate 100 random
samples from the probability distributions of the 10 input variables for



each of the 11 hydrostratigraphic units. Because only one of the 11
hydrostratigraphic units was assumed to sustain fractures, each of the 100
parameter sets generated by the LHS contains 60 elements (5 matrix
parameters for 11 units plus 5 fracture parameters for 1 unit).

Each of the 100 parameters sets from the LHS was used to construct an
input file for the flow code LLUVIA (Hopkins and Eaton, 1988). An input
flux of 1.0 mm/year was specified for this example. Output from the 100
runs of LLUVIA is loaded into RS/Explore for statistical and graphical
analysis.

A histogram of the 100 travel times from the top of the hydrostrati-
graphic model to the water table generated by this simulation is illustrated
in Figure 3. A statistical summary of the travel times is presented in
Table 7.
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Figure 3. Histogram of 100 Cumulative Groundwater Travel Times

STATISTICS OF GROUNDWATER TRAVEL TIME SIMULATION

Count (N) 100.00
Mean 21.44
Median 21.55
Variance 4.99
Standard Deviation 2.23
Maximum 27.96
Minimum 16.70
Skewness -0.10
Kurtosis -0.01
Coefficient of Variation 0.10



6. Summary

The unsaturated zone at Yucca Mountain is composed of complex geologic
materials. The parameters used to describe these materials are defined by
mathematical models that represent the process of interest. The
organization and distribution of these parameters are defined by models of
the system domain. Sparse sampling data, uncertainties in the measured
values obtained, and the inherent variability of natural materials and
system geometry often make it difficult to statistically define the
properties of interest.

A method for using the beta probability density function as a technique
to generate probabilistic functions that describe the distributions of the
material properties of interest is presented in this paper. As an example
of how the technique is applied, quantitative and descriptive data from
Drill Holes USW G-4 and USW G-1 are used. In addition, natural analog data
and the analyst's subjective judgment can be used to constrain the estimates
of the four parameters required to construct a beta distribution and are an
integral part of the methodology.

The methodology is applied to 10 parameters of interest in a
hypothetical 11-layer domain as illustration of the technique. Parameters
describing the distributions of the properties in each of the 11
hydrostratigraphic units are generated. The overall purpose of the exercise
is to demonstrate how uncertainties in property values can be quantified for
numerical simulation. As an example of the utility of the method, the beta
distributions are used as input to the LHS. One hundred input decks for the
flow code LLUVIA are generated. The output of one hundred travel time
simulations is summarized in histogram form and in a table of statistics.
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APPENDIX

Information from the Reference Information Base
Used In this Report

This report contains no information from the Reference Information
Base.

Candidate Information
for the

Reference Information Base

This report contains no candidate information for the Reference
Information Base.

Candidate Information
for the

Site & Engineering Properties Data Base

This report contains no candidate information for the Site and
Engineering Properties Data Base.
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A Probabilistic Est 'ation of Seismic Dmage to the ate and:ing Facilities

of aKAository Located at Yucca Hi0 Ua0 n1 ;L, evadi

O.K. iciman, N.A. Abrahamson
Bechtel Iational, Inc., San Francisco, Californit

Obiective

The study presented in this paper determines the probability of asittically induced
damages to the waste handling building (HE) of the Yucca MountaSn, evada repository.

The YIE is a reinforced concrete structure with assive hear walls. In general, the
shear wail thicknesses are controlled by shielding requirements. kis paper presents a
probabilistic investigation of the occurrence of seismically induced damage to the WEB.
Seismic hazard curves were developed and combinel with structural fragility curves to
compute damage probabilities.

This seismic hazard analysis considers both grouid acceleration at te sito and ground
rupture under the building. Standard ethods are used to estimate the celeration
hazard, assuming that there is to ground rupture under the WXB. Hosever, the vicinity
of the site is highly faulted, and an unknown flt may exist under the UHB. This
possibility Is also considered, and the round rpture hazard Is estimated, using 
conservative approach developed in this study.

The rupture hazard methodology developed in this study considers boti the probability
that there is a fault under the site and the probability that the failt s not detected
by trenching. Six different methods are used to esticate the rupture hacard. Three of
these methods are site specific and consider the location of nearby taults. The other
three ethods are regional and consider average properties of the flting n a 10 x 20
kn region surrounding the site. A ground rupturoi under the building will be accompanied
by a ground acceleration. The seismic hazard for this conditional a:celeration is also
estimated. The results of the study show that the ground rupture hasard is tuch smaller
than the acceleration hazard without a ground rupture under the WB.

Two analys were performed on the WHB, (1) a dyaSmic analysis for g-ound acceleration,
and (2) a static analysis for a vertical fault rpture directly unde' the building.
Shear walls are designed for the acceleration lot.ding. Several deaLin basis earthquakes
(DBE) are considered from 0.2 peak ground acceleration (PGA) to 1.') g PGA to evaluate
the effect of the DBE level on the damage probabilites. The buildLi~g designed for five
Lfferent levels of earthquakes varying between ('.2 find 1.0 g were evaluated but not
redesigned for fault displacement effectu varying between 0 and 100 im.

Four damage states are defined for the shear walls of the WE. These are light,
moderate, heavy, and total damage states, and are characterized by iiterstory drifts
defined by the ratio of relative sideaway displacement between floort. to the story
height. Considering the shear force redistribution among the parallel walls, fragility
curves are developed, using the average strength of the walls in the same directions for
each damage state. These fragility curves are convolved with the ha:ard curves to
determine the exceedance probabilities for the damage states. These probabilities are
computed for a spectrum of earthquakes with PGAs from 0.2 to 1.0 g.

The seismic damage probabilities of the WfE are less than 1E6 for disLgn levels as low
as 0.2 g even for the light damage stete. The probability of exceed:ng the heavy damage
state Is 1.7E-8 and SE-10 for the 0.2 and 1.0 g designs, respectivaly.

Conclusions

Based on the very low calculated damage probabilities, it is concludad that the seismic
h~a ~c,;C t'A*: WA 4-
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ASSESSMENT OF WORKER AND NON-WORKER RADIOLOGICAL SAFETY OF A REPOSITORYa

T. W. Laub
Sandia National Laboratories

NNWSI Repository Engineering Division 6311
Albuquerque, New Mexico 87185

Preliminary assessments of worker and non-worker radiological safety for

both normal and accident conditions during the preclosure period have been

performed for the proposed Yucca Mountain repository. The accident-

conditions assessment estimated offsite doses resulting from credible

accidents at the repository. Since the purpose of the accident-conditions

assessment was to support the development of an initial Q-list, worker doses

were not calculated. The normal-conditions assessment estimated offsite

public doses as well as onsite worker doses resulting from the various

anticipated routine radioactive releases and sources. The purpose of the

normal-conditions assessment was to evaluate the preliminary Yucca Mountain

repository design and identify those operations and aspects that are most

important to radiation safety for the repository (e.g., those operations

that are the largest contributors to the occupational doses of individual

workers). The general approach and some of the results of these safety

assessments are summarized below.

The approach taken for the accident-conditions radiological safety

assessment was probabilistic; that is, the frequency of occurrence of an

accident was considered in deciding whether or not to calculate offsite dose

consequences for that accident, and the end results included estimates of

accident frequencies. The procedure used in this assessment consisted of

aThis work was supported by the U.S. Department of Energy (DOE) under

contract DE-AC04-DP00789.
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five steps: (1) A repository facility and systems model was developed to

use in the development of initiating events. (2) A comprehensive list of

internal and external initiating events was developed, and some preliminary

screening on the basis of credibility and applicability to the site was

performed. (3) An event tree was developed for each of the initiating

events that logically and systematically described the various accident

sequences resulting from the occurrence of intermediate events. (4) After

completion of the event trees, a probability assessment of the accident

sequences was performed, and each initiating event was assigned a frequency

of occurrence and each intermediate event a probability of occurrence. At

this point more screening of accidents was performed on the basis of

frequency. (5) The final step of the accident assessment was the

calculation of offsite dose consequences for each remaining accident

sequence.

There were 149 accident sequences for which offsite dose consequences were

calculated. Of these, 45 had essentially zero offsite dose consequences.

The remaining 104 accident sequences had offsite dose consequences ranging

from 0.01 mrem to about 2 rem. The frequencies of occurrence associated

with these accident sequences ranged from an extremely unlikely 10 14/yr to

about 10 1/yr. Those accidents with offsite dose consequences approaching 2

rem had low frequencies (i.e., below 10'5/yr).

The approach taken for the normal-conditions assessment is simple and

straightforward. To calculate worker doses, the radiation conditions in and

around the repository were estimated. These conditions included direct

radiation levels, concentrations and composition of gaseous radionuclides,

and concentrations and compositions of airborne particulate radionuclides.

Direct radiation levels were calculated assuming an average spent fuel age

of 10 yrs, a burnup of 27.5 Gwd/MTU for BWR fuel, and a burnup of 33 Gwd/MTU

-2-



for PWR fuel. Defense high-level waste was assumed to be 5-year-old sludge

and 15-year-old supernate. Airborne radioactivity levels were estimated

using analytical techniques developed under some simplifying assumptions

such as the importance of resuspension and hot-cell leakage. Offsite public

doses were composed entirely of immersion and inhalation doses resulting

from atmospheric transport of anticipated releases of radioactive materials.

Whole-body and critical-organ doses from airborne radioactive materials were

found to be at least one order of magnitude less than the 1 rem/yr DOE

design objective. Worker doses from direct gamma radiation were much more

significant than those from airborne radioactivity. As expected, direct

radiation doses depended strongly on the mode of operation being used by

workers (e.g., contact-handling techniques or remote-handling techniques).

Estimated direct doses to repository workers did not exceed the 10 CFR 20

regulatory limit of 5 rem/yr, but did exceed the DOE design objective of 1

rem/yr. Several cask-handling tasks that involved worker contact were

identified as major contributors to the direct radiation doses to workers.

Ground-level releases of radioactive materials resulted in a calculated

whole-body dose of 0.01 mrem/yr and a maximum critical-organ dose of 0.03

mrem/yr for a maximally exposed offsite individual assumed to be at the site

boundary, 5 km from the release point. These doses are well below the

limits for normal operations of 25 mrem/yr to the whole body or 75 mrem/yr

to any critical organ set forth in 40 CFR 191. The corresponding total

population dose (whole-body) for members of the public within an 80-km

radius of the site was calculated to be 0.012 person-rem for ground-level

releases.

In conclusion, the accident-conditions safety assessment identified several

accident sequences that could result in offsite doses approaching 1 rem but

-3-



had associated frequencies that were below 10 /yr. Nevertheless, the

assessment did identify areas of the repository and certain systems and

equipment that may require extra attention in design and/or fabrication

(e.g., enhanced quality assurance). The normal-conditions assessment

indicated that public and worker doses due to airborne sources of radiation

will be well below 25 mrem/yr for the public, and well below 1 rem/yr for

the worker. The major contributors to worker doses from direct radiation

were cask-handling operations that involved worker contact, indicating that,

in future design phases, remote-handling techniques for these operations

should be investigated for incorporation into the design.

-4-
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PRELIMINARY RECLOSURE RADILOGII;AL SAFETY ANALYSIS FOR

WORHAL OPER&TIOss OF A PROSPECTIVE UCCA IOUbTAIU REPOSCTORYC

L. J. Jardine, C. W. Ha, D. J. Hartman, R. C. Sit, and 8. J. Zavoshy,
Bechtel ational, Incorporated
San Francisco, California 94119

T. W. Laub
Sandia attonal LabaratorLas

Uuclear Waste Engineering Pro.ject. Division 6311
Albuquerque, New MexLco 87185

I. INTRODUCTION

A preliminary radiological safety anal;sis was performed fr the

normal operating conditions during the prec.losure period at the prospective

Yucca Mountain repository. Since the repos:.tory is designed to accommodate

spent fuel and defense high-level waste (DHIW), an estimate ws made of the

offuite domes and onsite occupational doves from l) anticipateS routine

releases of airborne radioactive materials aind from (2) the han linS of the

spent fuels and DHLW. This paper eumarie.v the methodology and calculated

offeite does resulting from. the postulated routine releases of airborne

radioactive materials from the wate-handlirg building through inhalation

and immersion pathways. The calculated onolte occupational doses from the

inhalation, immersion, and direct exposure athways will be reported

elsewhere at a later date.

It. SURFACE WASTE-ANDLInG FACILITY AND MAJOR ACTIVITIES

The paper focuses on the wastemhandling building of the relository

during the preclosure waste-emplacement period. The assumed rejository

configuration includes a single waste-handling building in whict. no spent

fuel is consolidated. The repository configuration is subject lo further

study in future design activities. A schematic layout of the

waste-handling building is given in Figure 1. Major activities and

operations associated with each general area are .isted in Tabli 1.

aThis work was supported by the U.S. Departmint of Energy WSI roJect
through a Sandia National Laboratories subcentract.
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Figure 1

Schematic General Arranemwent of the
Waste-Handling Bulding
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Table 1

MaJOr Activities nd operations Performed in the Main Sarface
Waste-Handling Building

MAOR AREAS MUJOi ACTIVITIES L PERATIONS

1. Cask receiving and shipping bay

2. Cask preparation area

0 Transfer hipping casks from

offsite trucks or rilcars to cask

preparation areg.

O Sample cask nner civity gases.

o Remov cask outer c were and

unbolt nner lids.

O Decontaminate cask mteriors and

interior.

3. Unloading hot cells o Remove cask inner .ds and

transfer spent fuel

assemblieu/DHLW can uters from

shipping casks into mplacement

contalners.

O Weld covers to emplacement

containers.

O Inspect wlds and dcontaminate

containers.

4. Inspection hot cells

5. Surface storage vault

o Nove containers to transfer care

and move cars to transfer station.

O Store emplacement ccntainer in
.ault temporarily or transfer to

underround emplacement area via

iinderLround transporterm.

444BY-8/0271Y 3 05119/as
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The repository will receive annually up to 3,000 matrle tcn of

uranium (MTU) of spent fuel and up to 800 cnisters of DHIM. total of 60

percent of the spent fuel is assumed to onsist of pressurized-water

reactor (PWR) fuel with an average burnup of 33 GD/KZU, and 4C percent
boiling-water reactor (WR) fuel with an average burnup of 27.5 CGWD/KTU.

This ratio corresponds to an annual throushut of 3,901 PWR fuel assemblies

and 6,547 WR fuel assemblies. These spent fuel assemblies and DHLW

canisters will be unloaded from shipping calks irn an unloading hot cell and

placed in sealed containers, hich will be ransferred to the uderground

facility for permanent emplacement.

During normal repository operations, oly gaseous and airbrne

particulate rdioactive effluents generated from handling operationu for

spent fuel may contribute to the off ite radLological exposures. Direct

radiations from pent fuels end DLW canistrs cannot contributi

significantly to the offoLte doses because of the combination oa the

shielding provided for these sources and betaune of the distanci (5 km)

from the waste-handling building to the sito boundary. For noreal

operations, the saled DLW canisters will contribute no gaseou or

airborne radioactive particulate effluent. Thus, only potentia. gaseous

and airborne radioactive releases associateL with spent fuel nd to be

assessed.

Table 1 indicates that during the wautc-handling operations, spent

fuel is contained either n shipping casks r in emplacement coitainer.,

except during the handling operations in the unloading hot cll It 

therefore assumed that airborne radioactive materials from open; fuel will
be released only into the unloading hot cell prior to their eXhiust to the

atmosphere via the VAC filtration system. During normal waste transfers

and handling operations, two mchanisms may result in the releaj;e of

airborne radioactive materials within the unloading hot cell. 'he

mechnLisms are (l) spallation of radioactive crud particles froti the

exterior surfaces of the fuel assemblies and (2) releases of gaieous and
volatile fssion products from cracked or failed fuel ssemblies. These
mechanism are discussed below.

4448Y-8/0271Y _ a _ 05/19/B8
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III. POTENTIAL AIRBORNE RADIOACTIVE SOURCS IERMS

A. Crud Particles

Spent fuel assembliei are known to contain radioactive deroslts, or

crud, on their exterior cladding surfaces. These crud eposits are not

always tightly bound; hence, spallation of rud from the surface of the

fuel assembly can occur during dry handling operations. Any ipillatlon of

crud particles during unloadins of the ship:)ing cask and other ry handling

operations in the hot cell may generate omi airborne radioactive source

terms within the unloading hot cell.

Typical crud characteristics have been assessed in teratire urveys

for both PWR and WR spent fuel.'2 Becaus a repository handlus spent

fuel 5 years or older, Co-60, with its relaltively ons (5.3-yea?)

half-life, is the only major radioactive cosponent of concern L% crud. The

radioactivity of Co-60 in crud found on fue:. rods at the time o! reactor
2. 2' 2

shutdown were reported to ranae from 0. t 140 Ci/cm (per ca

of rod exterior surface area) for PWRs and rom 7 to 1,250 CL'cm2 for

Ws. Preliminary estimates of radioactivit.y were based on ass sd verage

concentrations of Co-60 of 10 ei/cm 2 and 510 VCi/cm at the t e

of reactor shutdown for PWR and WR fuel assemblies, respective.y.

Based on the estimated surface area dimensions of PWR and WR fuel

assemblies,3 the total available radioactive. inventory of Co-60. was

calculated a 0.9 C and 13 Ci for each O-year-old PWR and Wa spent fuel

assembly, respectively. The total inventory of Co-60 on the u-faces of

the PWR and BWR assemblies processed annually by the repository was

estimated at x10 Ci. There are no data or the fraction of th% crud

inventory that spells off from spent fuel assemblies during nonsal handling

operations. To estimate the airborne source trm within the un..oading hot

cell, it was assumed that 1 percent of the crud deposits on the pent fuel

assemblies may spell from the surface of assemblies a airborne

particulates (particles with a diameter of less than 10 microns: within the

unloading hot cell. Table 2 ummarizes the radioactivity of thg airborne

crud particulates.

444BY-B/0271Y - - 0/19/88
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Estimate of Airborne Rdioactivity Rleasod within te nloading
Hot Cll Annually from Failal Spent Fuel and Crud

Total
Airborne
Attivity
Released
within the
Unloading
Not Cll
(C. tyr)

BWR
Isotopic
Inventory,
lCies zemblv)

PWR
Isotopic
Inventorya
(CI/ssembly)

Total
Airborne
Activity
Released
to the
Atmosphere
1Ci /Yr)

Crud
Earticles

Co-60

Failed
Fuel

H-3
C-14
Kr-Ss
1-129
Cs-134
Cs-135
C-137
Da-137m

7.3E+01
2. 8E-01
7.214-02
4.$S-03
6.8E+02
6 .6E-02
1. 2E+04
1. 2E+04

9.01-01

2. E+02
7.2E-0l
2.2z+03
1.5E-02
2.41+03
1.61-01
3. 8E+04
3.61+04

9 .OE+02

2.6t+02td
9.31-02ct
G.OE+03c,4

7.BE+tOC,d
S g.s- 0 4 c ,d
1. 31+02cld
1 . 2+D2 , t

9.05-02

2 .6+02
9. 3E-01
8.01+03
9.SZ-05
7 .8E-04
5.1t-OS
1.31-02
1. 2E-02

B.5E+03 B .3t+03

Notes: a. Data based on 10-yr-old spent
PWR fuel and 27.5 GWD/MTU for

fuEal vith burnupo
EBR fu4l. 3

of 33 WD/ITU for

b . 1.3E+01 13x101 .

c. Data based on 3,901 PWR fuel
asgamblies handled annually.

d. Data based on the assumption
annually.

assembles and 6,547 iE fuel

thait 0.2 percent of rols fail

444BY-8/0271Y - 6 - 05/10/86



D. Failed OY \

Failed fuel i dfined in this paper s.u fuel rods in whict' the

cladding hs at soma time been breached. If the cladding of a rod has boon

breached, a fraction of volatile fission poducts and gases in the gap and

plenum areas can escape rom, the fuel rod s airborne radioact..vity. uel

cladding failures have occurred during nornal reactor operatiao a a

consequence of fuel pellet-cladding interactions, cladding hydiidg. and

cladding orrosion. Although some fuel rcds discharged from . reactor

may not have-been completely breached, the failure vachanisms an

contribute to the degradation of the cladding to the extent tht stresses,

impact force., or vibrations encountered during normal transpottation and

handling operations at the repository may cause rod failuro at the

repository, thereby producing an airborne radioactive source trm.

The number of failed fuel rods used to estliate this airbcrne

radioactive source terms is assumed to include those resulting from

repository handling operations, reactor operations, and tranopirtation

operations. Failed fuel due to reactor operations is conservatively

included because of the possibility that a claddl.n$ breach may subsequently

reseal itself before reactor discharge. Fuel failures that occur during

transportation release into the cask cavity a portion of the gap

radioactivity, which will be either collected at the rpositor) or released

into the unloading hot eall during fuel unl.adint operations. On the basis

of published dta, 4'56an average value of 0.1 percent (by nuiber of

rods) was assumed for the fuel failure ratei during reactor opsrations.

This value is assumed applicable to both PA and WR fuei.

Published data on fuel cladding failur-s during transportation and

handling operations in the hot cell could nt be identified. It is assumed

that the fuel falure rate for the combinatLon of transportatio and

repository handling operations equals the fuel failure rate for reactor

operations (0.1 percent). The total fuel failure rate s, thermfore,

0.2 percent of the fuel rods received.

,,BtST AVALALE CZPY#
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Por each failed fuel rod, the release. gaseous fission pr ducts are

assumed to consist of H-3, C-14, and Kr-B5. A total of 30 per ent of the

Kr-aS and 10 percent of the H-3 and C-14 invontory in fuel as lemblion

are assumed to be released when the claddir. i breathed. Revnit

experiments8 indicated that the typical friction of r-S and 11-3

released from the fuel rod gap and plenum Is boat to 4 ercint of the

total inventory, even for burnupt o high so 56 CW/ITU. Thus the

fractions of 0.3 and 0.1 assumed in this study for releases frim failed

fuel are believed to be conservative.

On the basL of an empirical model reported by Lorenz at a l. ,0

the fractions of iodine and cesium released when the cladding ! breached

at 900 C are S.3x10 and 2.8x10 , rspectively. Such a tmperature

lc much greater than any temperature that the spent fuel could ver be

expected to experience at the repository during normal operatitni.

Therefore, these source terms are believed to be conservative. Tor a

repository environment, it e assumed that the odine is released in a

gaseous form and cesium in a particulate form.

3
Using the radionuclide inventories of Roddy ot 1.,3 the C.2

percent fuel failure rates, and the various radionuclide release

fractions discussed above, one can calculats the airborne radicactlvity

released annually from spent fuel into the anloading hot cell. The

results are shown in Table 2.

IV. MDONUCLIDE RELEASE AND TRANPORT ANKASES

A. adioactive Releases in Effluants

Airborne rdiosctive particles released from the spent fuel

assemblies into the unloading hot cell are i'Lrst filtered, by tha

ventilation exhaust system before being relonaed to the atmouphere.

Since the proposed filtration System is comosed of at least tw3

high-efficiency particulate ir (HEPA) filter in series, the cmbined

filtration fflclency is expected to be 99.i9 percent. This ef icisncy

results in a filtration decontamination fecitor (DF) of 10 4 for any

- EST AILABLE cPY"
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airborne particle, such as the Co-60 n crud and the C-134, :-135,

Cs-137, and Ua-137m from failed fuel. The aseous and volatile

radionuclides (such as r-S5, H-3, C-14, rd -129) released L!u the hot

cell are assumed to be released directly tc the atmosphere, co raponding

to a filtration DF of 1.

When these two D factors are combined with the postulatot. airborne

radioactivity rleases into the hot cell in Table 2, an estimated maxim

of .3x10 Ci could be released to the atmosphere annually.

Essentially 9.percent of the radioactivity released in the

waste-handling building effluents comas from Kr-8S and 3 prett from

K-3. The other radionuclides ontribute less than 0.01 prceni to the

total estimated curie releases. In addition, any deposition a 6 plateout

of airborne radionuclide. inside the unloading hot cell or casi cavities

were neglected.

S. Atmospheric Dispersion

To evaluate the annual-averale atmospheric dispersion factor

(/Q), a multisector analysis was performed. The annual-averaze wind

data wre derived from the meteorological Liformation presented by

Church at al.l1l2 Beecause atmospheric tailitty data are not yet

available for the ucca Mountain site, these wind data wre suemed to be

Pasquill Stability Class F which i conservative for a ground level

release. Annual-average atmospheric disperiuLon factors for 16 compaui

directions (, NNE, NE, etc.) and four distances (5, 20, 40, anl 60 km)

from the main waste-handling building for a round level release wre

calculated. The site boundary was assumed ;0 be 5 ka from the :eleasa

point.

BEST 4IAlLA.fBLE Cf
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V. RADIATION DOSE ASSESSMENTS

Radiation doses were calculated for eterntl exposures coised by

imersion n the pssing effluent plume antl for internal doses caused by

inhalation of airborne radionuclides. The methcdclogy dGecribhd in

Rsulatory Cuid* 1.10913 was followed.

A. aximum Individual Dose

For a ground-level rlease, the maximum a./Q value is .OxLO

eoof from the 8E direction at 5 m from the repository. Tle 3

eutmarizes the calculated annual doses rort the inhalation nd imargion

pathways to a hypothetical maximally exposed individual t thls offeito

location.

Table 3 indicates that the maximum whc~L-body does to an ffslte

individual from the inhalation pathway is .01 mrsm/yr. The asociated

critical organ dose la 0.04 mrem/yr to the lung. The dosE du to

immernion are 0.35 mremyr to the skin and 0.004 itrem/yr to thi whole

body. Contributions from crud (Co-60) acccunt for approximate.y

55 percent of the annual lung doses in Table 3; the remaining .5 percent

La caused by H-3 (30 percent) and r-85 (15 percont) associate,. with

releases from failed fuel. All these doses are well below the 40 CFR 191

Subpart A limits of 25 mrem/yr to the whole body, 75 mrer/yr t the

thyroid, and 25 mrer/yr to any other critical organ.4

"BSsT t.VALW COPY.'
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Table 3

Jlial Radiation Doses to a Hypothetical. aximally Exposed. Offsite
Individual for Cround-Level Releases

Inhalation Dose (reilyr) Imersion Dose (rem/y

Done
.untam>_ _Bone Surface

Red Done
_arrowIsotope

whole
Liver BodX

Crud Particles

Co-60 1.48-06i 1.88-05 I. E-06 1. 2E-06 1. SE-06 2.A8-06 4.48-08

Failed Fuel

I

ea C-14
Kr-as

I T .. -_1 n

Cs-134
Cs-135
Cs-137
Bm-13 i

Beta Skin

8. 65-10

O.08.00
7.5E-10
3.4-04
: . * 

1.8E-U
1.681.5
5.58-10
1. 28-10

1 .0E-05
1.08-07
0. 08400

l.OE-08

I l-13
1.4"70
0.08.00

1.0K-05
1.01!-07
4.9E-06

1W no_2. _E _.
2. 4E-09
2.3E-14
3.0E-08
0.OE+0O

3.78-06
5.3E-07
O .OE+OO

9.28-09
2.2S-13
1.AX-07
O.OE400

6.68-O6
1. 2E-08
O.OE+0O
I *5w 11

1. 18-08
1. 3E-13
1.7E-07
O.OE+OO

. 3E-06
0. 8+00
0.OE400
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3. Population Doses

To determine the ppulation dose, the population withLn 0 km of the

repository (totaling about 1,000) wa cLidered. This i coisetant with

the methods established by the Nuclear Regulatory Commisuion fr nuclear

power plants.15

The population done was evaluated for a round-levol relo;ios, and the

result. are ummarized n Table 4. Table 4 indicateg that the nnual total

population dose (whole body) is 0.004 man-tem/yr.

VI. CONCLUSIONS

Offeite doses from the inhalation and ImmersLon pathways ere

calculated for the public uin a et of stimated airborne sot roe terme

and parameters for the effluent treatment system of the waato-lmndling

building under normal repository operation.. AlthouSh no operating

experience or data for the ource trms exist for a nuclear waite

repository, these estimated source terms wre judged to be mort svore than

those likely to be encountered. Consequently, the releases of radioactive

materials and the associated calculated offmite doses are boltived to

represent upper bounds.

For round-level releamem, these sourcs terms resulted n a calculated

whole-body dome of 0.01 mrem/yr and a crtial organ lung doe of 0.04

mrem/yr for a maximally xposed, offeite inLividual. The hypothetical

individual was assumed to be at the ite boundary, 5 km from ts release

point. These calculated doses are wll belsaw ths EPA limits £cr normal
operations of 25 mrem/yr to the wole body r 75 rem/yr to the thyroid and
25 mrem/yr to any other critical organ, as ast frth in 4 CR 191.

"BEST AVAILABLE COGr
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Table 4

lmmal Total Population ozes for a 80 kmn Radius from
the Yucca Hountain Repository for Ground-Level Releases

Inhalation Dose (man-remyr)

g

Immersion Dose (man-re/yr)g

Done Red Done Whole |
Source Trm Thyoi t e Dmoe Surface Narrow Liver O | Beta Skn Who Ip

I 1
Crud Particles 5.2Z-04 6.41-03 4.4-04 4.4E-04 5.68-4 1.01-03 1.6-5 3.107 2.0-05 1
Failed Fuel 3.91-3 5.61-03 1.6E-03 2.4e-03 3.0E-03 3.18-03 3.98-03 | 1.3r-O1 1.S-03

I I
Total Duose 4.5E-03 1.21-02 2.11-03 2.9E-03 3.68-03 4.18-03 4.01-03 | 1.3C-01 1.5103 

CD
I

C

4457Y-6/0273Y 05/19/n
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The corresponding total population dose (whole-body) f members

of the public within 80 km radius from th te was alculatCd to be

0.004 man-rem for ground-level releases. uch doses are not tgnificant

compared with the background radiation 40es received by the tttl

population of approximately 11,000 within the 80 km radius fror the

prospective repository ite near Yucca Mountain. Therefore, tMiu

preliminary study concludes that, during normal preclosure repcsitory

operations, public exposures from airborne radioactive release. will be

well below te EPA limits.

I

"PEST AVAIUBLE COPY"
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RIB Data Used in this Study:

RIB Section o. Description

2.6.2 Waste receipt rates:
3,000 hTUyr spent fuel

400 MTU/yr HW

Average spent fuel burnup:
33 WD/fTU (PWR)

27.5 GWD/HTU (WR)

2.1.1.2.1-2

Data that ay be Added to RIB:

Because of the preliminary nature of this study, the results are not

recomended for inclusion in the RIB.

SEPDB Information

There is no information in this study for inclusion in the SEPDB.

t .t
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Offgiti--S.diation [oes Rultirgt rom %smic Everta
at the Yucca Mountain Repository

C. W. a and L. J. Jardine
Bechtel ational, Inc.

bj ectiva
This paper describes a study to evaluate the offuite rdiolog:.cal
consequences from seismic events that are postulated to occur during the
preclosure period at the proposed Yucca ountain repository. In thli
study, the radiation doses to a maximally exposed member of ta public at
the site boundary are described. The work reported hre i prt of a
larger preliminary study of the costs and benefits of deisgni4. the
waste-handling building (HB) at the repository for seismic 1ents of
varying severity.

Mtods
Four structural damage states have been specified for the WHB These
damage states are defined and quantified in trs of structursl
deformations, rack sizes, and pelling concrete pieces of tht WHB's
reinforced concrete walls. The damage ie caused by seismic aeante, of
increasing severity, that exceed the seismic design bases. bh ring an
earthquake, palling concrete pieces may hit and damase spent fuel
assemblies that are being processed or that are tmporarily siored in the
hot ells. This damage may result in the release of () r-B! from 
breached fuel rods and (2) airborne particulates from the fractured spent
fuel pellets. or each of the four damage states, impact eneigy, source
terms, radionuclide release fractions, airborne particulate dposition,
and atmospheric disperlon were estimated. Radlatian doses wre then
determined for a aximally exposed individal at the site bourary, 5 km
from the release point. or a given seismic design, each dams go state
has a specific probability of occurrence. These probabilities were
calculated for five seismic design bases (.2 to 1.0 ) by ntegrating
the site-specific seismic hazard and the structural fragility of the WH9.

Results
The study showed that the source term of ta airborne spent fl
particulates is the dominant factor in the radiation dose to n
individual offsite. The individual doses ranged from to a aximum of 9
rem for the worst case. However, all of te calculated probatilities of
damage states rsulting in significant offsite doses are le than about
10-8/yr for the various seismic design bases. These extremel) small
probabilities suggest that the occurrence f uch damage states and the
corresponding cffsite doses resulting from any ostulated seismic event
are not credible, These results are uimmlAzed n igure 1.

Conelusions
Significant offaite doses occurring as a cnsequence of seismic events
exceeding the eismic design bases studied are incredible. Ts, t s
concluded that seismic events exceeding th WHB seismic deslrg bases will
not result in any offaite doses that are bth credible and esinificant
during the preclosure period.
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Relevance of Partial Saturation to the Mechanical Behavior of Tuffs*

Francis B. Nimick and Ralph R. Peters
Nuclear Waste Repository Technology Department
Sandia National Laboratories
Albuquerque, NM 87185

ABSTRACT: In this paper, equivalent confining pressures are estimated
for samples of tuff using an expression that relates capillary pressure
and effective confining pressure to the saturation state of the pores.
These confining pressures are compared to the pressures calculated from
strain measurements during drying; the calculations use elasticity
theory.

It is found that stresses and strains are caused by capillary forces in
certain partially saturated rocks. This phenomenon has a direct impact
on experiments that rely on strain measurements to calculate a rock
property. Specific problem areas are the performance of unconfined
mechanical tests, calculation of elastic parameters from laboratory data
on unjacketed samples, and determination of in situ stress by any method
involving stress relaxation.

1 INTRODUCTION

For many years, the rock mechanics community has been aware of the
potential effects of water on the compressive strength of rock. Qualita-
tively, wet rocks are weaker than dry rocks. Paterson (1978) provides a
summary of the literature pertaining to the topic; some of the more
detailed papers include Colback and Wiid (1965), Chenevert (1969), and
Michalopoulous and Triandafilidis (1976).

The explanations for the relative values of compressive strength
include (1) a decrease in the surface free energy of the solid framework
in the presence of water (Colback and Wiid, 1965; Swolfs, 1972); (2)
enhanced mobility of dislocations in minerals (Griggs and Blacic, 1965;
Griggs, 1967); and (3) an increase in the effective confining pressure
caused by the capillary forces in the pores of a partially saturated
(i.e., air-dried) rock (Chenevert, 1969; Rao et al., 1987).

*This work was supported by the U.S. Department of Energy (U.S. DOE)
under contract DE-AC04-76DP00789. The data used in the study were
obtained on samples taken from Yucca Mountain, Nevada, as part of the
Yucca Mountain Project, which is administered by the Nevada Operations
Office of the U.S. Department of Energy.



Data are available from a number of tuffaceous samples which support
the last of the possible explanations mentioned above. In the following
sections, these data are described; the description includes both the
experimental observations and some associated hypotheses concerning the
physics of the process. More importantly, two separate lines of experi-
mental evidence lead to similar, quantitative estimates of the capillary
forces in the pores of partially saturated samples.
Although the data to be discussed in subsequent sections are interest-

ing, similar observations have been made in other rock types in the past.
The goal of this paper is to use the quantitative estimates of pore
pressures as a spur to outline the implications for routine measurements
of mechanical properties in the laboratory and in the field.

2 DESCRIPTION OF DATA

During the more than eight years that samples from Yucca Mountain have
been tested, several sets of data were collected by different investiga-
tors to determine different rock properties. First, the length changes
of a number of saturated samples were examined using a dilatometer while
they were equilibrating with ambient laboratory conditions. The
combination of this first data set with a second data set of elastic
properties (e.g., Young's moduli, Poisson's ratios) obtained on a
different set of samples during uniaxial compression tests allowed the
calculation of equivalent pressures which would have caused the same
strains if the dilatometer samples had been subjected to hydrostatic
compression. Finally, hydrologic properties were measured on a third set
of samples; these properties have been used in several equations from the
hydrologic literature to estimate pore pressures as a function of the
saturation of the pores.

2.1 Dilatometric Data

The first set of data (see Table 1) is a collection of strain
measurements that were made on eleven small (2.54 x 0.32 x 0.32 cm)
samples of four types of tuff (two welded devitrified, one welded vitric,
two nonwelded vitric, and six nonwelded zeolitic). Each sample was
saturated and then placed in a dual-pushrod dilatometer and allowed to
equilibrate with the laboratory environment (i.e., ambient temperature
and relative humidity). The measure of equilibration was achievement of
stable length within the resolution of the dilatometer (approximately 4 x
10-5 in.). Without exception, the samples contracted and reached stable
lengths in 5 to 40 hr. The strains experienced by the samples ranged
from 0.0001 to 0.0023.

2.2 Elastic Properties

The contraction of the samples must be caused by forces exerted on the
samples. In order to relate the sample contractions to the causative
forces, the relationship between applied stresses and the resulting
strains must be known. It has been determined from many compression
experiments that, in general, the tuffs at Yucca Mountain are linearly
elastic materials for most of the range of stresses below the failure
stress. Consequently, elastic theory is used to relate the sample

2
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contractions to the causative forces. The second data set, consisting of
values for Young's moduli (E) and Poisson's ratios () for the
interest, is given in Table 1, together with the data from the
dilatometer measurements.

tuffs of

Table 1. Observed Strains, Elastic Properties, and Calculated Equivalent
Confining Pressures for Dilatometric Properties

Time to Equivalent
Stable Young's Confining

Tuff Length Observed Modulusd Poisson's Pressured
Sample ID& Typeb (hr) Straine (GPa) Ratiod (MPa)

G1-504.1
G1-1151.1
G1-1288.9
Gl-1342
G1-1362.4
G1-1395.8
G1-1470.2
G1-1470.7
G1-1744
G1-1763.7
G1-1799.8

wd
wd
Wv

WV

nwv
nwz
nwz
nwz
nwz
nwz
nwz

35
12
15
30
5

>20
30
15
40
>7f
30

0.00010
0.00016
0.00010
0.00020
0.00016
0.00228f
0.00168
0.00174
0.00144
0 . 0 0 1 0 4 f
0.00182

19.9
32.7
23.7
15.8
15.8
6.0
6.0
6.0
11.5
11.5
11.5

± 3.0
± 4.6
± 2.5'
± 2.00
± 2.0'
± 1.8
± 1.8
± 1.8
± 4.0
± 4.0
± 4.0

0.17
0.22
0.15
0.17
0.17
0.23
0.23
0.23
0.16
0.16
0.16

± 0.04
± 0.03
± 0.05'
± 0.05'
± 0.05'
± 0.05
± 0.05
± 0.05
± 0.050
± 0.05'
± 0.050

3.0 ± 1.6
9.3 ± 3.3
3.4 ± 1.7
4.8 ± 1.5
3.8 ± 1.4

>25.3 ± 8.9
18.7 ± 6.6
19.3 ± 6.8
24.4 ± 9.2

>17.6f ± 6.7
30.8 ±11.7

a. All samples are from Corehole USW G-1; the number in the sample ID is
the sampling depth in feet.

b. wd - welded devitrified; wv - welded vitric; nwv - nonwelded vitric;
nwz - nonwelded zeolitized.

c. Standard deviations are not available for strain. An equivalent, in
the form of experiment uncertainty, is estimated to be approximately
4.8 x 10-5.

d. Numbers given are the mean value and one standard deviation (n-l)
degrees of freedom) for samples from this tuff type.

e. Data available for one experiment only; value for standard deviation
assumed based on expert judgement.

f. No upper limit is available because temperature was increased before
a stable length was achieved.

2.3 Estimated Stresses

It is assumed that length changes in the contracting samples occur by
elastic deformation of an isotropic homogeneous material. Thus, the two
elastic properties (E and ) and the observed axial strains () are used
to estimate the equivalent confining pressure (P,) to which each dilato-
metric sample would need to be subjected to obtain the observed axial
strain:

c atl-2 v) (1)
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In addition, the uncertainty (U) in the calculated value of P can be
estimated using the following equation (derived from Equation 1 using the
approach of Abernethy et al., 1985):

Up - (1 - 2LIf(EU£) + (aUE + 2 aE ] (2)

The calculated values of P and U also are given in Table 1.
c PC

The uncertainties in P that are shown in Table 1 as standard devia-
tions are relatively large, ranging from 31 to 53% of the calculated
values. The size of these uncertainties is attributable to the vari-
ability of the materials, as reflected in the standard deviations for the
two elastic parameters, and to the large relative uncertainty in the
strain data.

2.4 Hydrologic Theory

In partially saturated rock, the pressure of water in the pores is nega-
tive and exerts a stress on the pore walls that is assumed to be equiva-
lent to a hydrostatic confining pressure applied to the exterior of the
rock. Capillary-bundle theory (e.g., Hillel, 1971) can be used to esti-
mate the capillary pressure as a function of the pore-size distribution
of the rock sample. In general, if two rock samples have the same
saturation, the capillary pressure and the confining pressure resulting
from capillary forces will be larger for the sample with smaller pores.
One can relate the capillary pressure to the resulting confining pressure
if the functional relationship between sample saturation and capillary
pressure is known (e.g., McTigue et al., 1984).

The third set of data available for rock samples from Yucca Mountain
consists of data relating sample saturation and capillary forces. These
data were obtained by drying the sample and measuring the relative
humidity of air in thermodynamic equilibrium with the sample. The
capillary pressure in the sample may be determined using the relative-
humidity value and the psychrometric equation (see Campbell, 1977)

- -(R/M)T ln (RH/100) , (3)

where is the capillary pressure, R is the universal gas constant, M is
the molecular weight of the water, T is the absolute temperature, and RH
is the relative humidity (expressed in percent) of the air in equilibrium
with the sample. The data were taken as the sample was being dried; data
for a sample being saturated would show a general shift of the curve to
capillary-force values closer to zero. These sample-drying data are
appropriate for comparisons with the dilatometer data because the samples
in the dilatometer also were being dried. The curve used to fit the
saturation versus capillary-pressure data is based on a function
suggested by van Genuchten (1980).
The relationship between capillary pressure and an equivalent confining

pressure has been discussed by a variety of authors [see Narasimhan
(1982) and Rao et al. (1987)J. In the paper by McTigue et al. (1984) the
relationship between a change in capillary pressure and the resulting
change in stress is given by the following equation:

4
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do - (s - s) d (4)

where s is the saturation and s is the residual saturation.

Thus, in order to find the change in effective confining pressure
between some initial saturation (e.g., full saturation) and a given final
state (e.g., the saturation associated with a sample in equilibrium with
room air of a known relative humidity) the function relating saturation
and capillary pressure is substituted into Equation 4, which is then
integrated between the initial and final capillary pressures.
Calculation of the effective confining pressure resulting from the

capillary pressure in a specific sample of unsaturated tuff requires
knowledge of the relative humidity of the air during the time the samples
were tested in the dilatometer as well as the water saturation curve of
the dilatometer sample. Unfortunately, neither piece of information is
available for the dilatometric samples discussed earlier.

The approach that has been taken for this work is to obtain saturation
curves from data published for tuff which will maximize and minimize the
confining pressure that is calculated in the manner described above. The
values of capillary pressure that were selected as final states for the
integration in Equation 4 correspond to relative humidities of 20, 40,
60, and 80%. The range of relative humidities is used because the
laboratory humidity at the time of the dilatometer measurements is
unknown, but is estimated to lie in this range with the most probable
value(s) being less than 50%. Data for saturation curves were taken from
Peters et al. (1984).

3 RESULTS

Figures la-lc compare equivalent confining pressures that were estimated
using the two different techniques. The points plotted as a function of
relative humidity are obtained from hydrologic data: the vertical
brackets indicate the range of pressures calculated for each of the
dilatometer samples using measured strains from the first data set and
estimates of the elastic properties from the second data set (see
Table 1).

The following concepts are important to one's understanding of
Figure 1. The relative humidity of the laboratory during dilatometer
measurements is unknown. Thus, only qualitative statements can be made
about environmental conditions. Also, the values calculated from
hydrologic theory using data from a number of rock samples should provide
upper and lower bounds on pressures which are estimated by this
technique.
Figures la and lb show estimated confining pressures for welded

devitrified and nonwelded zeolitized tuff, respectively. In both cases,
pressures estimated from dilatometer and mechanical property data fall
within the bounds obtained from hydrologic theory. Also, estimated
confining pressures for these two rock types can be quite large,
especially for the zeolitized tuff.

Figure l presents data for samples of vitric tuff. Qualitatively,
because densely welded tuff has lower porosity, smaller average pore
diameters, and lower permeability, welded tuff should experience larger
equivalent confining pressures than would nonwelded vitric tuff under the
same conditions. Nonwelded vitric tuff is expected to experience equiva-

5



50.00
Q.

a
9140*00

30.00

I
6 20.00
U

10DC
D

I.

T'
I.

1- cI-3sg

6A0
20D 40* 60* O

Rebfive irnidly %
I00D

J.

50.00

4 40.00

30*0

I
i 20*00
U

.IO

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

I . I . I . I I 6 I

U t "

*. 0. 

CAC . . . . . . .
20.0 40* 60* SO 100D

Relative MIunidly ()

I40.00

2UO

m0

Figure 1. Estimated Confining Pressures in Tuff as Estimated by Two
Independent Techniques. Hydrologic Estimates are in the Left
Portion of Each Plot. Dilatometer-Mechanical Estimates are in
the Right Portion. la - Welded, Devitrified Tuff. lb -
Nonwelded, Zeolitized Tuff. lc - Vitric Tuff.

6



K>

lent confining pressures similar to those shown for the two lower sets of
points shown as a function of relative humidity in Figure lc. It is
inferred that the three vitric dilatometer samples all represent non-
welded or partially welded material, and that the two middle curves in
Figure c were obtained for moderately welded vitric tuff.

4 DISCUSSION

The preceding section presented calculations of equivalent confining
pressures estimated by two independent methods. The good agreement of
equivalent confining pressure values (Figure 1) determined by these two
methods implies that significant capillary forces may exist for condi-
tions of low relative humidity. Implications of the potential effects of
capillary forces on standard rock mechanics tests are discussed briefly
in the following sections.

4.1 Mechanical Property Testing

The relative effects of partial saturation on the compressive strength of
rocks have been previously observed. However, what apparently has not
been considered is the number of pitfalls awaiting one who is unaware of
the potential effects of reequilibration of samples during testing. For
example, performing a valid unconfined compression test using an
unjacketed saturated sample may be impossible for materials with
hydrologic properties similar to those of the zeolitized tuffs discussed
earlier. If the laboratory air is sufficiently dry that the sample loses
a substantial portion of its water, such tests actually may be equivalent
to tests performed under confining pressures of 30 Pa or more because of
capillary forces resulting from sample drying. For the zeolitized
samples, such confining pressures would increase the compressive strength
of the sample by more than 15% of the unconfined value and would change
the deformation behavior from linear-elastic toward nonlinear or ductile
behavior. In addition, samples would be subjected to a continually
increasing confining pressure from test initiation through sample failure
or sample moisture equilibration, whichever came first. The rate of this
pressure increase would not be steady, but would probably be
exponentially decreasing during a test. Thus, interpretation of the
resulting stress-strain data would be quite difficult.

The scenario discussed in the preceding paragraph would be more likely
at lower strain rates (or stress rates). Tests conducted at strain rates
of 10-6 s-1 or less will experience stresses resulting from capillary
effects unless a laboratory has relative humidities greater than 70 to
80%. In creep tests, strains caused by capillary forces could obscure
the transitions in creep behavior.

Finally, because of strain induced by capillary forces, erroneous
estimates of elastic parameters (e.g., Young's modulus and Poisson's
ratio) could be made. The stress-strain behavior during a 10-7 s test
has been calculated in two ways for each of two materials. First, the
strictly linear response was calculated using an average value for
Young's modulus. Second, the effect of capillary-force-induced strain
was added using the measured strains (as a function of time) for two of
the dilatometer samples. The apparent Young's moduli calculated for the
second case were lower than the average measured values by 8% for the

7



welded devitrified material and by 24% for the nonwelded zeolitized
material.

So far, the discussion has focused on rocks that began a test in an
initially saturated state. Similar problems will occur for rocks that
begin a test dry, especially for rocks that have been dried in an oven or
in a vacuum. Such rocks also will tend to equilibrate with the labora-
tory air, although evidence suggests that the rate of equilibration is
slower. Nevertheless, the reequilibration process will lead to equiva-
lent confining pressures in these samples as well.
The magnitude of the effects of capillary forces will vary depending on

the hydrologic properties of the rock, the relative humidity and tempera-
ture of the testing laboratory, the duration of an individual test, and
the geometry (especially the surface area) of the sample. The first
three of these factors have already been discussed. The fourth factor
addresses whether the sample is jacketed during testing. National and
international testing procedures (e.g., ASTM or ISRM) suggest that
samples be jacketed for all triaxial tests and for uniaxial creep tests
on soft rock. Procedures for uniaxial compression and tensile strength
tests do not address the need to jacket test samples.

If a sample is jacketed, the exposure to the laboratory environment
usually is, at most, through an open vent where pore pressure normally
would be monitored. This opening is a trivial amount of surface area
relative to the total area of a sample; therefore, jacketed samples
should undergo little if any reequilibration with the relative humidity
of a laboratory.

4.2 In Situ Stress Determination

Many techniques for the determination of in situ stress are based on the
measurement of sample strains resulting from stress relaxation and the
calculation of relevant stresses using a number of methods. These
techniques are subject to the same potential problems as are the labora-
tory tests. Samples collected from in situ states will change dimensions
if the air to which they are exposed has a relative humidity different
from the humidity value in equilibrium with the in situ saturation state
of the sample. The amount of dimension change will depend on the
hydrologic properties and the length of time over which the strain
measurements are made. For comparison, the dilatometer samples con-
tracted 0.1-2.3 millistrain when equilibrating with laboratory air.
During strain measurements for determining in situ stress, strains are of
the same magnitude (e.g., Teufel, 1981). Thus, the potential exists for
strains induced by capillary forces to complicate or completely obscure
the strains expected from stress relaxation.

Conversely, if the in situ stress can be measured accurately, the
interpretation of the data may require modification from the usual
approach. Normally, three components of in situ stress are considered:
gravitational, tectonic, and residual. If a rock is partially saturated
in situ, then the capillary forces should be considered as a fourth
component. The capillary forces would be an effective hydrostatic stress
which contribute to all three principal stresses equally. According to
the calculations earlier in the paper, this effective hydrostatic stress
could comprise a significant portion of the overall in situ stresses.

8



5 SUMMARY AND CONCLUSIONS

Equivalent confining pressures caused by capillary forces in tuff have
been calculated using two methods--analysis of strains induced by
capillary forces and estimation using hydrologic theory. The equivalent
pressures calculated by the two methods are in substantial agreement.
All rock samples will experience equivalent confining pressures if they
are allowed to equilibrate with air of less than 100% relative humidity.
The magnitude of the equivalent confining pressures will be greater for
lower relative humidities, samples with smaller pores and lower porosity,
longer test times, and larger ratios of surface area to volume.

In the laboratory, unconfined tests (both tensile and compressive) are
subject to the potential problems associated with reequilibration. These
problems include the effects of an equivalent confining pressure on the
boundary conditions assumed for a test (i.e.,. that a test is being
conducted under a uniaxial state of stress) and potential errors in the
interpretation of strain data obtained during the test. Elastic param-
eters may be in error because of additional strains caused by the
capillary forces. Creep behavior may be complicated or obscured by the
capillary-force-induced strains. If the equivalent confining pressure is
of sufficient magnitude, the deformation mode may change from elastic-
brittle to a more ductile response.
A similar understanding is important when strains are used to determine

the in situ stress state. The strains induced by capillary forces could
be as large as those that result from stress relaxation. Such relative
magnitudes may invalidate in situ stresses calculated from the strain
data.

The major conclusion of this paper takes the form of a recommendation.
In order to ensure that samples do not undergo strains as a result of
equilibration with the testing environment, two options exist. It is
strongly recommended that any sample on which strains are to be measured
should be

- isolated from the ambient relative
humidity by means of a jacket or
other coating material, or

- tested in a known environment with
which the sample is already in
equilibrium.

The latter option usually will be impractical for fully saturated or oven-
dried samples in a laboratory or for field measurements of in situ stress.
Thus, jacketing of samples immediately after achievement of the desired
saturation state of the sample would be the preferred option. This
approach should be added to those widely accepted testing procedures which
do not currently include such a provision.
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ABSTRACT: Considerations important to design of cast-in-place concrete
liners for repository shafts are discussed. Requirements for repository
shaft liners and design criteria appropriate to those requirements are
presented. Types of loads acting on a liner and modes of deformation are
discussed. Methods are proposed for calculating load magnitudes and
liner stresses and for evaluating liner performance.

1 INTRODUCTION

Vertical shafts are integral to the underground nuclear waste repository
program in the U.S., both for the site characterization and operations
phases. Following standard miinthg industry practice, cast-in-place
concrete liners are planned for some of these shafts. Even planned
composite liners for sites where groundwater inflow is a potential
problem will typically include an outer concrete liner cast directly
against the excavated rock (Poppen et al., 1987). Important advantages
of simple concrete liners include excellent security from rockfall,
convenient attachment of shaft equipment, low resistance to airflow,
contractor familiarity, and protection of the wall rock from weathering.

Shaft (and tunnel) liner design has historically been an important part
of underground engineering and has received extensive theoretical
investigation. Circular geometries, including cylindrical inclusions,
are mathematically tractable if simple idealizations for wall rock
behavior can be justified. However, a complete understanding of the true
nature of ground-liner Interaction that occurs after initial installation
has been and continues to be elusive. Various design approaches have
arisen in response to the wide range of conditions that have been
encountered at different installations. Before liners for deep
repository shafts are selected, a consistent design methodology must be
established that considers ground pressure, induced thermal and seismic
effects. This paper outlines such a methodology for design of cast-in
place concrete shaft liners. Its major steps are illustrated by the
flowchart in Figure 1. For initial design of shafts, a collection of
relatively simple analyses emphasizing closed-form solutions can be used
to calculate liner loads, determine critical stresses in the liner, and
evaluate the performance of the liner. Final verification of that design
for future licensing of the shafts as part of the repository s an
additional step that may include sensitivity studies, and detailed stress
analysis accounting for material nonlinearity and dynamic effects. The
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Figure 1. Flow chart of proposed liner design methodology.

overall methodology serves as a framework that
level of analysis considered appropriate.

remains valid for any

2 REQUIREMENTS

The general requirements for repository shafts are defined in the
hierarchy of requirement documents established for the national high-
level waste program by various U.S. government agencies. At the top
level of this hierarchy is 10 CFR Part 60.133 (NRC, 1986), which sets
performance objectives for repository openings that provide operational



safety and retriy tility requirements under expekd repository
conditions, specircally including thermal loading.

The Generic Requirements Document for a Mined Geologic Disposal System
(DOE. 1986), at the second level of the hierarchy, interprets and expands
these into more specific functional requirements for all repository
shafts. Appendix E of this document specifically applies to the
exploratory shafts and requires their liners to; 1) provide structural
integrity to the shaft opening, 2) provide a means for anchoring shaft
fittings, 3) provide water control, and 4) complement operational seals.
Appendix E also requires the exploratory shaft liners to be designed and
constructed with the same criteria, standards, and quality assurance
levels required for the repository (to the extent known at the time of
their design).

Further U.S. Government requirements will be site specific but have not
been fully developed as of this writing. Shafts excavated through water-
bearing strata, however, will require strict water control. If
dissolution of the host rock by water is a potential issue, watertight
liners will be required. Water control will not be as crucial where
essentially dry conditions may be confidently predicted for the
preclosure life of the facility and where the host rock has a low
solubility. Similarly, requirements for resistance to seismic loads will
reflect shaft functions and the anticipated natural and manmade seismic
environment.

It is crucial that the requirements and performance criteria adopted
realistically reflect the importance of specific shafts to public health
and safety and the consequences of liner failure.

3 DATA BASE

The repository shaft design will benefit from a detailed data base
obtained from exploratory shaft facility testing programs, but the
exploratory shafts themselves must be designed with only preliminary site
data obtained by drilling from the surface. When more detailed site data
has been collected through testing and monitoring at the underground test
facility, it is possible these shafts may need to be retrofitted to meet
repository performance requirements, especially regarding thermal
loading. This possibility can be minimized with a suitably conservative
initial design. Retrofitting, if required, could be performed by several
methods that will not present major construction difficulties with this
type of liner.

4 UNLIHED SHAFT BEHAVIOR

Although shafts may be sunk and lined by several methods, standard U.S.
mining practice is to cast a concrete liner concurrent with sinking. The
liner installation lags the sinking by some distance determined by
operational efficiency and support requirements. Geologic and
geotechnical mapping requirements may dictate the length of the unlined
section for exploration shafts. Some form of temporary support may be
required to assure a safe working environment and to minimize disturbance
of the rock mass before the liner is emplaced. The mode of rock behavior
in the unlined shaft section must be established, both for an initial
estimate of temporary support requirements and for selection of material
models for subsequent determination of liner loads. An analytical
approach is appropriate when the formation is generally massive. Such an



approach might ik..Ade using relatively simple cloSt4 form solutions to
check for inelastic behavior. Initial support requirements for an
elastoplastic material can be investigated using methods described by
Detournay and Fairhurst (1987), which enable determination of the relaxed
zone under nonuniform in situ stress conditions, as well as the internal
pressure required to limit its extent. A number of methods exist for
determining support requirements for blocks, providing the orientation of
joint sets (and preferably the specific location of major block-forming
joints) are known in advance of excavation. If inelastic or blocky
behavior is shown to be limited in extent under predicted conditions, or
can be reliably controlled with initial support, subsequent analysis of
liner loads may be simplified by using linear elastic methods. Empirical
methods, such as rock mass classifications, are useful for estimating
initial support requirements in tunnels but have not yet been fully
adapted and verified for vertical shaft use. Development of site-
specific rock mass classifications for future design would be a useful
output from the exploratory shaft program.

Initial support requirements can only be approximated prior to
excavation. The actual support installed will likely be determined
during construction, by the consensus of parties responsible for worker
safety.

5 LINER LOADS

5.1 General

Loads for liner design can be established after the mode of rock behavior
in an unlined shaft has been evaluated. The outer surface of a liner is
acted upon by radial and shear tractions that develop as the liner offers
passive resistance to distortions of the surrounding rock mass.
Tractions resulting from this interactiono behavior are often used as
'loads' in liner calculations. However, they differ from classic
engineering loads in that their magnitude depends on the stiffness ratio
between the liner and the rock. In this methodology, free-fieldn
stresses, strains and displacements (those that would occur at the shaft
location if the shaft did not exist) will be referred to as loads".
Defining loads in this manner makes them independent of the liner, and
also facilitates calculations by requiring interaction to be considered
only once during liner stress computations, rather than separately in
each load calculation. This s especially useful where different types
of loads are combined, which commonly occurs in repository shaft design
calculations.

5.2 Water Pressure

If a waterproof liner is required, then hydrostatic pressure will
generally dominate the liner design and is readily calculated.

6.3 Ground Pressure

In this discussion, the term ground pressure will be used for all loads
imposed on the shaft liner by the surrounding rock mass that arise from
the process of excavating the shaft.
If the unlined shaft analysis of Section 4 shows that the rock remains

elastic after excavation, then no support from the liner is required
although it must still fulfill other functional requirements. Ground



pressure will sty_) develop on the liner as a resiJof elastic expansion
of the newly unconfined rock as the shaft is deepened. The magnitude of
this load will be a function of the distance from the face to the point
of liner installation, and may be expressed as a percentage of the free-
field in situ stresses. Several studies of this phenomenon (e.g., Ranken
and Ghaboussi, 1975; Pariseau, 1977) have indicated little load will
develop in this manner if the liner is Installed further than one shaft
diameter from the advancing face. Mapping and other requirements in
repository shafts make it likely that this liner installation gap will be
greater than one diameter. For nitial design, a gap must be postulated
and the percentage determined. This percentage may be calculated by
numerical simulation of the excavation process. The value for the ground
pressure is generally less than 25S of the free-field in situ stress for
typical liner/rock stiffness ratios and practical construction sequences.
Ranken and Ghaboussi's work suggests that a 10 to 15% ratio is
appropriate if the liner is not installed closer than one shaft diameter
from the shaft bottom.

If the analysis shows that inelastic behavior will occur, then the
liner will have a structural ground-support function. One approach to
estimating the liner support requirements is to use a classic elastic-
plastic method in which it is assumed that the maximum pressure the liner
is likely to experience is the uniform internal pressure required to
eliminate inelastic rock behavior. This calculation is readily
performed, whether the initial rock stresses are isotropic or
anisotropic. However, the analysis is an oversimplification because it
is likely that the liner will neither apply a uniform pressure, nor be
installed sufficiently early to prevent inelastic behavior. A detailed
discussion of this approach is presented by Hustrulid (1984), who applied
it to a preliminary analysis of Nevada Nuclear Waste Storage
Investigation (NNWSI) project exploratory shafts. Although not
inherently conservative, the method tends to be conservative in practice.
An alternative is to perform a ground-liner interaction analysis (e.g.

Brady and Brown, 1985). This approach is simple if uniform in-situ
stresses can be assumed, because the relaxed zone around the shaft is
circular and the pressure exerted on the liner is uniform. If this
assumption is not valid, closed form calculations of ground pressures are
more difficult, although the solution discussed by Detournay and
Fairhurst (1977) may be applied. A better alternative is to use a more
general numerical model, such as a finite element model, which also
allows the interaction with the liner to be included in the analysis.

For initial design purposes it is recommended that the ground be
considered to behave elastically if nonlinear behavior is shown to be
limited in extent and stabilized by initial support. If substantial
inelastic behavior is predicted, then recourse must be made to a
numerical model in which the timing of liner installation is simulated.
Initial support may be designed to carry part of the ground pressure.
Concerns about the service life of initial support suggest the
conservative assumption that the initial support does not reduce liner
loads.
If long-term creep is expected, then the load on the liner will

eventually approach the in-situ stresses unless the shaft is
overexcavated and frangible backpacking is installed to compensate for
closure. The amount of overexcavation necessary to isolate the shaft may
be predicted from site-specific creep equations and the design life of
the shaft.
Final ground pressure loads are composed of free-field normal stresses

perpendicular to the vertical shaft axis. If the liner is cast directly



against, and supp--ted by, the rock, then vertical ads need not be
considered. A,4ignificant shear strains and cSatures are unlikely
to develop purely as a result of the excavation of the shaft.

5.4 Induced Thermal Loads

Thermal loads, resulting from expansion of the rock near emplacement
areas as it is heated by decaying waste, must be considered in designing
those shafts that will remain functional during the period of waste
emplacement. This induced* thermal loading takes the form of stresses
and strains imposed on the liner from far-field thermal expansion, rather
than stresses resulting from direct' thermal expansion (expansion of the
liner itself), and can be a significant effect. The load acts both
horizontally as a free-field stress increase, and vertically as an
extensional strain as the ground surface is uplifted. Due to standoff
distance from the emplacement areas, repository shafts will be largely
outside the thermal gradient during their functional period, and any
significant direct thermal expansion will be from ventilation effects.
Induced thermal loads are unique because they build very slowly, as the
heat from the decaying waste is slowly transferred to the surrounding
rock, and they only reach significant values late in the functional life
of the shaft liners.
Thermal analysis involves the following steps:
1. Preparing input data. The spatial layout, thermal loading, and

emplacement sequence of the waste emplacement areas relative to the shaft
must be determined.
2. Establishing initial and boundary conditions and model development.

Depending on the situation, plane strain, axisymmetric, or complete
three-dimensional analysis will be appropriate. Unless a very simple
emplacement geometry is assumed, computer modeling will be required.

3. Calculating the spatial and temporal rock temperature distribution
induced by the decaying waste.

4. Selecting an appropriate constitutive model for the rock, and
parameters for the model.
S. Computing thermally induced free-field stresses and/or strains at

the desired locations along the shaft axis.
Thermal loads will consist of a complete free-field stress or strain

tensor at critical locations along the shaft. In addition, curvatures
may be calculated from computed relative displacements along the shaft.

5.5 Seismic Loads

A seismic event, whether associated with an earthquake or an underground
explosion, generates elastic waves that propagate outward from the
source. The elastic waves induce transient stresses and strains in a
rock mass and, hence, in any embedded structure such as a shaft. The
effects on the structure will depend upon a number of parameters,
including the physical properties of the rock and the structure, and the
amplitude, frequency and duration of the ground motion. Seismic events
may also impose direct shear displacements on the shaft lining if they
cause movement along faults transecting the shaft axis.

Unlike surface structures such as buildings which tend to move and
deform independently when excited by earthquake-induced ground motions,
shaft liners move and distort compatibly with the ground in which they
are embedded. Hence, static analysis is appropriate. Also, if the
wavelength of the seismic pulse is relatively large with respect to the
opening diameter (i.e. if the rise time of the seismic impulse is long



relative to the tsit time of the wavefront acroAr-the opening), then
there will be no severe strain gradients across the structure. Hendron
and Fernandez (1983) propose that there will be little dynamic
amplification if the wavelength is at least 8 opening diameters. Since
the wavelength associated with the ground motion peak from an earthquake
is generally at least 10 times the diameter of a typical shaft, pseudo-
static' analysis will yield sufficient accuracy for most initial liner
analysis.

The general procedure for pseudo-static analysis involves:
1. Defining ground motions for a control point (usually the

intersection of the shaft axis at the bedrock or ground surface). A
deterministic approach can be followed In which the epicentral location
and maximum credible magnitude of earthquakes on known faults are
estimated, and control motions are calculated using a suitable distance-
attenuation function. Alternately, a probabilistic approach may be used
in which the spatial and temporal occurrence of earthquakes within each
potential earthquake source zone is represented by simple probabilistic
models. Using suitable attenuation functions for each travel path, the
annual probability of exceedance of a given level of ground motions at
the control point may be developed. Defining control ground motions is
one of the most difficult parts of the design, and a level of
conservatism appropriate to the level of uncertainty and consistent with
liner functions should be incorporated in these values. For pseudo-
static analysis the required control motion parameters are particle
velocity and acceleration, and three orthogonal components (two
horizontal and one vertical) will be required for each parameter.
2. Developing a suitable depth-attenuation relationship at the site so

that the magnitude of ground motions at various design points along the
shaft can be determined from the control motion. This is especially
important for soil sites, where modeling may be appropriate.
3. Determining the types of waveforms expected to arrive at the design

points, which may include dilatational (P) waves, horizontal (SH) and
vertical (SY) components of shear S) waves, and surface waves. The
contribution of each waveform to the control motion must be assessed, and
appropriate ranges of emergence angles of the waveforms must be
determined.
4. Calculating a tensor of free-field strains at each design point for

each waveform using equations for strain components in terms of particle
velocities, propagation velocities, and angles of incidence. In addition
to the strain tensor, curvatures can be calculated from accelerations.

5. Assessing the possibility of simultaneous arrival of different .
waveforms. If the epicentral distance from the shaft is great, it may be
possible to assume separation of P and S waves. A probabilistic
treatment of concurrent arrivals, assuming random phasing of the
different waveforms, can be approximated by the 100-40 rule (Newmark and
Hall, 1977), n which 100 percent of the strains due to particle motion
in one particular direction are combined with 40 percent of the strains
corresponding to the two orthogonal directions of motion. If it is not
clear which combination will provide the maximum stresses in the liner, a
number of seismic load combinations may have to be evaluated.

A fully dynamic analysis follows many of the above steps but requires
complete time history input. Beyond the scope of methods for initial
design, it may be part of a design confirmation for important shafts.

Loads for pseudo-static analysis consist of a complete free-field
stress or strain tensor at design locations along the shaft, as well as
curvatures to account for relative displacements of these points.
Seismic loads differ from the other loads in that they are transient, and



they oscillate k .,,een positive and negative valu<_

5.6 Load Combinations

Since all loads are specified as free field stresses, they can be
conveniently transformed to a suitable reference axis using conventional
stress transformation methods, and combined by simple addition. If there
is considerable uncertainty in orientation of the stress tensor (e.g.,
seismic), conservative assumptions should be made when combining loads.

6 MECHANICAL ANALYSIS

6.1 General

Non-repository shaft design practice has typically Involved calculating
only peak tangential stresses caused by inward radial rock pressure
acting on the exterior of the liner. lf the liner is cast against the
rock, vertical (axial) loads are assumed to be carried by the shaft
walls, hence vertical stresses in the liner are assumed to be negligible.
Curvature and shear are unlikely to be induced in a mine shaft liner
unless there is differential subsidence caused by underground mining.
For repositories, thermal loading and seismic effects require a more
complete mechanical treatment. Steps for mechanical analysis of a
repository shaft liner must include identifying important deformation
modes, selecting appropriate mathematical models to investigate each of
these modes, and properly combining deformation modes.

6.2 Important Deformation Modes

A three-dimensional model permits the most complete analysis f all the
modes of loading on the shaft are to be considered. However, if linear
elastic behavior is assumed, behavior modes can be analyzed independently
and combined using superposition if required.

Figure 2 illustrates three independent deformation modes: 1) hoop
deformation combined with axial deformation, 2) bending, and 3) shear.
Hoop is considered with bending because the two effects will be
considered together in the generalized plane-strain analysis discussed
later.

(a) Hoop deformation and (b) ending (c) Shear
axial strain

Figure 2. Modes of deformation of shaft liner.



6.3 Types of odk_. for Liner Deformation Modes K_>

Closed-form models for liner stress analysis may be subdivided into three
progressively more complex categories:
1. Models that assume the free-field strains in the rock are

transferred directly to the liner. These involve the least computation.
Results from this type of model will be accurate if the lining is less
stiff or equal n stiffness to the ground, and conservative if the liner
is substantially stiffer than the ground. Overconservatism may result in
relatively soft ground conditions, which s a disadvantage of this type
of analysis.
2. Models that analyze the liner as a free-standing ring-shaped

compression member subjected to externally-applied loading. Moments and
thrusts can then be calculated in the liner in a manner similar to beam
analysis, or peak fiber stresses calculated directly using elastic
equations. Interaction is not explicitly considered by these models, but
may be incorporated when calculating loads.

3. Models that analyze the liner and rock together as a system and
directly consider the interaction between them.
In general, any model selected should consider liner-rock interaction

in some fashion.

6.4 Hoop Deformation and Axial Strain

Ground pressure, thermal loads, and seismic loads can result in hoop
deformation, which is generally considered to be the most significant
mode of deformation in vertical shaft liners.
A closed-form linear elastic interaction analysis is suggested in which

loads may be applied to a model composed of a thick cylinder (liner)
embedded in a matrix (rock) with independent material properties. Such a
model should be capable of analyzing situations where applied loads are
anisotropic. Transfer of shear stresses at the liner-rock interface
(fully bonded condition) may be assumed for a cast-tn-place liner. A
generalized plane strain condition, in which an axial strain constraint
may be specified, is necessary for the case of simultaneous axial strain
and hoop deformation.

Figure 3 depicts a section through an example shaft, showing tangential
stresses at the inner circumference of the liner calculated using a
closed form interaction model. Nonuniform ground pressure and thermal
loads result in the liner stresses shown on the upper half of the figure.
A transient seismic loading caused by simultaneous arrival, at the
illustrated section, of a P-wave traveling vertically along the shaft

axis and a horizontally polarized, orthogonally incident S-wave results
in seismic stresses, shown independently in the lower portion of the
figure. Axial extensions from thermal uplift were imposed as boundary
conditions on the static analysis, and axial strains from the P wave on
the seismic analysis. It should be noted the specified seismic load
combination is improbable and was selected for illustrative purposes
only; it is unlikely that P and S waves will simultaneously arrive from
orthogonal directions.

6.5 Sending

Axial bending may result from curvatures associated with nonuniform,
thermally-induced displacements of the wall rock and with vertical or
Inclined S-waves incident on the shaft. Simple closed-form interaction
models of axial bending of an embedded liner are not available. It may be



Figure 3. Tangential stresses on the inner circumference of a typical
shaft liner under combined loading.

assumed that the liner will deform conformably with the rock mass. In
most situations bending alone will not be the critical deformation mode.
However, differential thermal loads at stratigraphic interfaces, and
extreme vertical or nclined shear waves could cause significant bending
strains. Bending causes axial and shear stresses, both of which should
be evaluated.

6.6 Shear

Direct shear may be caused by inclined Swaves or by thermal loading.
Closed form interaction solutions can be used to analyze shear behavior
on planes normal to the axis of the shaft, in which the shear is not
transferred directly from the free field, but causes the liner to flex as
a vertical beam.

7.0 LINER PERFORMHNCE

In the U.S., most concrete design is performed using the methods and
criteria outlined in the American Concrete Institute codes (ACI,1983ab).



These codes perm1i.Mo alternate design methods; testrength or
ultimate strength method, and the working stress or elastico method.
The strength approach is currently preferred for most reinforced concrete
design because it accounts for the redistribution of stresses due to the
nonlinear stress/strain behavior of concrete and results in a more
accurate appraisal of the ultimate strength of a member. In the working
stress approach, the member is proportioned to maintain stresses below an
allowable stress level. The working stress approach is sometimes called
the elastic' approach because linear elastic relationships are assumed
in stress analysis. The standard ACI allowable stress level for
compression is 45% of the 28-day concrete cylinder strength (cd below
which value the concrete exhibits essentially linear behavior. In
unreinforced concrete, which is used n the majority of deep circular
shafts in the U.S., both strength and working stress methods give
essentially the same results when standard load and capacity factors and
allowable stress levels are employed. Since this methodology suggests an
analytical approach where stresses are calculated in the liner, the
working stress method is the logical alternative.
There are important differences between liners and surface structures

that may lead to overconservatism when standard structural design
techniques are applied to shaft liners. A cast-in-place concrete liner
is not a free-standing structure that must support an externally applied
load, but reinforces the surrounding rock mass, which is often largely
self supporting. A relatively thick cylindrical liner Is inherently
stable under external loading conditions due to its cylindrical geometry.
Although it may crack, catastrophic failure cannot develop until
considerable post-yield displacement occurs. Structural instability
(failure in buckling modes) also is not likely. Except for water
pressure and long-term creep, which have ultimate levels independent of
the liner, liner loads typically lessen with liner deflection. Often
detrimental in surface structures, creep and shrinkage in the concrete
may be beneficial effects when loads are displacement-dependent, yet no
credit is typically taken for these effects in liner designs.
To ensure the integrity of the liner and to prevent a falling object

hazard in shafts where personnel are present, such as a hoisting shaft or
an exploratory shaft during the site characterization period, it is
recommended that an appropriate factor of safety be provided against the
possibility of compressive spalling. The ACI standard of 45% Vc will be
quite conservative, and will also permit elastic design methods. In
shafts where personnel and equipment exposure to falling concrete is
minimal, or where loads are transient, an increase to 60% f is
justified. These criteria are to prevent the onset of crushing and
spalling; it should be emphasized that exceeding these levels will not
result in collapse of the structure for the reasons mentioned earlier.

Shear strength criteria should account for increases in shear strength
due to the confinement of the concrete at the location of peak shear.
German practice in shaft design Link et al., 1985) permits shear
stresses in plain concrete of 2 3('c) under conditions of no
confinement; to account for confinement this level is increased by the
value of the smallest normal compressive stress across the plane of
shear.

In general, limited tensile cracking in an unreinforced non-waterproof
concrete liner may be disregarded because neither horizontal nor radial
tension cracks lead to a credible collapse mechanism. Even if a
waterproof liner is desired, minor tensile cracking in any outer concrete
shell cast against the rock is permissible as long as the structural
integrity of the waterproof membrane can be assured.



CONCLUSIONS

Shaft liner design for a nuclear waste repository differs in several
respects from liner design for other applications. The methodology
proposed in this paper provides a framework for design that is especially
relevant to the exploratory shaft program. It is hoped that performance
data gathered in that program will benefit future design of repository
shafts.

DISCLAIMER

The views expressed in this paper are those of the authors and do not
necessarily reflect those of the United State Government or any agency
thereof.
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APPENDIX

Information from the Reference Information Base
Used in this Report

This report contains no information from the Reference Information
Base.

Candidate Information
for the

Reference Information Base

This report contains no candidate information for the Reference
Information Base.

Candidate Information
for the

Site & Engineering Properties Data Base

This report contains no candidate information for the Site and
Engineering Properties Data Base.
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SUMMARY

A PROPOSED CONCRETE SHAFT LINER CESIGN METHOD
FOR UNDERGROUND NUCLEAR WASTE REPOSITORIES

Arehe M. Rchardson. Birger Schmidt
Parsons Brinckerhoff Quade & Douglas. Inc., San Francisco, CA. US;
Christopher . St. Johns Princip a Mechanica, London. England

OBJECTIVE With the current concern wlth the development of licensable
underground repositories for high-level nuclear waste. it is crucial that a
consistent and complete methodology for design of deep shafts at such a facility
be developed. This paper outlines a proposed methodology for design of concrete
shaft liners in rock.

METHODS The methodology considers static, Induced thermal ard seismic loads
on the liner, making t appropriate for und rground repositories. It s based
on the following steps (F gure 1): 1) Insestigation of the response of the
unlined shaft; 2) Determination of loads on the liner from In situ ground
pressure, thermally induced loads from waste package decays and seismic effects
from possible earthquakes; 3) Identification of the possible modes of deformation
of the liner in response to these loads; 4) Stress analysis of the liner,
considering it an elastic tube embedded in ad bonded to an elaitic medium with
different material properties. Simple interaction between the lining and the
rock is considered n the stress analysis, which uses a recent solution for
stresses and strains in an embedded thick cylinder derived by onc of the authors.
that has been verified by several alternate methods for nuclear waste
applications; and 5) Evaluation of predicted lining stresses vs epected concrete
performance.

RESULTS The methodology s illustrated wh examples appropr ate to a shaft
in non-creeping rocks located n a reasonably dry environment with little or
no initial rock overstress.

CONCLUSIONS A collection of relatively :simple analyses em hasizing closed
form solutions can be used to calculate liner loads, determine critical stresses
in the liner, and evaluate the performance of the liner. The overall methodology
serves as a framework that remains valid for any level of ana'ysis considered
appropriate. The principal remaining uncertainty in the aralysis lies in
determination of loads on the structure, since they are geologic n origin.
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EVALUATION OF SITE-GENERATED RADIOACTIVE WASTE TREATMENT
AND DISPOSAL METHODS FOR THE YUCCA MOUNTAIN REPOSITORY

C. V. Subramanian
Sandia National Laboratories, Div. 8511

Livermore, CA

L. J. Jardine
Bechtel National, Incorporated

San Francisco, CA 94119

OBJECTIVE

This study identifies the sources of radioactive wastes that may be
generated at the proposed high level waste (HLW) repository at Yucca
Mountain, Nevada, estimates the waste quantities and characteristics,
compares various technologies that are available for waste treatment and
disposal, and develops recommended concepts for site-generated waste
treatment and disposal. The scope of this study is limited to the
repository operations during the emplacement phase, in which 70,000 MTU* of
high-level waste will be received and emplaced at the proposed repository.
The evaluations consider all radioactive wastes generated during normal
operations in surface and underground facilities. Wastes generated as a
result of accidents are not addressed because accidents that could result
in large quantities of radioactive waste are expected to occur very
infrequently so that temporary, portable systems could be used for cleanup,
if necessary. The results of this study can be used to develop more
definitive plans for managing the site-generated wastes and to serve as a
basis for the design of associated facilities at the proposed repository.

WASTE CHARACTERIZATION

The conceptual design of a repository consisting of a single waste-handling
building with no spent fuel consolidation facilities was used as the basis
for estimating sources, quantities, and characteristics of site-generated
wastes. Preliminary investigations have led to this configuration being
identified as a preferred alternative to the reference NNWSI Project
configuration presented in SAND84-2641, (MacDougall, 1987). This
configuration is subject to further studies in future design activities.

The following assumptions were used in estimating the quantities of
radioactive wastes generated at the repository facilities.

1. The repository will accept spent fuel at an annual rate of up to
3,000 TU and will accept defense high level waste (DHLW) canisters
at an annual rate equivalent to 400 MTU.

2. No spent fuel will be consolidated at the repository, and there
will be only one waste-handling building to receive and package the

*An MTU of waste is that produced from one metric ton of uranium initially
loaded in a reactor core.
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spent fuel and DHLW. (It is noted that at-repository consolidation
would result in substantially larger quantities of site-generated
waste than those reported here).

3. Spent fuel transportation from reactors will be 70 percent by truck
and 30 percent by rail on the basis of MTU. This study assumes
that each spent fuel rail cask will contain about 4 ounces of crud
(activated corrosion products) and each spent fuel truck cask will
contain about 4/7 of an ounce of crud dislodged from the fuel
assemblies.

4. Estimates of site-generated waste characteristics are based on the
average rates of handling and processing spent fuel and DHLW during
the emplacement phase. (Variations in throughput rates during the
first few years of operation are not addressed.) Radioactive
wastes that may be generated at the repository during caretaking,
retrieval, or decommissioning are not addressed, because these
quantities are not expected to affect the waste treatment system
evaluations and selections.

5. Site-generated wastes are not expected to contain concentrations of
transuranic or other radionuclides that would preclude near-surface
disposal as specified in 10 CFR Part 61 (NRC, 1986a).

The types of activities that generate the majority of site-generated wastes
in a repository include normal operations, decontamination, housekeeping,
preventive and corrective maintenance, and health physics surveys. These
operations generate liquid, solid and gaseous wastes.

The liquid wastes are generated primarily by decontamination operations,
and include chemical wastes like decontamination solution, laboratory
wastes, vehicle wash wastes, laundry drains and spent resin slurries.

The solid radioactive wastes are generated primarily by waste-handling
operations, and include both compactible wastes (like items made of
plastic, paper, cloth, rubber and metal, absorbent materials, filters,
etc.) and noncompactible wastes (like items made of wood, metal and
concrete, filters, glass, lead, dirt, etc.)

During normal operation of the repository, there will be no gaseous or
airborne radioactive wastes that require treatment beyond HEPA filtration.

Table 1 summarizes the estimates of the site-generated waste volumes and
concentrations of radioactivity for the repository facilities. The sources
of each of the waste types are discussed in detail in SAND86-7136 (Jardine,
et al., 1987).
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Table 1

Estimates of Site-Generated Waste

Annual
Waste TvDe Ouantitv

Annual
Activitv (Ci)Activitv

Chemical liquids

Spent resin slurry

Recycle liquids

Waste-handling building
cartridge filters

Recycle purification
cartridge filters

Noncombustible/
Noncompactible
dry active waste

Combustible/
Compactible
dry active waste

Hot cell
air filters

48,000 gal

4,000 gal

417,000 gal

182 filters

18 filters

14,400 ft3

36,800 ft3

1,200 ft3

7.5 x 10-5 Ci/gal

1.1 x 10-2 Ci/gal

6.3 x 10-4 Ci/gal

12 Ci/filter

12 Ci/filter

3.5 x 10-3 Ci/ft3

3.0 x 10-3 Ci/ft3

3.3 x 10-1 Ci/ft3

4

45

261

2,200

216

51

112

400

WASTE TREATMENT METHODS

In accordance with 10 CFR part 60.132 (d), "radioactive waste treatment
facilities shall be designed to process any radioactive wastes generated at
the geologic repository operations area into a form suitable to permit safe
disposal at the geologic repository operations area or to permit safe
transportation and conversion to a form suitable for disposal at an
alternative site in accordance with any regulations that are applicable..."
(NRC, 1986b).

Waste treatment techniques must convert the waste into a form that meets
the requirements associated with the particular disposal technique used.
For near-surface burial, the requirements of 10 CFR Part 61 (NRC, 1986a)
must be met. Major requirements of this regulation include the following:

* Liquid waste must be solidified or packaged in sufficient absorbent
material to absorb twice the volume of liquid.

* Solid waste containing liquid shall contain as little freestanding
and noncorrosive liquid as is reasonably achievable, but in no case
shall the liquid exceed 1 percent of the volume.
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Waste must not be packaged for disposal in cardboard or fiberboard
boxes.

If waste is transported off-site for disposal, the requirements of 49 CFR
Part 173 (DOT, 1986) and 10 CFR Part 71 (NRC, 1986c) must be met. These
regulations provide criteria for packaging and labeling the waste.

If on-site subsurface excavations are used for disposal of site-generated
waste, the requirements of 10 CFR Part 60.135(d) must be met. The
regulation states that criteria for such wastes will be addressed on an
individual basis if and when they are proposed for disposal in a geologic
repository" (NRC, 1986b).

Site-generated wastes emplaced in the underground excavations may be
required to be reduced to a noncombustible form. Regulations in 30 CFR
Part 57.4104 (MSHA, 1985) require that combustible material in the
subsurface excavations "shall not accumulate in quantities that could
create a fire hazard." In addition, 30 CFR Part 57.4500 requires that
"heat sources capable of producing combustion shall be separated from
combustible materials if a fire hazard could be created."

For disposal in subsurface excavations, site-generated wastes should be
located sufficiently far from the spent fuel and DHLW emplacement to
prevent potential interactions due to decay heat, bacterial and radiolytic
decomposition that could compromise postclosure performance issues such as
radionuclide migration. This study assumes that subsurface excavations can
be designed to prevent such interactions.

Waste treatment systems shall be designed so that no contaminated or
potentially contaminated liquids are released to the environment. All such
liquids are solidified for disposal or are treated for recycle, with no
liquid discharge to the environment.

Waste treatment systems and facilities will be designed so that radiation
exposures are maintained within applicable limits and as low as reasonably
achievable. Also, waste treatment systems will have sufficient flexibility
to accommodate unforeseen waste processing demands, such as might result
from off-normal operations or equipment maintenance.

Gaseous radioactive wastes may not be released to the environment in
quantities that exceed the 10 CFR Part 20 Appendix B (NRC, 1986d) limits.
If it is found that those limits are exceeded, special gaseous collection
and treatment systems will be installed.

Using the foregoing guidelines, treatment and disposal technologies that
would be suitable for site-generated wastes were reviewed, and the
technical and economic aspects of the most feasible options were evaluated.
Ten treatment options and three disposal options were compared to determine
the recommended methods. The comparisons involved qualitative evaluations
of relative radiation doses to workers and development of relative life-
cycle cost estimates that included capital costs for treatment and disposal
facilities for each alternative, as well as operating costs for waste
collection, treatment, packaging, transportation, and disposal.
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The ten treatment options are:

1. This is the reference waste treatment case in which chemical
liquids are solidified with cement. Spent resins are combined with
chemical liquids for solidification. Recycle liquids are filtered
and purified using ion exchangers. Spent cartridge filters are
packaged in 55-gal drums with absorbent. Compactible dry active
waste (DAW) is compacted using a standard box compactor, and
noncompactible DAW is packaged in metal boxes without compaction.
Hot cell air filters are processed by separating the frames from
the media, shredding the frames, and compacting the media. Drums
of highly radioactive wastes (spent cartridge filters and hot cell
air filters) are packaged in canisters remotely handled.

Radiation doses to workers are expected to be low due to remote
handling features for the highly radioactive waste and the limited
amount of waste volumes to be handled and disposed of.

2. In this option, the radioactivity buildup on cartridge filters is
limited so that they may be contact handled. This eliminates
equipment and operations associated with packaging the spent
filters in canisters for remote handling.

Much larger numbers of cartridge filters are used in this option,
so that associated radiation levels will be low enough to allow
contact handling. Spent cartridge filters are packaged in 55-gal
drums with absorbent and are prepared for disposal without
packaging in canisters. Treatment methods for other site-generated
wastes are the same as those in the reference case.

In Option 2, radiation doses to waste treatment workers are
expected to be much greater than those in the reference case due to
the much larger number of drums requiring handling, transporting,
and disposal.

3. In this option, the highly radioactive waste is to be packaged in
concrete shield boxes with wall thickness of 18 in. to allow
contact handling rather than remote handling. This option
eliminates equipment and operations associated with remote handling
and disposal of site-generated waste.

Shield boxes are used for packaging spent cartridge filters and hot
cell air filters, so that the associated radiation levels will be
low enough to allow contact handling.

In Option 3, radiation doses to waste treatment workers are
expected to be about the same as for the reference case, because
approximately the same number of waste packages with similar
radiation levels are being handled.

4. This Option is similar to Option 3, except that spent hot cell air
filters are compacted prior to packaging in shield boxes. This
reduces the number of shield boxes needed annually and also
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eliminates the equipment and operations associated with remote
handling (as in Option 3).

In Option 4, radiation doses to workers are expected to be about
the same as in the reference case, because approximately the same
number and.type of waste packages are being handled.

5. Option 5 involves packaging DAW without compaction. Evaluation of
this option will determine the cost-effectiveness of using the
compactor in the reference case. In Option 5, the DAW compactor is
eliminated; however, the number of boxes of DAW requiring disposal
is increased significantly.

In Option 5, radiation doses to waste treatment workers are
expected to be slightly greater than in the reference case due to
the greater number of DAW boxes requiring handling, transporting,
and disposal.

6. Option 6 involves supercompaction of DAW, which further reduces the
volume of waste below that of standard compaction. All DAW is
initially packaged in 55-gal drums, with a standard compactor used
for compactible DAW. The drums of DAW are then supercompacted, and.
several supercompacted drums can then be placed in an 85-gal drum.

In Option 6, radiation doses to waste treatment workers are
expected to be about the same as in the reference case, because
approximately the same number of waste packages are being handled
with similar radiation levels.

7. In Option 7, combustible DAW and hot cell air filter media (not
frames) are loaded into wire baskets that are placed into 55-gal
drums. Grout (cement, sand, and water) is then placed into each
drum to surround the basket of combustible material. Drums of
highly radioactive hot cell air filter media (encased in grout) are
placed in casks and then returned to the waste-handling building,
where they are loaded into canisters for remote handling and
disposal.

In Option 7, radiation doses to waste treatment workers are
expected to be greater than in the reference case due to the
additional handling requirements associated with segregating
combustible and noncombustible wastes and loading combustible
wastes into baskets for encasement in cement, and due to the much
larger number of waste drums requiring handling, transporting, and
disposal.

8. In Option 8, combustible DAW and hot cell air filter media (not
frames) are shredded and transferred into an incinerator. The
resulting ash is then immobilized in concrete in 55-gal drums.
Drums of highly radioactive hot cell air filter ashes (solidified)
are transferred (in a shielded cask) to the waste-handling building
and loaded into canisters for remote handling.
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In Option 8, radiation doses to waste treatment workers are
expected to be about the same as those in the reference case.
Slight decreases in exposures associated with the reduced number of
waste packages requiring disposal are offset by additional
maintenance of incineration system components contaminated with
radioactivity.

9. Option 9 involves solidification of all site-generated liquid
wastes with no recycle of liquids. This eliminates equipment and
operations associated with the purification of recycle liquids;
however, a much greater quantity of solidified waste packages is
produced. Evaluation of this option will determine the cost-
effectiveness of the recycle purification system.

Radiation doses to workers are expected to be greater than those in
the reference case due to the larger number of waste drums
requiring handling, transporting, and disposal.

10. Option 10 involves evaporation of all site-generated liquid wastes,
with recycle of the distillate. This option replaces the
filtration and ion exchange system with an evaporation system.
Evaporator bottoms are solidified with cement in the same manner as
chemical liquids in the reference case.

Radiation doses to workers are expected to be about the same as
those in the reference case, because approximately the same number
of waste packages, with similar radiation levels are being handled.

The three waste disposal options considered are:

1. On-Site Geologic Repository - This waste disposal option involves
transport of site-generated waste to subsurface excavations for
disposal. This approach eliminates the need for off-site
transportation and reliance on a separate organization or
independent site for waste disposal.

2. Off-Site Disposal at Beatty - The commercial low-level waste
disposal site at Beatty, Nevada, is about 50 mi (80 km) by road
from the repository site at Yucca Mountain.

Packages of site-generated waste would be loaded onto a commercial
shipping vehicle for off-site transportation to the disposal site.
Shielded casks would be used as necessary to meet radiation dose
limits for transportation. For highly radioactive site-generated
wastes, such as spent cartridge filters and hot cell air filters, a
shield cask is used for on-site transfer of drummed waste from the
waste-handling building to the waste treatment building and to the
commercial shipping cask.

3. Off-Site Rocky Mountain Compact - Another option for off-site
disposal of site-generated waste may be use of a burial site to be
developed for the Rocky Mountain Low-Level Waste Compact. The
location of the site has not been selected yet; however, this study
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assumes that such a site would be developed at a distance of about
1,000 miles (1600 km) from the repository location. It is assumed
that the waste disposal charges at the Rocky Mountain Compact site
are the same as those at Beatty. Repository site-generated waste
is shipped to this site using commercial transport vehicles in a
manner similar to that described in 2.

Because the life-cycle costs and technical merits of each type of treatment
method depend on the disposal alternative being considered, all
combinations of the above treatment and disposal methods were evaluated to
determine the preferred approach.

RESULTS

This study indicated that on-site disposal of site-generated waste in
special subsurface excavations would be much more economical than off-site
transport and disposal because of the difference in transportation costs.

For on-site disposal, the following waste treatment methods were
recommended based on their combined technical merits and life-cycle costs:

* Filtration/ion exchange of liquids to allow recycle and
solidification of chemicals and spent resins

* Standard compaction of solid wastes

* Compaction and packaging of highly radioactive solid wastes in
disposable concrete shield boxes

CONCLUSIONS

The results of this study can be used to develop more definitive plans for
treating and disposing of the site-generated wastes, and to serve as a
basis for the advanced conceptual design of associated facilities at the
proposed repository.
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The site for the first prospective high-level nuclear waste repository

is located in Yucca Mountain at the southwest corner of the Nevada Test

Site in Nye County, Nevada. The preliminary site investigation and seismic

hazard evaluation indicate that the design ground acceleration in the

horizontal direction of 0.40 g (with a vertical acceleration equal to two-

thirds the horizontal) has a recurrence interval of 2,000 years. The site

evaluation also indicates a potential for some fault displacement on the

geologic faults near the site. Proposed facilities at the prospective

repository include a waste handling building (WHB), the primary facility

used for handling radioactive waste materials. This paper summarizes the

structural behavior of the HB resulting from the seismic loads. This

summary includes a preliminary seismic evaluation of the WHB, and includes

estimates of the seismic design margin, building performance, and the

amount of fault displacement that the WHB can accommodate without

structural yield failure.

The WHB used in this study is based on a preliminary conceptual design

that assumes no fuel-rod consolidation at the repository. It is irregular

in plan with overall dimensions of approximately 550 ft by 210 ft. The

dominant lateral load-resisting elements are reinforced concrete shear
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walls which are 5ft-6in thick, sized primarily to provide radiation

shielding to the hot cells. Appropriate locations of seismic joints were

identified and provided in the design configuration to optimize the use of

the shear walls to resist seismic loads. These locations, in effect, split

the 5ft-6in thick walls into double walls, each contributing to the lateral

load resistance on its respective side of the joint. Seismic joint details

and materials were evaluated and selected to accommodate seismic movements

and to provide radiation shielding as required.

Both elastic and inelastic seismic analyses were performed on the WHB

for the design-basis earthquake of 0.40 g horizontal acceleration and

0.27 g vertical acceleration using site-specific response spectra (Blume,

1986). A lumped parameter model represented the WHB. Soil springs were

included at the base of the structure, consistent with the methodology

given in ASCE, 1984, to couple the structural model with the supporting

soil. A damping value of 7 of critical damping for reinforced concrete

structures was used from ASCE, 1984. For modes with predominant soil

deformation, a maximum of 10% of critical damping based on Reference 2 was

used. The response spectrum analysis method was used to perform the

elastic analysis. Hodal responses and spatial components were combined

using the rule of the square root of the sum of the squares (SRSS), and the

computed member forces were evaluated according to American Concrete

Institute's ACI-349.

Results of the elastic analysis indicate that the WHE can withstand the

design-earthquake loading. However, resulting shear stresses in the walls

were high and the walls required substantial amounts of shear reinforcement

for the response to remain completely elastic. However, adding shear walls

to the existing configuration resulted in reduced shear stress in the walls

and a more redundant structural system.
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The inelastic analysis was performed using the modified response

spectrum method (Newmark, 1975). For this, a modified acceleration

response spectrum and a corresponding modified displacement response

spectrum for ductility factor of 1.5 were developed. This value of

ductility factor used is conservative per Kennedy, 1980. The structure's

ductility factor is defined as the ratio of ultimate displacement to yield

displacement for an equivalent single degree of freedom system. This

analysis resulted in a 20% reduction in shear stresses from the results of

the elastic analysis. The shear strains produced by the modified

displacement response spectra loading are 1.3 to 1.4 times the nominal

shear strain at yield deflection, or within the 1.5 ductility factor.

The seismic capacity and design margin of the WHB were determined using

the Conservative Deterministic Failure Margin (CDFX) approach shown in

Kennedy, 1984. This analysis resulted in wall loadings much less than

those from the previous analyses and in a capacity estimate of 3 times the

elastic capacity. Further, this analysis identified weaker links in the

existing structural configuration as walls oriented in the north-south

direction. Additional shear walls in this direction, if added, would

provide redundancy to the design and a more uniform design margin.

The value for maximum fault displacement that the WHB can accommodate

was based on author's engineering judgment derived from findings of a

literature search and the results of simplified analyses using two-

dimensional finite-element models with elastic properties. The literature

search showed that structures can be designed to accommodate horizontal and

vertical fault displacements ranging from 1 in. for commercial facilities

(Wyllie, 1973) to about 1 m for nuclear power plant reactor structures

(Reed, 1979).
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The literature search also established the feasibility of using

granular foundation materials beneath the WHB foundation and as backfill

around the subgrade walls to accommodate the effects of fault displacement.

Other isolation techniques identified for accommodating the effects of

fault displacement include trenches or other forms of clearance, artificial

slip surfaces, slurry trenches, strengthened conventional designs, and

mechanical base isolators. However, these methods will be examined in more

detail prior to use in the final WHB design.

Numerical analyses were performed on a preliminary layout of the HB to

estimate the amount of fault displacement the structure can accommodate.

The method of analyses used is similar to that used by Duncan and Lefebvre,

1973. Finite-element models were constructed to represent the structure

and surrounding soil for both vertical and horizontal fault displacement

cases. Because of this investigation's preliminary nature, no inelastic or

nonlinear effects of the soil or structure were considered. The results of

the analyses provide a preliminary estimate and are intended to be an

approximation of more precise calculations incorporating inelastic or

nonlinear effects of the soil and structure.

The results of these analyses show that the WHB can accommodate

vertical fault displacements ranging from 1.0 to 2.5 in and horizontal

fault displacements ranging from to 15 in. In these analyses it was

assumed that the shear stress produced by the dynamic effects due to ground

acceleration is accounted for by the concrete shear stress permitted by the

American Concrete Institute's ACI 318 code without shear reinforcement.

The stress induced by fault displacement is then accommodated by the shear
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capacity of the concrete beyond the code limitations but within the range

where shear cracking is known to initiate. Within this range of shear

stress, localized cracking and spalling of concrete may occur, but the

displacement will not cause the building structure to collapse. These

estimates are conservative because these analyses did not utilize the

structural capacity beyond its yield point.

The results of these preliminary evaluations of the WHB suggest that:

1. The WHB, if designed according to accepted procedures and

consistent with current technology, can withstand the seismic

design ground motion and any potential minor fault displacement

likely to occur in the seismotectonic environment at the Yucca

Mountain site.

2. Such a design will have adequate design margins to accommodate the

effects of other seismic events which may be somewhat larger than

the design seismic event but with a lower probability of occurring

at the site.

It is noted here that more definitive analyses will be performed in the

future, especially for fault displacements, and it is expected that these

analyses will demonstrate that fault displacements larger than what is

shown in this paper can be accommodated in the WEB design.
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APPENDIX

Information from the Reference Information Base
Used in this Report

Seismic acceleration levels used (0.4 g horizontal and 0.27 g vertical) are
consistent with RIB.

Candidate Information
for the

Reference Information Base

This report contains no candidate information for the Reference Information
Base

Candidate Information
for the

Site & Engineering Properties Data Base

This report contains no candidate information for the Site and Engineering
Properties Data Base.
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Gas Phase low Effects on Moisture Migration in the Unsaturated Zone
at Yucca Mountain*

Y.W. Tsang and K. Pruess (Earth Sciences Division, Lawrence erkeley
Laboratory, University of California, 3erkeley, CA 9472C)

Daily and seasonal weather patterns ma, play a role, either directly
or indirectly, in affecting overall gas3 and liquid overrant in the
unsaturated zone at Yucca Mountain, Nevada. In this study we focus on
two effects at the land surface: (1) amospheric pressure variations
with time, which we denote by "barometric pumping", and (2) a lowered
relative humidity condition of the soV. gas. Both boundary conditions
induce a net upward movement of moisture, predominantly s gas phase
vapor fluxes. The objective of the present study was to use simple and
idealized models to determine whether these gas phase flyw effects could
conceivably make a major contribution to the overall watar balance (net
infiltration). We performed a spectral analysis of barometric pressure
data from Yucca Mountain, which yieldedL estimates for ntmoisture
removal from the unsaturated zone by wy of barometric pmping. Effects
of the lowered relative humidity boundery condition were simulated
numerically in a one-dimensional vertical tuff column. Te simulations
were carried out using the simulator TCOGH, which is a ltidimensional
numerical model for simulating the coupled transport of Crater, vapor,
air and heat in porous and fractured rcck. It takes accont of fluid.
flow in both liquid and gaseous phases under pressure, vscous, and
gravity forces as well as binary diffusion in the gas phase. We find
that upward vapor fluxes for the two processes considered lie in the
range of 0.1 mruyr, which is orders of magnitude smaller than overall
precipitation (approximately 150 myr) . It is concluded therefore,
that the gas phase flow effects considered here make onl- a very small
contribution to the overall water balance at the ground urface. However,
the effects cannot be ignored because they are of the sate order of
magnitude as current estimates of net infiltration. Since all those
estimates are indirect with large uncertainty, this study raises the
question as to the possibility of an overall drying (net infiltration
negative). ur preliminary investigations suggest that fther measure-
ments should be made to accurately monitor status and migration of
moisture at Yucca Mountain.

* This work was supported by the US Department of Energy (US DOE) under
contract DE-AC04-76DP00789.
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