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A Similarity tioo for Two-Phase Fluid and Heat Flow INear
High-Level Tuclear Waste Packages Emplsced in Porous Media *

C Doughty and K Pruess (Earth Sciences Division, Lawrence Berke-
ley Laboratory, Berkeley, CA 84720; 418-486-6453)

The emplacement of & heat source, such es ¢ high-level nuclear
waste package, into a geologic medium gives rise to strongly coupled
thermal and bydrologic behavior. Under certain conditions a
phenomenon known es 3 heat pipe mey develop. In s heat pipe heat
transfer is primarily convective. Near the heat source, liquid water
vaporizes causing pressurization of the gas phase and gas-phase flow
away from the heat source. The water vapor condenses in cooler
regions away [rom the heat source, depositing its latent heat of
vaporization there. This sets up o saturation profile, with liguid
saturation increasing away from the heat source. The saturstion
gradient drives the backfiow of the liquid phase toward the 1eat
source through capillary forces. The liquid then again vaporizes and
repeats the cycle.

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

In an infinite homogeneous permeable medium with 2 constant
strength linear heat source, the partial differential equations govern-
ing Quid and beat Bows in u radisl geometry can be converted to
ordinary differential equations through the use of a similarity vari-
able, n=r /vt . These equations are numerically integrated using
an iterative “shooting method” to provide a description of tempera
ture, pressure, saturation, heat flow, gas flow, and liquid Bow cendi-
tions around ¢ heat source suck as e nuclear waste package. The
similarity solution is verified by numerical simulations. IHustrstive
solutions are given for a range of hydrologic and thermal parcme-
ters. :

The figures below show the results obtained for & 200 W/m aeat
source emplaced in 8 water-saturated porous medium initially 1t a
temperature of 26°C and & pressure of 1.018 bars. The heat soarce
is located at Inge==-cc, while the temperature and pressure boundary
condition is meaintained at lag=+o0, be bheat ipe
(-12<lon<~9.5) is characterized by & large liquid-gas counterow
with zero pet fuid flow (Q, =Q, +Q;) end constant temperature.
Elsewhere the linear temperature profile ead small flvid fiows indi
cate that heat flow (Q, ) is conduction-dominated.

This work was supported by the NNWSI Performance Assessm.ent
Division, Sandia National Laboratories, snd the U.S. Department of

Energy.
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*This work was supported"™§ the U.S. Department of ‘Efergy (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. Ezton and Nathan E. Bixler
Fluid and Thermal Sciences Department

Ralph R. Peters
Nevada Nuclear Waste Storage Investigations Project Department
Sandia National Laboratories, Albuquerque. NM £7165

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 U.S. Department of Energy is investigating
2 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 2 better understanding of the
hydrology of low-permeability, partially saturated, highly fractured rociz. 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 tufis has not received this level of attention, primarily because it is outside the

realm of interest of agricultural and petrolenm 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
tufls in combination with their highly heterogeneous nature make it advantageous 10 use

both deterministic and stochastic methods.

**The Nevada Nuclear Waste Storage Investigations Project, managed by the Nevada Operations Office of the
U.§. Department of Energy (DOE), is examining the feasibility of a repository for bigh-level nuclear wastes
at Yucca Mountain. This work was funded by the DOE under contract number DB-ACN-?GDPOOTB'Q.
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Current computitional approaches include finite elements (Bixler 1°, and Reeves and
Duguid 2), integrated finite differences (Pruess and Wang .3, and Wang and Narasimhan
4’). and standard finite differences (Travis et al. 3'). All of these approaches include some
form of Darcy’s 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 .6'. They all use numerical procedures thet meaintain computa-
tiona) stebility 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 €, and Peters et al. '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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Analysis of Proposed Laboratory Experiments in Partia.lly-Séturatcd Smell-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 1072° m?. 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.

1This 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-T6DP00789.
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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

BSTRAC

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 spscings.
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
100°C around emplacement rooms, depending on the emplacement option.

A methodology for assessing stability based on site conditions, empjrical,
analytical, and subsequently, observaticnal methods is presented. The
enphasis 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-ACO04-76DP00789.
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USE OF PERFORMANCE ASSESSMENTS TO GENERATE
A REPOSITORY Q-LIST

L. J. Jardine
Bechtel National Incorporated
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and

T. W. Laub
Sandia National Laboratories
Division 6311, Nuclear Waste Engineering Projects
Albuquerque, New Mexico 87185

SUMMARY

Items identified and classified as important to safety are placed on the
repository Q-list. The Q-list identiflies 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-list 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 Mountsin 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 radistion 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 impocrtant 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 oerformed at Sandia National Laboratories was supported by the U.S.
Department of Enercy 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.

& 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, AS
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 "Non-Q Scenario (NQ)" 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 NQ 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 cxtremely conservative, and therefore further
refinement of this work is unlikely to identify sny items that nust be
placed on the tuff repository Q-list.
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ABSTRACT

One of the objectives of performance assessment for the Yucca Mountain
Project is to estimate the groundwater travel time &t 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 & provision specifying criterias 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 sbove: (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 & 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-ACO04-76DP00789.



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 & moving flow field is often called hydrodynamic
dispersion (2). As a result of hydrodynamic dispersion, varistions 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 &lso
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 & 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 1l--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 & 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 & flow mechanism.

’
Interpretation 2--Conservative Tracer

The movement of & packet of nonsorbing, nonreacting tracer is celculated. 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 ere the consequence of calculating
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groundwater travel time using & 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 1

Calculated Groundwater Travel Times
Groundwater Matrix Flow Fracture Flow
Travel Time Low Flux High Flux
Interpretation (yr) (y¥yr)
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% breskthrough of the
tracer as seen in Table 1I. The tracer first arrives in some quantifisble
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 11
Groundwater Travel Times Using the Cumulative Percent
of Tracer Leaving the System

4 Matrix Flow Fracture Flow
Trecer Low Flux High Flux
{Cumulative $) —yr) (yr)
1 140,000 4,500
50 360,000 10,500
99 1,000,000 31,500



Fig. 1. Low Water Flux (Predominant Matrix Flow)

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



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 {llustrate that different interpretations of the GWIT
criteria determined can yleld 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
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The geologic repository shall be located so
that pre-wastc-emplacement groundwaler
travel trme along the fastest path of likely
radionuclide transport shall be af¢ /Jeast
2,000 years or such other time as may be
specified by the Commission.

10 CFR Part 60.113 (a)(2) 1




The Problem

How do we interprct the GWTT regulation
to remove the ambiguilties in assessing
the performance of a site for potential
licensing of a high-level radioactive
waste repository.




Assumptions

The following assumptions have been made
about the intent of the groundwater travel
time (GWTT) regulation:

1. The criterion is to provide a
simple measure of the ability of the
natural barriers to restrict the
transport of contaminants to the
accessible environment.

2. The calculation of GWTT is to be
performed only along the physical

paths by which contaminants are
likely to travel.
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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 mass
and a variation in solute concentrations

as fluid flows through the system.

To determine a level of compliance with
the criteria, the regulation must be
unambiguous. »
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GWTT Calculations
Using Two Different
Interpretations




Hydrologic
Flow Flelds
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Flow fields in a fractured, porous medium
were determined for 2 different water
fluxes.

Lower Water Flux - flow is predominantly
in the porous matrix w1th sparse flow in the
fractures.

Higher Water Flux - water flow is split
between the matrix and the fractures.
Over 8577 of the flow is in the fractures.

S
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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 the average velocity.
In a system comprising both matrix and
fractures, the fastest continuous pathway
is used to calculate the GWTT. Neither

dispersion o1 diffusion re 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

the time required for some fraction of the
tracer to move through the system and

cxil. from 1t.




Figure 1

LOWER WATER FLUX
(Predominant Matrix Flow)

100 ™ e T ' T @

Pl
/
/S
T Particle _/
%z
Mass |
. 50+
Leaving
System
Packet of Tracer —_—
—
0 ' S — -} —t
1 100 10. 000 1. 000, 000

Time (years)

y 4




Figure 2

HIGHER WATER FLUX
(Predominant Fracture Flow)
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Calculated GWTT's

GWTT Low Flux
Interpretation (matrix flow)
Particle 400,000 yrs
Tracer 20500 to 1,000,000 yrs

1% tracer 140,000 yrs

50*% tracer 380,000 yrs

99*% tracer 1,000,000 yrs

High Flux
(fracture flow)

2.8 to 1,000,000 yrs

4,600 yrs

10,600 yrs

31,500 yrs

What criteria should be used to pick a

groundwater travel time?

On what basis should the criteria be

chosen?

o




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. 1 :
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ll Conclusion

: Only when a numerical criterion limiting
the mass flux at 1,000 years at the
compliance boundary is specified can one l‘
' make an evaluation of whether a site
complies with the GWTT 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 Information
for the
Reference Information Base

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

Capdidate Information .
for the
Site & Engineering Properties Data Base

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



Ten paremeters 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 paremeters. 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. Introducticn

The geologic formations in the unsaturated zone at Yucca Mountain,
Nevada, on and asdjacent to the Nevada Test Site, are being investigated as
the proposed site of a repository for the disposal of high-level radiocactive
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 & random hydrologic variable
as a numerical paremeter 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 varjable can occur more than once
if measurements are repeated.

If one could take repeated measurements, & 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.



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 & 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 & method for generating probabilistic
descriptions of uncertain model parameters using the beta probability
function (Harr, 1987). To fllustrate the method, we have epplied 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 varisbles, 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

£(x) = Cx - )%0b - )P, (1)
where a and 8 are > -1 and C, the normalizing constant, is

C=(a+p+1)1/[alfi(p - a)l@F)y | (2)
where a and § are integers or as

C~T(a+ B+ 2)/[F(a+ 1)I(B+ 1)(b - a)l®F+l), (3)
for noninteger values of a and 8 (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 . The exponents can be

calculated if the expected value E[x] and the coefficient of variation V(x)
are known as the following equations illustrate.

o[x] = E[x]V(x) (4)
X = (E[x] - 8)/(b - &) (5)
Y = o[x]/(b - a) (6)
o= @AHA-X - A +X) )
B=[(a+1)/X] - (a+2) (8)

The exponents a and S 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 ]
EFFECT OF a AND § ON THE SHAPE OF THE DENSITY FUNCTION

e o e u o 8
Uniform 0.0 0.0
Left Triangle 0.0 1.0
Right Triangle 1.0 0.0
Symmetrical [about (& + b)/2]) a=4 f=a
Skewed Right a<pg B>ea
Skewed Left a>p f <a
U-Shape a<0 p<O
J-Shape az0 B <O
Reverse J-Shape as<0 B>0

An understanding of the definition and concepts behind two of the
parameters used, the expected value E[x] and the coefficient of wvariation
V(x), is necessary. The expected value as used in this paper is not a
statistically defined property. The calculation of a mean value x 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). 1In 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 & 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 o(x).

In the application that follows, the values of &, 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 &llows the analyst to test in & quantitative and
reproduceable manner the consequences of the assumptions about the
probabilistic behavior of the variasble. 1t 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 & deeper understanding of
the problem evolves.
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4. Using the Bete Distribution
in & 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 quintify the uncertainties assoclated with one of the parameters as an
example.

4.1 s 0 oblem

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 & 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 simplificationé 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(¢ +2z) = Qf + qm - qt ’ 9
where the subscripts m, b, £, and t stand for matrix, bulk, fracture, and
total, respectively. The conductivity terms K 2 and Kf p 8re bulk values

£

for a unit volume of the porous medium and are"dé€fined In terms of the total
volume Vt and the fracture volume Vf as

Km,b - Km(vt - vf)/vt (10)
and
Kf,b - xf(vf/vt) . (11)

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. 9 and q, 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 potentisal y¥. The saturation S(¥) as used here is
the "degree of saturation" defined by Campbell (1985) es

S(¥) = V/(V+ V), (12)

where the subscripts 1 and g refer to liquid and gas, respectively.
Although S(¥) 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 & porous medium in response to increasing matric potential.

S(¥) = (S, - SO/ + japy™TM 45 0 yso (13)

where S_ is the maximum saturation the porous material can attain (assumed
to be 170), S_ 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).

2,2 nA/2

K = K (1 - 1ap] ™ + 1ae1™ 20 + jep)™ . (14a)

s
and

A=1l-1/n . (14b)

4.4 Velocjty Calculations

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

Vo = Gg/P(Sy - Sy ) = <Ky (V0 + 2)[L/8(S, - Sy ) (15a)



and

Ve = Qg/be(Sg - Sg ) = -Kg (Vb + 2)[1/6e(S; - Sp )] . (15b)

where ¢_ and ¢, are the matrix and fracture porosities, respectively, and
the subgcript f 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 USW
G-1 in Spengler et 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 Member, 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 al, 1981) is described in the lithologic log as partially
welded. Although all the units are procbably 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.



TJABLE 2

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

Top of Unit Thickness
Unit {(m above water table) {m)
CHln 111.7 4.6
CH1b 107.1 0.5
CH2n 106.6 6.3
CH2b 100.3 2.9
CH3n 97.4 31.8
CH3b 65.6 1.0
CH4n 64.6 30.2
CH4Db 3.4 0.1
CH5n 34.3 12.8
CH5b 21.5 17.1
PP1ln 4.4 4.4

4.6 ounda Conditions

Because of the one-dimensional constraint, only twe 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 ¥ = 0.0.

4.7 Paramete equired
A groundwater travel time simulation that implements the models

described previously requires the specification of the 10 parameters listed
in Table 3.

JABLE 3
PARAMETERS REQUIRED FOR A SIMULATION OF GROUNDWATER TRAVEL TIME

m me Symbol
Matrix Porosity ¢m
Bulk Matrix Saturated Conductivity K b
Matrix Residual Saturation Sm'r
Matrix Air Entry a ’
Matrix Desaturation no
Fracture Porosity ¢f
Bulk Fracture Saturated Conductivity Kf b
Fracture Residual Saturation Sf'r
Fracture Air Entry af'
Fracture Desaturation ne



4.8 Data o [ ramet stima

Data derived directly from samples obtained from core holes at Yucca
Mountain are compiled in Peters ef gl (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 detziled review of the data is discussed in
Wang and Narasimhan (in review).

Samples from Drill Holes USW G-4 gnd 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
bydrostratigraphic 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 stimatin arameter Dis bu

As an explicit example of how the process of fitting a beta
distribution works, consider the matrix porosity for the unit CHln. 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 variastion 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.



un1§

CHln
CH1lb
CH2n
CH2b
CH3n
CH3b
CHé4n
CH4b
CHS5n
CH5b
PPin

TABLE &

MATRIX PROPERTIES OF THE HYDROSTRATIGRAPHIC UNITS OF THE
TUFFACEOUS BEDS OF THE CALICO HILLS IN
DRILL HOLE USW G-4

Bulk
Saturated
Conductivity
-Sample  Porosjity (m/g)
G1-1500 0.32 1.5e-11
Gl1-1753 0.30 l.4e-11
G4-1548 0.28 l.4e-12
G1-1780 0.25 2.1le-12
G4-1551 0.33 3.2e-11*
G1-1790 0.23 5.2e-12
G1-1637 0.31 1.3e-11
G4-1728 0.22 4. 5e-12
G4-1686 0.30 4.2e-12
G4-1737 0.24 2.6e-12
G4-1769 0.26 2.3e-12

*Arithmetic mean of subsamples

FRACTURE PROPERTIES OF HYDROSTRATIGRAPHIC UNIT CH3n

Residual

Saturation _(1/m)
.0134 0.007450
.2003 0.002000
.1095 0.003080
.0995 0.003700
.2017 0.004150
.0135 0.001700
.0427 0.002670
.1500 0.001580
.0600 0.006000
.1000 0.003700
.2154 0.000605

OCO0OO0O0O0O0O0O0O0O0O0

Alr
Entry

Parameter Desaturation

Eg:gme;g;

G4-4F in Peters et gl, 1984.

TABLE S

OF THE TUFFACEOUS BEDS OF THE CALICO HILLS
IN DRILL HOLE USW G-4

Saturated
Conductivity

Bulk

Unjt _Sample Porosjty {m/s)

CH3n

G4-1551 0.000046

9.2e-9

Residual

Saturation __(1/m)

0.0395

Alir
Entry

1
1
1
1
1

N 1 b et b P

.333
.954
.602
.500
.894
.626
428
.685
.460
.496
.487

Parameter Desaturation

Parameter
6.23

1

.2851



TABLE 6
POROSITY STATISTICS REDUCED FROM PANIAN (1987)

Number Coefficient
Sojl Class of Samples of Varjation
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 Loem 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 variastion, 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 c[x], and the two following equations are
used to calculate the minimum a and maximum b.

a = E{x] - 3o0[x]) = E[x] - I(E[x]}V(X)) , (16a)
and
b = E[x] + 30[x]) = E[x] + 3(E[x]V(x)) . (16b)

The only qualification is that, should the minimum value calculated using
Equation 162 be below 0.0, the arbitrary minimum value will be set &t 0.0 as
input for calculating the coefficients of the beta distribution. Likewise,
should the maximum value calculated using Equation 16b 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

PI(x - ho) Sx; s (R +ho)] 2 1 - 1me a7

where o is the value of o{x], and x, is a random sample. Substituting 3 for
h yields & 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



N N/

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

PI(k - ho) s x; £ (R +ho)] 21 - 4/9n2 (18)

is appliceble. For plus and minus three standard deviations the
probabilities increase to 95%¢. The expected value E[x]; 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 & commercial software package called RS/Explere. When
the procedure is called, the analyst is asked to provide the four pileces 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.

6 = 1.0
44
Density +0.5 Probability
2..-
0 e -+ 0.0
0.2 0.4 0.6

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

5. Example of & 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 & simulation requires input of the parameters that define
the beta probability distribution of each of the independent variables in
Table 4 to the Latin Hypercube 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 variebles for



each of the 11 hydrostratigraphic units. Because only one of the 11l
hydrostratigraphic units was assumed to sustain fractures, each of the 100
parameter sets generated by the LHS contains 60 elements (5 matrix
parameters for 1l 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 i1s 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

TABLE 7
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
Skevness -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 ll-layer domain as illustration of the technique. Parameters
describing the distributions of the properties in each of the 1l
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

Ioformation 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 Bsse

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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The study presented in this paper determines the prodability of selemically induced
damasges to the waste handling building (WHB) of the Yucce Mountain, Nevadn}ﬁepository.

Methods

The WHB is a reinforced concrete structure with messive ehear wallg, In genersl, the
shear vall thicknesses sre controlled by shielding requirements., Tris paper presents a
probabilistic investigation of the occurrence of seisnically induced damage to ths WHE.
Seismic hazard curves vere developed snd combined wvith atructural fragility curves to
compute damage probabilities.

This sefsnic hazard enslysis considers both ground acceleration et tae site and ground
rupture under the building, Standard methods ars usel to estimate the acceleration
hazard, sssuning that there is no ground rupture under the WHE. Howsver, the vicinity
of the site s highly faulted, and an unknown fault may exist under the WHB. This
possibility is alsc considered, and the ground ruypture hazard is estimated, using e
conservative approach developed 4n this gtudy.

The rupture hszard methodology developed in this study considers bot: the probability
that there is & fault under the site and the probability thet the failt is not detected
by trenching., Six different methods are used to esticate the rupturs hazard. Three of
these wethods are gite specific and consider the location of nearby faulta., The other
three methods ere regicnal and consider average properties of the faalting in & 10 x 20
ku region surrounding the site. 4 ground rupture under the building will be eccompanied
by e ground ecceleration. The seismic hazard for this conditional s:celeration is also
estimated. The results of the study show that the ground rupture ha:ard is much smaller
then the acceleration hazerd without & ground rupture under the WHB,

Two analysii were performed on the WHB, (1) & dynemic analyeis for g-ound acceleration,
and (2) e static enalysis for e vertical fault rupture directly unde' the building.
Shear walls are designed for the acceleration loeding. Several desiin basis earthquekes
(DBE) ere considered from 0.2 g peak ground acceleration (PGA) to 1. g PGA to evaluate
the effect of the DBE level on the damage probabslities. The buildiug deaigned for five
¢lfferent levels of earthquakes varying between (.2 £ end 1.0 g were evaluated but not
redesigned for fault displacement effects varying between O end 100 cm,

Four demage states are defined for the shear walls of the WHB. These are light,
moderate, heavy, and total damage states, and are charscterized by fiterstory drifts
defined by the ratic of relstive sidesway displacezent between floor:. to the atory
height. Considering the shesr force redistribution emong the parallul walls, fragility
curves are developed, using the everage strength of the wvalle {n the same direction, for
each damage state. These fragility curves are convolved with the ha:ard curves to
determine the exceedance prodabilities for the damage states. Thess probabilities are
conputed for & spectrum of earthquakes with PGAs from 0.2 to 1.0 g.

Results

The seismic damage probabilities of the WHB are less than 1E~6 for disign levels a3 low
as 0,2 g even for the light damage stete. The probebility of exceed:ng the heavy dacage
state 4 1,7E-8 and 55—18 for the 0.2 g and 1.0 g designs, respectivily.

Conclusions

Based on the very low celculated demage probabilities, it ie concludid that the seistic
haZ2evd &0 WHB o LS.
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ASSESSMENT OF WORKER AND NON-WORKER RADIOLOGICAL SAFETY OF A REPOSITORY?

T. W. Laub
Sandia National Laboratories
NNWSI Repository Engineering Division 6311
Albuquerque, New Mexico 87185

SUMMARY

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 occupationazl 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

8This work was supported by the U.S. Department of Energy (DOE) under
contract DE-ACO4-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 weas
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
eround the repositorvaere 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, & burnup of 27.5 Gwd/MIU for BWR fuel, and a burnup of 33 Gwd/MTU

-2-



for PWR fuel. neféiée high-level waste was assumeé'fg 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 radicactive 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 radiocactivity. 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 radicactive materials resulted in & calculated
vhole-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 weil below the
limits for normal operations of 25 mrem/yr to the whole body or 75 mrém/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-
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had asscociated frequencies that were below 10'5/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.

o4-



APPENDIX

This report contains no data from, or for inclusion in, the
RIB and/or SEPDB.
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PRELIMINARY PRECLOSURE RADIOLOGICAL SAFETY AWALYEIE FOR
NORMAL OFERATIONS OF A PROSPECTIVE ‘UCCA MOUNTAIN REPOS LTORY®

L. J. Jardine, C. W. Ma, D. J. Hartman, R. C. 8it, and 8, J. Zaveshy,
Bachtel Nationsl, Incorporated
San Francisco, Califocrnla 94119

T. W. Laud
Sandia National Laboratories
Nuclear Waste Engineering Projects Division 6311
Albuquerque, Wew Maxico 8718S

I. INTRODUCTION

A preliminary radiclogical safety antlysis was performed for the
normal operating conditions during the preclosure period at the prospective
Yucca Mountain repository. Since the repos.tory is designed to accommodate
spent fuel ané defeonse high-level waste (DHIW), an estimate wag made of the
offaite doses and onsite occupational doses from (1) anticipatei routine
relesses of sirborne radiocactive meterisls und from (2) the haniling of the
gpent fuels and DHLW. This paper sunmarizen the methodology and calculated
offeite domes resulting from the postulated routine releases of alrborne
redicactive materials from the waste-handling building through inhalation
sand immercion pethways. The calculsted onsite occupstionel dosgs from the
inhalation, immerelon, and direct exposure gathways will be reported
eleewhere at & later date.

I1I. SURFACE WASTE-HANDLING FACILITY AND MAJOR ACTIVITIES

The paper focuses on the waste-handling bullding of the rejository
during the preclosure waste-emplacement period., The assumed rejository
configuration includes a single waste-handling building in whicl. no spent
fualAls consclidated. The repcsitory configuration is subject o further
study in future design activities. A echematic layout of the
waste-handling building is given in Figure 1. Mejor sctivities and
oparstions sesociated with esch general ares are iisted in Table 1.

8This work wae supported by the U.§. Departmint of Energy MNWSI Project
through a Sandia ¥ational Laborastories subcointract.

4448Y-8/0271Y -1- 05719/88
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Figure 1

Schematic General Arrangament of the

Waste-Handling Bullding
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— Teble 1 ~

Major Activitlies end Operations Performed in the Main §irface
Waste-Handling Building

HAJOR AREAS EAJOF _ACTIVITIEE ALD OPERATIONS

1., Cask recelving and shipping bay o Trantfer shipping caskes from
offsite trucks or rillears to cask
preparation aresn.

2, Cesgk prd}aration ares ¢ Sample cask inner civity gases.

t Remova cagk outer civers and
' unbolt inner 1ids.

] Decontaminate cask ixteriors and
interiors.

3. Unloading hot cells © Remove cask inner 1.ds and
transfor spent fuel
sssembliee/DHLW can .sters from
shipping caske into emplacament
conteiners.

° Weld covers te emplicenment
contalners.

o Ingspect walds and diconteminate
contalners.

4. Inepectlon het cells ¢  Move containers to trensfer cars
ané move cars to trinsfer station.

5. Surface storage vault o Store emplacement ccntainere in
Jault temporarily or transfer to
underground emplacenent srea via
underground transperters.

444B8Y-8/0271Y -3 - ) 05/719/88
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The repcgitory will receive annuelly up to 3,000 matcle tens of

ursnium (MIU) of spent fuel and up to 800 canistors of DHLW. £ total of 60
percent of the gpent fuel is assumed to consist of pressurized-water
reactor (FWR) fuel with an aversge burnup of 33 GWD/MIU, and 4C percent
boiling-water reactor (BWR) fuel with an avsrage burnup of 27.5 GWD/MTU,

This retio corresponds to an annual throughjut of 3,901 PWR fuel asmamblies
| and 6,547 BWR fuel agsembliss. Thess spent fuel assembliaes gnd DHLW
canigters will bte unloaded from shipping caske in an unloading hot cell and
placed in sealed containers, which will be -ransferred to the uaderground
facility for permanent emplacement,

During normal vepository cperstiong, only geseous and airbirne
particulate radicactive effluents generated from handling opera:ions for
spent fuel may contribute to the offsite radiclogical exposures. Dicect
rediations from spent fuele end DHLW canlsturs cannot contributy
slgnificantly to the offsite doses because of the combination o! the
cshielding provided for these sources and because of the distancs (5 km)
from the waste-handling building to the site boundsry. ¥or normal
operations, the sealed DHLW canisters will contribute no gasesus or
sirborne radicactive particulete effluent. Thus, only potentia. gassous
and airborne radicsctive relesses sssoclated with spent fuel neid to de
assersed.

Table 1 indicates that during the waste-handling operstioni, spent
fuel ig contained either in shipping caske ¢r in emplacement coitainers,
excopt during the handling operations &n the unloading hot cell It ie
therefore apsumed that asirborne radicsctive materlels from epen;: fuel will
be released enly inte the unloading hot cell prior to their exhiust to the
atmogphere vis the HVAC filtration system. During normal wsste transfers
and handling operations, two mechanisms may result in the relezi:e of
alrborne radicactive materials within the unloading hot cell. 'he
mechenisme are (1) spallation of radicactive crud particles fron the
extarior surfaces of the fuel essemblies and (2) veleases of ga:eous and

volatile fissgion producte from cracked or falled fuel sgsemblie:. These
machanieme are diuunsed. below.

4448Y-8/0271Y : -4 - 05/19/88
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III. POTENTIAL AIRBORNE RADIOACTIVE SOURCE TERMS

A. Crud Particles

Spent fual essemblies are known to contain radicactive deposits, or
crud, on their exterior cladding surfaces. These crud deposits are not
always tightly btound; hence, spallation of :rud from the surfacs of the
fuel gssembly can occcur during dry handling operstions., Any spsllation of
erud particles during unloading of the shipoing cask and other iry handling
operations in the hot cell may generate soms airtorne radicactive source
terms within the unleoading hot cell.

Typical crud characteristics have been sssessed in literatire surveys
for both PWR and BWR epent tuel.l'z Becausn & repesitory handlis spent
fuel S years or older, Co-60, with its relailively long (5.3-yea?)
half-1ife, is the only major radicactive conponent of concern iy crud., The |
radicactivity of Co-60 in crud found cn fue. rode st the ttpe o! reactor
nhutdownl were reported to range from 0.1 to 140 vcllcmz (per cnz
of rod exterior surface grea) for PWRs and {rom 97 to 1,250 uci'cmz for
BWRe. Preliminary estimates of vadicactivily were based on assimed average
concentratione of Co-€0 of 10 ucllcm? and $00 uctlcmz at the tiw
of reactor ghutdown for PWR end BWR fuel assemblies, respective.y.

Besed on the estimated surface sres dimensicns of PWR and WR fuel
asaemblies,3 the total aveilsble radicective inventory of Co-60 was
celculsted as 0.9 CL and 13 Ci for each 10-jear-old PWR and BWR spent fuel
assembly, respactively. The total inventory of Co-60 on the su‘faces of

_the PWR ané BWR aseembliee processed annuaslly by thae repositery was
estimated at 9:10‘ Ci. There are no data or the fraction of th.s crud
inventory that spslls off from spent fuel asgemdlies during nomul hsndling
operationg. To eittmate the airberne source term within the un.cading hot
cell, it wae assumed that 1 percent of the crud deposits on the spant fuel
assenblies may spall from the surface of assemblies ms alrborne
particulates (particles with a diameter of less then 10 microns. within the
unloading hot cell. Table 2 summerizes the radioactivity of the airborne
crud particulatas.

4448Y-8/0271Y -5 - 05/19/88



v Table 2 v
Estimate of Alrborne Radlocactivity Raleased within the tnlosding
Hot Cell Annually from Faliled Spent Fuel snd Crud

Total
Alrborne Total
Activity Atrvborne
Relessed Activity
BWR PWR within the Ralessed
Isotopic Isotopic Unloading to the
Invantory® Invantory? Hot Cell Atmogphere
gotope {Ci/sesembly) (Cl/pssembly) (ci’yed (¢i/yr)
Crud
Particles
Co-60 1.3E4+010 ¢.0R-01 9.0E+02 9.0E-02
Failed
Fuel
H-3 7.38401 2.1E+02 2.6E+02¢.4 2,6B4+02
c-14 2.8E-01 7.2E-01 §.3E-015+¢ 9.3E-01
Xr-85 7.2E402 2.254+03 8.0E+03%:4 8.0E+03
1-12¢ 4,8E-03 1.5E-02 9.5e-05¢c.4 9.58-05
Ce-134 6.8E+02 2.4E+03 7.88400¢.¢ 7.8E-04
Ce-135 6.6E-02 1.68-01 $.9E-04C+4 5,9E-08
Cs-137 1.2E+04 1.8E404 1.3x+02¢+¢ 1.38-02
Ba-137m 1.2E+04 3.6E+04 1.2B+02%,4 1,2E-02
8.5E+03 8.3E8+03

Notes: &. Dats based on 10-yr-old gpent fuel with burnups of 33 GWD/MIU for
PWR fuel end 27.5 GWD/MIU fer BWR fuel.d

b, 1.3E+01 = 1.3x10%,

c. Data besed on 3,901 PWR fuel seisenmblies and 6,547 B4R fuel
assamblies handled annually.

d. Data based on the essumption thut 0.2 percent of rols fail
annuglly.

A4448Y~-8/0271Y -6 - 05/16/88
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B. Falled ru§r/

Falled fuel ip defined in this paper o fuel reds in whic the
cladding has at goma time been breached. 1If the cladding of & rod has been
breached, a fraction of volatile fission products and gases in the gap and
plenum areas can escape from the fuel rod es airborne radloact..wity. Fusl
cledding failures have occurred during nornal reactor operaticis as @
consaguence of fuel pellet-cladding interactions, cladding hydiiding, and
cladding corroston.a Although some fuel rcde discharged from 1. reactor
may not have- been completely breached, the failure mechaniemg tan
contribute to the depradstion of the cladding to the extent thit stresses,
impact forcee, or vibrations encountered during normal tranepo: tatien and
handling cperations at the repository may cause rod failuro st the
repoaitory, thereby producing an airborne radiocactive source tegm.

The number of falled fuel pode used to estimate this alrbirne
radicactive source terms is scoumed to include those vesulting from
repository hanéling oparations, reactor operstions, end transpcrtation
operations. Faliled fuel due to reactor operations is consaervatively
included because of the possibllity that a cladding breach mhy subeaequently
reseal itself before reactor digcharge. Fuel fellures that occur during
transportetion telease into the cask cavity a portiecn of the gip
redioactivity, which will be elther collected at the rapository or released
into the unloading hot cell during fuel unliading operations. On the basis
of published dnta."s'6 an sverage velue of 0.1 percant (by nunber of
rods) was sssuned for the fuel failure rates during reactor opérations.
This value ic assumed applicable to both PWi and BWR fuel.

Published data on fucl cladding falluras during tcansportation and
handling operations in the hot cell could not de idantified. It is sssumed
that the fuel fallure rate for tha comdination of trangportatica and
repository hanédling operations equals the fuel failure raie for resctor
' operationg (0.1 percent). The totsl fuel fallure rate is, thersfore,

0.2 parcent of the fuel rods recelived.

“BEST AVAILABLE carY”
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For each falled fuel rod, the releaset gaseous figsion prducts are
sssumed to consist of H-3, C-14, and Kr-85, A total of 30 per:ent of the
x:-ss’ and 10 percent of the B-3 snd C-14 inventory in fusl asiemdlics
are sssumad to be released when the claddirg is breached. Recmt
experiments’ indlcated that the typlesl frection of Kr-85 and 11-3
relesged from the fuel rod gap and plenum is about 1 to 4 percunt of the
total inventory, evan for burnupe as high eg 56 GWD/HIU. Thus the

fractions of 0.3 and 0.1 assumed in this study for releases foim falled
fuel are belleved tc be conservativa,

On the basie of an empiricsl model reported by Lorenz et 11..9'10

the fractions of icdine and cesium roleased whon the cladding !s breached
at 900°C ara 5.3::1.0"4 and Z.SxIO". respectively. 8uch a tempsrature

ie much greater than any temperature that the spent fuel could aver be
expected to experience at the repository during normal operaticns.
Therefore, these source terms are believad to be conssrvative. Fer s
vepository environment, it is sssumed that the lodine is released in a
gaseous form end cesium in & particulate form,

Using the radionuclide inventories of Roddy et nl..’ the .2
parcent fual fellure rates, and the varicus radionuclide release
fractions discusged sbove, ons can calculats the airborne radicactivity
released snnually from spent fuel into the ‘anloading hot cell. The
results are shown in Table 2.

IV. RADIONUCLIDE RELEASE AND TRANEPORT ANALLYBES
A. BRadicactive Releases in Effluants

Alrborne redicsctive particles veleased from the spent fuel
asgsonblias intc the unloading hot cell are ffirst filterad by tha
ventilation exhaust system before hetng.reloauad to the atmosphare.
Since the proposed filtration systenm is composed of at least twd
high-efficiency particulste elr (KREPA) filters in series, the cmdbined
£1ltretion efficlency 1 expected to be 99.99 percent. This efficlency
resultg in a filltrstion decontamination fact.or (DF) of 10'5 for any

' «BEST AVAILABLE cLPY”
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sirborne particles, puch as the Co-60 in crud and the Cs-134, :18-13S,
Cs-137, snd Ba-13)m from failed fuel. Tho gasaocus and volatil.
redionuclides (such as Xr-85, H-3, C-14, ard I-120) released i ths hot

cell are assumed to be raleased dicrectly tc the atmosphera, cowtonpondlns
to a filltration DF of 1.

When these two DF factors sre combined with the postulate:. airborne
radicactivity releases into the hot cell in Teble 2, an estimaied maximum
of a.ax103 ci could be released to the atmosphers snnuslly.

Eseentially 97 percent of the radicactivity released in the
waste-handling bdullding effluente comas from Kr-85 gnd 3 parcert from
H-3. The other radionuclides contribute less than 0.01 pesrcent to the
total estimated curle releases. 1In sddition, any deposition ardé platesut
of airborne radionuclides ingide the unleading hot cell or cas) cavities
werde neglected.

B. Atmospheric Dispersion

To svaluate the annusl-average atmospharic dispersion factor
(x/Q), ® multisector snalysis was performed. The annual-averagu wind
data were derived from the meteorological iaformation prasented by
Chureh at ‘1.11.12 Because atmospheric staslility data gre not yet
available for the Yuccs Mountain site, thes) wind data were ssgamed to bte
Pasquill Stabllity Cless F which is conservative for a ground level
ralasde. Annuel-average atmogpheric disperiion factors for 16 compase
directions (¥, NNE, WE, ete.) and four distances (5, 20, 40, ani 60 km)
from the maln waste-handling building for a ground level releass were
caleulated. The site boundary was sssumed 4o be 5 I from the “elease
peint.

“BEST AVAILESLE ooy
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V. RADIATION DOSE ASSESSKENTS

Radiaticn doses were calculated for ecternsl exposuraes cessed by
irmersion in the psseing effluent plume and for internel doses caused by
inhalation of alrborne redionuclides. Tha methcdology describad in
Regulatory Guide 1.10913 wae followed,

A. Haximum Individual Dose .

For a ground-level ralease, the maximum x/Q value is 1.0x10~¢
eeclm? from the BSE direction at 5 km from the vepository. Tasle 3
surmarizes the calculeted annual doses fron the inhalation snd immorsion
pathwaye to & hypothetical maximally exposed individual et this offeite
location,

Table 3 indicates that the maximum whele-body dose to an ffsite
individual from the inhalation pathway is (.01 mrem/yr. The aisoclated
critical organ dose iz 0.04 mrem/yr to tha lung. Thae deses dus to
{mmeraion sre 0.35 mrem/yr to the skin end 0.004 mrem/yr to ths whole
body. Contributione from erud (Co-60) acccunt for mpproximate .y
SS percent of the ennual lung doses in Table 3; the remaining .5 percent
is ceueed by H-3 (30 percent) and Kr-85 (15 percant) sssociater. with
relesses from falled fual, All these doses are well balow the 40 CFR 161
Subpart A limits of 25 mrem/yr to the whole body, 75 mrem/yr ti the
thyroid, and 25 mrem/yr to any other critical ccgan.14

«gEST AVAILRBLE coPY”
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Anmial Radiation Doses to a Hypothetical, Haximally Exposed, Offsite

Table 3

Individual for Ground-lLevel Releases

Inhalation Dose (rem/yr)

Immersion Dose (remlx

“BEST AVAILABLE COPY™

|
Bone Red Bone wWhole i Il
Isotope Thyroid Lung Bone Surface Marrow _Liver Body | Beta Skin ( e
l 5 i
Crud Particles { :
-3 F 13 ' r
Co-—60 1.AE-06 1.8E-05 1.28-06 1.2E-06 1.5E-06 2.8E-06 4 _.AE-08 ] s. 6_8—10 5.8E-01
| [
, _ | '
Failed Fuel }
B2 RAXMEE * l
B3 1.0E-05 1.0E-05 3.78-06 6.6E-06 8.3E-06 8.3E-06 1.0B-05 | o0.cE+00 0.0E+0C
c—-14 1.0E-07 1.0E8-07 5.3e-07 1.2E-08 0.0E+00 0.0E+00 1.0E-07 ] 7.5E-10 0.0E+0C
Kr--85 0.0E+00 4 ,.98-06 0.0E4+00 O0.0E+00 0.0E+00 0.0B400 . 0.0E+00 | 3.42-04 4,1E-06
Y.--129 1.12. 07 2,12 0o s.o2 11 1,22 11 1,422 13232 1.2 12 ! 3.52-14 a.ez-1>
Cs-134 1.0E-08 2.AE-09 9.2€-09 1.1IE-08 1.2E-08 1.3E-08 1.8E-08 { 1.se-11 2.88-10
Cs-135 1.1E-13 2,3E-14 2.28-13 1.3E-13 1.1E-13 1.1E-13 9.0E-14 | 1.6e-15 0.0E400
. Cs=-137 1.4E-07 3.0E-08 1.9E-07 1.7E-07 1.6E-07 1.7E-07 1.7E-07 | 5.52-10 0.0E+00
Ba-137H 0.0E+00 0.0E4+00 0.0E4+Q0 O0.0E+00 0. 0E+00 0.08E400 O0.0E-00 { 1.22-120 1.7E-09
1.1E-05 1.6E-05 A.5E-06 6.BE-06 8.5E-06 8.5-06 1.1E-05 | 3.5B-04 4,.2E-06
- : |
. — - = l REERIRIN RN R
Thtal Naea 1 NS 2 AP.NS S IF_NA B TPLNR 1 nw.ns 1 1PnS v TE_nR | 2cemm A % ng
|
'
¢
¢
AASTY-6/0273Y . 05719/88



B. Population Doses

To determine the populetion dose, the population within §0 km of the
vapository (totaling ebout 11,000) was conunidered. This ig cowsletant with

the methods established by the Nuclear Regulastory Commission £ir nuclesr

power plants.ls

The population dose was evaluated for a ground-level rele.se, and the
results are summarized in Table 4., Table & indicates that the annual total
population dose (whole body) is 0.004 man-rem/yr.

VI. CONCLUSIONS

Offeite doses from the inhalation and i{mmersion pathwiys vere
calculsted for the public using a fet of estimated sirborne soitrce teorms .
send parameters for the effluent treatment system of the waste-!gndling
building under normsl repository operstions. Although no operiting
experience or data for the sourco terms exist for a nuclear warte
vepository, these estimated source terms were judged to be more severe than
those likely to be encountered. Conseguently, the releases of radlosctive
materiale end the associated calculated offsite doses are belicved to
represent upper bounds. '

for ground-level releases, these sourca taerms vesulted in s caleulated
whole-body dose of 0.01 mrem/yr and a critizal orgen lung dosa of 0.04
nren/yc for & maxlmally axposed, offeite individual., The hypothetical
individual was agsumed to be at the site boundary, 5 km from thko ralesse
point. These calculated doses are wall below the EPA limits for normal
operstione of 25 mrem/yr to the whole btody or 75 mrem/yr to the thyrolid and
25 mram/yr to any other critical organ, as net forth in 40 CFR 191.
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The corresponding total population dose (whole-body) foi' membdere
of the public within a 80 ion redius from the site was calculatid to be
0.004 man-rem for ground-level relesces. Buch doses are not s!gnificant
compared with tha background radistion doses received by the tital
population of epproximately 11,000 within the 80 ion tadius fror the

- prospective repository site near Yucca Mountain. Therefore, tilis
preliminary study cencludes that, during normal praclosure repcsitory

cperations, public exposures from airborne radioactive relesse: will de
well below the EPA limits.
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RIB Data Used in this Study:

RIB Section No. Description
2.6.2 Waste receipt rates:

3,000 MTU/yr spent fuel
400 MTU/yr HLW

2.1.1.2.1-2 Average spent fuel burnup:
33 GWD/MTIU (PWR)
27.5 GWD/MIVU (BWR)

Date that may be Added to RIB:

Because of the preliminary nature of this study, the results are not
recommended for inclusion in the RIB.

SEPDE Information

There is no information in this study for inclusion in the SEFDB.
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0££¢1t3~«ﬁdiatlon Doges Re:ulélng rrem‘ii{cmlc Everts
at the Yuccs Mountain Repository

C. W. Ma and L. J. Jardine
Bechtel Hatlional, Inc.

Objective
This peper describes s study to evaluate the offeite radiclog:cel
consequences from geismic evente that are postulated to oceur during the
preclosure period at the proposed Yucca Mountsin repository. 1In this
etudy, the radiation deses to s maximally exposed member of tle public at
the site boundary are described. The work reported here is pirt of e
lerger preliminery study of the coste and benafits of designirg the
waste-hendling building (WHB) st the repository for selsmic events of
varying severity.

Methods

Four structursl damsge states have deen specified for the WHBE These
damage states are defined and quantified in terms of structur:l
deformations, crack sizes, and spalling concrete pleces of the WHB's
veinforced concrete walls. The damsge ie causad by selenmic avents, of
increasing severity, that exceed the seiemic deaign bases. hring sn
earthquake, spalling concrete pleces may hit and damsge spant fuel
assemblies that are being processed or that are temporarily etered in the
hot celle. 7This damage may result in the release of (1) Kr-8: from
breached fuel rode and (2) alrborne particalates from the fractured spent
fuel pellete. For esch of the four damage states, impact sneigy, source
terms, radicnuclide releass fractions, airborne particulate diposition,
and stmospheric dispersion were estimated. Radiation doses wire then
determined for o maximally exposed individisl st the glte bourdary, 5 km
from the release point., For a glven selsmic design, each damige state
hes a specific probebllity of occurrence. These prodabilities were
celculsted for five selemic design bases (2.2 to 1.0 g) by integrating
the glte-specific seiemic hazard and the structural fragility of the WHB,

Results

The atudy ehowed thst the source term of tie sirborne spent fiel
particulagtes is the dominant factor in the radimtion dose te ¢n
individual offsite. The individual doges canged from O to & naxisum of ¢
ren for the worst case. However, sll of tiae calculated probatilities of
damage stetes resulting in significant offsite doses are less than about
10'3Iyr for the verious ssismlie design basss. These extremely small
probabilities suggest that the occurrence of such damage states and the
corresponding cffsite doses vesulting from sny postulated ssismic event
are not credible., These results are sunmarized in Figure 1.

Lonclusions
Significant offsite doses occurring &8s a consequence of selsmic events

oxcasrding the seismic design bages studied are incredible. Thrus, it is
concluded that selsmic evente exceeding the WHBE selsmic desigr dases will
not result in any offeite doses that are buth credidie and significant
during the preclosure period.

“ 3" “BEST AVAILABLE COPY”
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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: 1In 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
(1.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.
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Data are available from a number of tuffaceous samples which support
the last of the possible explanations mentioned above. 1In 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 & 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 Datea

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
103 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
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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 (v) for the tuffs of
interest, is given in Table 1, together with the data from the
dilatometer measurements.

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 IDt Typeb (hr) Strainec {(GPa) Ratiod (MPa)
Gl1-504.1 wd 35 0.00010 19.9 3.0 0.17 £ 0.04 3.0 1.6
Gl-1151.1 wd 12 0.00016 32.7 4.6 0.22 % 0.03 9.3 3.3
G1-1288.9 wv 15 0.00010 23.7 £ 2.5« 0.15 % 0.05¢ 3.4 1.7
Gl1-1342 wv 30 0.00020 15.8 + 2.0* 0.17 * 0.05* 4.8 £1.5
Gl-1362.4 nwv 5 0.00016 15.8 * 2.0 0.17 £ 0.05¢ 3.8£1.4
G1-1395.8 nwz >20f 0.00228t 6.0+ 1.8 0.23 £ 0.05 >25.3f % 8.9
G1-1470.2 nwz 30 0.00168 6.0+ 1.8 0.23 £ 0.05 18.7 £ 6.6
G1-1470.7 nvwz 15 0.00174 6.0+1.8 0.23 £0.05 19.3 £ 6.8
Gl-1744 nvwz 40 0.00144 11.5 4.0 0.16 £ 0.05¢ 24.4 £ 9.2
G1-1763.7 nwz >7f  0.00104f 11.5 + 4.0 0.16 * 0.05* >17.6t + 6.7
G1-1799.8 nwz 30 0.00182 11.5 4.0 0.16 £ 0.05° 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 1075,

d. Numbers given are the mean value and one standard deviation {[(n-1)
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
& 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 v) 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:

P B (1)

c all-2»
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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):

1 2 2: Ry ]
% - [1 : 2u] [EUea] * {‘a"] + 1 —r 2

' The calculated values of Pc and U, also are given in Table 1.

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 datea 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 1n (RH/100) , 3)

vhere ¥ is the capillary pressure, R is the universal gas constant, M is
the molecular weight of the water, T is the sbsolute 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 & 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)). 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:



do = (s - s;) dy 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 i{s 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 calculeted 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
sbout 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 1b show estimated confining pressures for welded
devitrified and nonwelded zeolitized tuff, respectively. In both cases,
pressures estimated from dilatometer and mechanicel 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 lc presents data for samples of vitric tuff. Qualitatively,
because densely welded tuff has lower porosity, smaller average pore
dismeters, 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-
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lent confining pressures similar to those shown for the two lower sets of
points shown as a function of relative humidity in Figure lec. 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 lc 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. 1If 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 MPa 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. 1In addition, samples would be subjected to & 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 date 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 1076 -1 or less will experience stresses resulting from capillary
effects unless a laboratory has relative humidities greater than 70 to
80%. 1In 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 & 107 g1 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
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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 & 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 & laboratory.

4.2 1In 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 gir 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:
gravitationsl, 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.



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
lovwer 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 i{s 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 & 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

- 1isolated from the ambient relative
humidity by means of a jacket or
other coating material, or

- tested in & 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, jecketing 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
1iners for repository shafts are discussed. Requirements for repository
shaft 1iners and design criteria appropriate to those requirements are
presented. - Types of loads acting on & liner and modes of deformation are
discussed. Methods are proposed for calculating load magnitudes and
Tiner 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 mining 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 1iners fnclude excellent security from rockfall,
convenient attachment of shaft equipment, Tow resistance to airflow,
contractor familiarity, and protection of the wall rock from weathering.
Shaft (and tunnel) 1iner design has historically been an {mportant part
of underground engineering and has received extensive theoretical
investigation. Circular geometries, including cylindrical {nclusions,
are mathematically tractable if simple fdealfzations for wall rock
behavior can be justified. However, a complete understanding of the true
nature of ground-liner interactfon that occurs after initfal installation
has been and continues to be elusive. Varfous design approaches have
arisen in response to the wide range of conditfons 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 Tiners. Its major steps are fllustrated by the
flowchart in Figure 1. For inftfal design of shafts, & collection of
relatively simple analyses emphasizing closed-form solutions can be used
to calculate 1iner 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 is an
additional step that may include sensfitivity studies, and detafled 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 remains valid for any
level of analysis considered appropriate.

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 1s 10 CFR Part 60.133 (NRC, 1986), which sets
performance objectives for repository openings that provide operational




safety and retri( ility requirements under expe repository
conditions, spectrfcally 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 contrel, 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 {1ssue, 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. A

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 detafled 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 detafled 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
inftial design. Retrofitting, if required, could be performed by several
methods that will not present major construction difficulties with this
type of liner.

4 UNLINED SHAFT BEHAVIOR

Although shafts may be sunk and 1ined 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 {s appropriate when the formation {s generally massive. Such an



approach might 1h_Aide using relatively simple clo>et form solutions to
check for inelastic behavior. Initfal support requirements for an
elastoplastic material can be ifnvestigated 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 1imit its extent. A number of methods exist for
determining support requirements for blocks, providing the orientatfon 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 1imited in extent under predicted conditions, or
can be reliably controlled with {nitial support, subsequent analysis of
1iner loads may be simplified by using 1inear 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. '

Initfal support requirements can only be approximated prior to
excavation. The actual support installed will 1ikely be determined
du;inq construction, by the consensus of parties responsible for worker
safety.

§ 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 1s
acted upon by radial and shear tractions that develop as the liner offers
gassive resistance to distortions of the surrounding rock mass.

ractions resulting from this "interaction” 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 1iner and the rock. In this methodology, “free-field"
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 limer, and
also facilitates calculations by requiring interaction to be considered
only once during liner stress computations, rather than separately in
each load calculation. This is especially useful where different types
ofllo%dsiare 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.

5.3 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 Sectfon 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 sti__ develop on the liner as a resi/of 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 1ittle load will
develop in this manner i1f the liner is installed further than one shaft
diameter from the advancin% face. Mapping and other requirements in :
repository shafts make it likely that this liner installation gap will be
greater than one diameter. For initial 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 25% of the free-field in situ stress for
typical liner/rock stiffness ratfos 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 fnelastic behavior will occur, then the
Tiner will have a structural ground-support function. One approach to
estimating the 1iner support requirements is to use a classic elastic-
plastic method fn which it 1s assumed that the maximum pressure the liner
is 1ikely to experience {s 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 1ikely that the liner will neither apply a uniform pressure, nor be
installed sufficiently early to prevent inelastic behavior. A detailed
discussion of this approach {s 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 1f uniform in-situ
stresses can be assumed, because the relaxed zone around the shaft is
circular and the pressure exerted on the liner {s uniform. If this
assumption 1s 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 & finite element model, which also
allows the interactfon with the liner to be included in the analysis.

For inftial design purposes it 1s recommended that the ground be
considered to behave elastically if nonlinear behavior is shown to be
1imited in extent and stabflized by initfal support. If substantial
fnelastic behavior 1s predicted, then recourse must be made to a
numerical model in which the timing of 1iner installation is simulated.
Initial support may be designed to carry part of the ground pressure.
Concerns about the service life of inftial support suggest the
gonservative assumption that the {nftial support does not reduce l{ner

oads.

If lon¥-term creep 1s expected, then the load on the 1iner will
eventually approach the in-situ stresses unless the shaft {s
overexcavated and frangible backpacking is installed to compensate for
closure. The amount of overexcavation necessary to fsolate the shaft may
be pr:d}pted from site-specific creep equations and the design 1ife 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. Also._significant shear strains and cu~fatures 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 1n 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
Tiner itself), and can be a significant effect. The load acts both
horizontally as a free-field stress increase, and vertically &s an
extensfonal 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 valves late in the functional life
of the shaft liners.

Thermal analysis involves the following steps:

1. Preparing input data. The spatfal 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.

5. Computing thermally induced free-field stresses and/or strains at
the destred locations along the shaft axis.

Thermal loads will consist of a complete free-field stress or strain
tensor at critical locatfons along the shaft. In additfon, curvatures
may be calculated from computed relative displacements along the shaft.

8.5 Sefsmic Loads

A sefsmic event, whether associated with an earthquake or an underground
explosion, generates elastic waves that propagate outward from the
source. The elastic waves {nduce transfent 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 motfion. Seismic events
may also impose direct shear displacements on the shaft 1ining 1f they
cause movement along faults transecting the shaft axis.

Unifke surface structures such as bufldings which tend to move and
deform independently when excited by earthquake-induced ground motions,
shaft 1iners move and distort compatibly with the ground in which they
are embedded. Hence, static analysis 1s appropriate. Also, if the
wavelength of the seismic pulse {s relatively large with respect to the
opening diameter (i.e. 1f the rise time of the seismic fmpulse §s long



relative to the ti_{sit time of the wavefront acrod+’the opening), then
there will be no severe strain gradients across the structure. Hendron
and Fernandez (1983) propose that there will be 1{ttle dynamic
amplification 1f the wavelength ts 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-
sta%ic; analysis will yield sufficient accuracy for most fnitial liner
analysis.

The general procedure for pseudo-statfc 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 2 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 suftable 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 fncorporated 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 relatfonship at the site so
that the magnitude of ground motions at various design points along the
shaft can be determined from the contrel motion. This 1s 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 {nclude dilatational (P) waves, horizontal (SH) and
vertical (SV) components of shear (S) waves, and surface waves. The
contribution of each waveform to the control motfon must be assessed, and
appropriste 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, propagatfon velocities, and angles of incidence. In addition
to the strain tensor, curvatures can be calculated from accelerations.

§. Assessing the possibility of simultaneous arrival of different .
waveforms. If the epicentral distance from the shaft is great, 1t may be
possible to assume separatfon 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 motfon
in one particular direction are combined with 40 percent of the strains
corresponding to the two orthogonal directions of motfon. If it 1s not
clear which combination will provide the maximum stresses in the liner, 2
number of sefsmic 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 {nitial
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 211 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
{s 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 radfal rock pressure
acting on the exterior of the liner. If the liner is cast against the
rock, vertical (axfal) 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 §s differentfal 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 l1iner 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 if all the
modes of loading on the shaft are to be considered. However, §f linear
elastic behavior is assumed, behavior modes can be analyzed independently
- and combined using superposition {f required. :

Figure 2 11lustrates three fndependent deformation modes: 1) hoop
deformation combined with axial deformation, 2) bending, and 3) shear.
Hoop 1s considered with bending because the two effects will be
§onsidered together in the generalized plane-strain analysis discussed

ater. -
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(a) Hoop deformation and (b) Bending (c) Shear

axial strain

Figure 2. Modes of deformation of shaft liner.



6.3 Types of Mod._ for Liner Deformation Modes \_/

Closed-form models for 1fner stress analysis may be subdfvided into three
progressively more complex categorfes:

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 {f the lining 1s less
stiff or equal 1n stiffness to the ground, and conservative {f the liner
{s substantially stiffer than the ground. Overconservatism may result in
rﬁlati¥el¥ soft ground conditions, which is 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
equatfons. Interaction 1s not explicitly considered by these models, but
may be incorporated when calculating loads.

3. Models that analyze the liner and rock together as & system and
directly consider the {nteraction between them.

In general, any model selected should consider liner-rock interaction
in some fashion.

6.4 Hoop Deformation and Axfal Strain

Ground pressure, thermal loads, and sefsmic 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 materfal properties. Such &
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-i{n-place liner. A
generalized plane strain condit{on, {n which an axial strain constraint
may be specified, 1s necessary for the case of simultaneous axfal strain
and hoop deformation.

Figure 3 depicts a sectfon through an example shaft, showing tangential
stresses at the inner circumference of the Iiner calculated using 2
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
{1lustrated section, of a P-wave traveling vertically along the shaft
axis and a horizontally polarized, orthogonally incident S-wave results
in seismic stresses, shown {ndependently in the lower portion of the
figure. Axfal extensfons from thermal uplift were {mposed as boundary
conditions on the static analysis, and axial strains from the P wave on
“the sefsmic analysis. It should be noted the specified sefsmic load
combination {s {mprobable and was selected for {llustrative purposes
only; {t {s unlikely that P and S waves will simultaneously arr{ve from
orthogonal directions.

6.5 Bending

Axial bending may result from curvatures assocfated with nonuniform,
thermally-induced displacements of the wall rock and with vertical or
fnclined 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 {nner circumference of & 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 stratfgraphic interfaces, and

extreme vertical or inclined shear waves could cause significant bending

::rainf. Bﬁ?ding causes axfal and shear stresses, both of which should
evaluated.

6.6 Shear

Direct shear may be caused by inclined S-waves or by thermal loading.
Closed form interaction solutfons can be used to analyze shear behavior
on planes normal to the axis of the shaft, {n which the shear {s not
transferred directly from the free field, but causes the l{ner to flex as
& vertical beam.

7.0 LINER PERFORMANCE

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



These codes permiv_.wo alternate design methods; thstrength" or
*ultimate strength" method, and the “working stress* or “elastic* method.
The strength approach is currently preferred for most reinforced concrete
design because 1t 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 & member. In the working
stress approach, the member 1s proportioned to maintain stresses below an
allowable stress level. The working stress approach is sometimes called
the “elastic" approach because linear elastic relatfonships are assumed
in stress analysis. The standard ACI allowable stress level for

- compression is 453 of the 28-day concrete cylinder strength (f'.), below
which value the concrete exhibits essentially linear behavior. In
unreinforced concrete, which {s used in 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
1s 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 conditfons due to 1ts cylindrical geometry.
Although 1t may crack, catastrophic faflure cannot develop until
considerable post-yield displacement occurs. Structural fnstability
(fatlure in buckling modes) also {s not 1ikely. Except for water
pressure and long-term creep, which have ultimate levels {ndependent 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 1s 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 & 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% f'. will be
quite conservative, and will also permit elastic design methods.” In
shafts where personnel and equipment exposure to falliing concrete {s
ninimal, or where loads are transient, an increase to 60% f'. is
Justified. These criteria are to prevent the onset of crushfng and
spalling; 1t should be emphasized that exceeding these levels will not
result 1n collapse of the structure for the reasons mentfoned earlier.

Shear strength criteria should account for {ncreases in shear strength
due to the confinement of the concrete at the locatfon of peak shear.
German practice in shaft design (Link et al., 1985) permits shear
stresses in plain concrete of 2.3(f'.) under conditions of.no
confinement; to account for confinement this level 1s increased by the
v;lue of the smallest normal compressive stress across the plane of
shear, :

In general, Timited tensile cracking in an unrefnforced non-waterproof
concrete liner may be disregarded because neither horizontal nor radial
tension cracks lead to & credible collapse mechanism. Even if a
waterproof 1iner {s desfred, minor tensfle 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 N\ -/

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
d:t: 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
necess:rily reflect those of the Unfted 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.

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

Archie M. Richardson, Birger Schmidt
Parsons Brinckerhoff Quade & Dougles, Inc., San Francisco, CA, US/
Christopher M. St. John, Principia Mechanica, London, England

OBJECTIVE With the current concern with the development of licensable
underground repositorfes for high-level nuclear waste, 1t is crucfal that o
consistent and complete methodology for desf%n of deeg shafts at such a facility
be developed. This paper outlines a proposed methodology for desfgn of concrete
shaft Tiners in rock.

METHODS The methodology considers static, induced thermal ard sefsmic loads
on the liner, making 1t ?Ppropriate for underground repositories. It is based
on the fo1low1n% steps (Figure 1): 1) Imestigation 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 decey, &nd sefsmic effects
from possible earthquakes; 3) Identificatfon of the possible modes of deformation
of the liner in response to these loads; 4) Stress analysfs of the liner,
considering 1t an elastic tube embedded in end bonded to an elestic medium with
different material properties. Simple interaction between the linfng and the
rock is consfdered in the stress eanalysts, which uses a recent solution for
stresses and strains in an embedded thick cylinder derfved by one of the authers,
that has been verified by several ealternste methods for nuclear waste
app}1cations; and 5) Evaluation of predicted linfng stresses vs expected concrete
performance,

RESULTS  The methodology 1s {llustrated wi~h examples appropr ate to & shaft
in nonecreeping rocks located in a reasonably dry environment with little or
no fnitfal rock overstress. '

CONCLUSIONS A collection of relatively simple analyses emjhasizing closed
form solutions can be used to calculate liner Yoads, determine critical stresses
{n the lfner, and evaluate the performance of the 1iner. The overall methodology
serves as & framework that remaings valid for any level of ana'ysis considered
appropriate. The principal rematning uncertainty 1n the arslysis lies in
determination of loads on the structure, since they are geologic 1n origin.

AUG 16 ’BB8 11:11 PARSONS BRINKERHOFF “BEST AVAILABLE COPY”
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Figure 1. Flow chart of proposed iiner design methodology.
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EVALUATION OF SITE-GENERATED RADIOACTIVE WASTE TREATMENT
AND DISPOSAL METHODS FOR THE YUCCA MOUNTAIN REPOSITORY

C. V. Subramanian
Sandis National Laboratories, Div. 8511
Livermore, CA

L. J. Jardine
Bechtel Nationel, Incorporated
San Francisco, CA 94119

BJECTIVE

This study identifies the sources of radicactive 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.

W CTER 10N

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 & 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 MTU and will accept defense high level waste (DHLW) canisters
at an annual rate equivalent to 400 MTU.

2. No spent fuel will be consclidated 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 reil 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 activitles 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 decontemination operations,
and include chemical wastes like decontamination solution, laboratory
wastes, vehicle wash wastes, laundry drains and spent resin slurries.

The solid radiocactive wastes are generated primarily by waste-handling
operations, and include both compactible wastes (like items made of
plastic, paper, cloth, rubber and metal, ebsorbant 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
concentretions of radicactivity for the repository facilities. The sources
of each of the waste types are discussed in detail in SAND86-7136 (Jardine,
et al., 1987).



Table 1

Estimates of Site-Generated Waste

Annual Annual

Waste Type Quantity Activity Activity (Ci)
Chemical liquids 48,000 gal 7.5 x 10°3 Ci/gal 4
Spent resin slurry 4,000 gal 1.1 x 10°2 ¢ci/gal 45
Recycle liquids 417,000 gal 6.3 x 10°4 Ci/gal 261
Waste-handling building

cartridge filters 182 filters 12 Ci/filter - 2,200
Recycle purification

cartridge filters 18 filters 12 Ci/filter 216
Noncombustible/

Noncompactible

dry active waste 14,400 ft3 3.5 x 10-3 ci/fe3 51
Combustible/

Compactible

dry active waste 36,800 ft3 3.0 x 10-3 ci/fe3 112
Hot cell

air filters 1,200 ft3 3.3 x 101 ci/fed 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 erea or to permit safe
transportation &and conversion to a form suitable for disposzl at an
alternative site in sccordance 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 disposzl 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 ebsorb 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.

1f 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 criterie 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 & 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." 1In 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.

A
Gaseous radiocactive westes 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 disposeal.
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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 ebsorbent. 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 radiocactive 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.

In this option, the radiocactivity buildup on certridge 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.

In this option, the highly radiocactive 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 cperations 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 radiaetion 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.

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



v o/

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.

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.

Option 6 involves supercompaction of DAW, which further reduces the
volume of waste below that of standard compaction. All DAV 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.

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 inteo 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 Iinto baskets for encasement in cement, and due to the much
larger number of waste drums requiring handling, transporting, and
disposal.

In Option 8, combustible DAW and hot cell air filter media (not
frames) are shredded and transferred into an incinerator. The
resulting ash {s then immobilized in concrete in 55-gal drums.
Drums of highly radiocactive 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
radiocactivity.

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 & 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 & 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
wvastes, 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 technicel 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 radiocactive 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 & 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 WHB resulting from the seismic loads. This
summary includes a preliminary seismic evalustion 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



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. Modal 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 enalysis indicate that the WHB can withstand the
design-earthquake loading. However, resulting shear stresses in the walls
wvere 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.



The inelastic analysis was performed using the modified response
spectrum method (Newmark, 1975). For this, & 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 Kemnedy, 1980. The structure’s
ductility factor is defined as the ratio of ultimate displacement to yield
displacement for &n 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 Conservetive Deterministic Failure Margin (CDFM) spproach 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 fdentified weeker 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 & more uniform design margin.

The value for maximum fault displacement that the WHB can accommodate
was based on suthor’s engineering judgment derived from findings of a
literature search eand 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, 1679).
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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 WHB 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 eand 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 WHE can accommodate
verticel fault displacements ranging from 1.0 to 2.5 in and horizontal
fault displacements ranging from 5 to 15 in. In these anslyses 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



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 cbllapse. 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 WHB design.
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APPENDIX

Information from the Reference Information EBase
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 Datas Base

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

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

Deily and seasonal weather patterns may play a role, elther directly
or indirectly, in affecting overall gas and liquid moverant in the
unsaturated zone at Yucca Mountain, Nevada. In this study we focus on
two effects at the land surface: (1) aimospheric pressurz variations
with time, which we denote by "barometiric pumping", and (2) a lowered
relative humidity condition of the soil gas. Both boundacy conditions
induce & net upward movement of molsture, predominantly is gas phase
vapor fluxes., The objective of the present study was to use simple and
1dealized models to determine whether these gas phase fl » effects could
conceivably make a major contribution to the overall watar balance (net
infiltration). We performed a spectral analysis of barom:tric pressure
data from Yucca Mountain, which yieldedl estimates for nef moisture
removal from the unsaturated zoné by wey of barometric pumping. Effects
of the lowered relative humidit{ boundery condition were simulated
numerically in a one-dimensional vertical tuff column. Thie simulations
were carried out using the simulator TCUGH, which is a miltidimensional
numerical model for simulating the courled transport of ‘7ater, vapor,
air and heat in porous and fractured rcck. It takes accoint of fluld.
flow in both liquid and gaseous phases under pressure, V..scous, and
gravity forces as well as binary diffusion in the gas phise. We find
that upward vapor fluxes for the two processes considered lie in the
range of 0,1 mm/yr, which is orders of magnitude smaller than overall
precipitation (approximately 150 mm/yr). It is concluded therefore,
that the gas phase flow effecte considered here make onl:" a very small
contribution to the overall water balance at the ground gurface. However,
the effects cannot be ignored because they are of the saie 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 iossibility of an overall drying (net infiltration
negative). Our preliminary investigations suggest that farther measure-~
ments should be made to accurately monitor status and mi¢ration 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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