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Summary Meeting Notes ‘ S '
DOE/NRC Meeting on the BWIP Barrier Materials Test Plgn

Gaithersburg, Maryland
'~ May 8-9, 1984

Agenda: See Attachment 1
Attendees: See Attachment 2

Developments:

BWIP presented an overview of the Barrier Materials Test Plan (BMTP) (see
Attachment 3). In the absence of established specific performance
requirements and reliability goals for the waste package, the barrier
materials test plan was prepared based on applicable regulatory criteria,
OCRWM criteria, BWIP functional design criteria, BWIP conceptual designs,
sound scientific/engineering judgement/and peer review. It is the intent of
BWIP to add a discussion on the relationship of design and performance
assessment activities to the materials testing efforts to the test plan in its
next revision. BWIP is developing an integrated performance allocation plan
to address the relation of data types (including the waste package data) to
performance goals. This plan is not available at this time.

NRC presented the elements against which the review was conducted (attachment
4). As explained in the BMTP, the current draft presents test plans for
materials and waste package environment but does not cover performance
assessment or design. NRC noted that these omissions sharply limited the
scope of the review; without an understanding of the performance objectives
assigned by DOE to components of the engineered system a review of the test
plans is incomplete. NRC has stressed, in interactions with DOE, the
importance of early attention to performance objectives for system components
in order to direct test plans and site characterization toward licensing
information needs. To illustrate, NRC distributed materials developed at a

,gprkshop on August 4-5, 1983 (see attachments S5 and 6). NRC comments on the
DOE Mission Plan also cover the importance of setting performance objectives

for system components (see attachment 7).

NRC preliminéry comments on the BMIP comprise attachments 8 and 9. The
handwritten changes represent clarifications developed during the course of
the technical meeting.

BWIP responses to NRC comments bomprise attachment 10.

The presentations served to clarify the meaning of "test plan" as used by
BWIP: a BWIP test plan, like the BMIP, deals mainly with the overall logic,
rationale and general schedule; details such as the matrix of test conditions,
selection of specific test methods, test procedures and detailed schedules are
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contained in other documents such as the annual test instructions and QA
documents such as MA-4. NRC stated that to carry out its review and comment
function both the general material and the specifics are needed. This matter
will be covered further in the NRC follow-up comments.

The principles underlying NRC's draft "Fault Trees Depicting Failure of
High-Level Radiocactive Waste Packages" and "Event Trees Depicting Release of
Radionuclides from High-Level Radioactive Waste Packages" were discussed. The
documents had previously been given to BWIP for review. They form attachments
11 and 12.

NRC and DOE participants discussed the technical state-of-the-art on system
characterization and testing. NRC representatives offered suggestions on
program alternatives to broaden the data collection effort. It is the
consensus of participants that the meeting provided clarification on technical
issues and approaches involved in the waste package system testing.

“Follow-up Items:

NRC will send follow-up comments on BMTP to DOE in mid-June.

ol ) (q)mﬁ& s/io/s:

Robert J. Whkight, NRC (/

Jam¢s E. Mecca, DO




Attachments:

1. Meeting agenda

2. Listing of attendees

3. BWIP overview of BMIP

4. Considerations in NRC review of BMIP

5. Extract froﬁ summary meeting notes of thé DOE/NRC
technical management meeting August 4-5, 1983

6. NRC statement on reliability - August 4, 1983

7. Extract from NRC comments on DOE Mission Plan - February 1983

8. Topics covered in NRC preliminary comments

9. NRC preliminary comments on BMIP

10. BWIP responses to NRC preliminary comments

11. "Fault Trees Depicting Failure of High-Level Radioactive
Waste Packages" (Draft) - December 1983

12. “Event Trees Depicting Release of Radionuclides from High-Level

Radioactive Waste Packages" (Draft) - January 1984
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- . ' ATTACHMENT 1

f ) .- . PROPOSED AGENDA FOR MNRC/BWIP MEETING
- TO DISCUSS THE BARRIER MATERIALS TEST PLAN
: MAY 8-10, 1984 '
3 CLINAT DE FRANCE HOTEL
' GAITHERSBURG, MD.
Tuesday, May 8, 1984
VB:OO.am Introductory Remazrks, NRC Néc
v8:10 am Introductory Remarks, DOE DOE
. v8:20 am Background and Basls for the BWIP Test BWIP
Plan (BKTP)
8:40 am . Prellminary NRC Reviev Comments on the NRC
BHTP - DOE/BWIP Responses .
° 12:00 noon Lunch : . .- .
1:00 pm Reconvene the HRC Comments and BWIF/DOE NRC .
Responses '
5:00 pm hd journ -

Wednesday, May 9, 1984 ;

8:00 am- Reconvene NRC - DOE/BWIP Dielogue on the NRC
noon  BHTP

12:00 noon Lunch

1:00 pm-._ Conclude Dicloguek* . NRC
5:00 pm

P R

Thursday, May 10, 1984 ;
8:00 am Wirap-up and Adjournment NRC/DOE/BWIP

® Brezks a2t approximetly 10:00 am and 3:00 pm,
¥% Time permitting, the open Items remazining from the
Ceochemistry torkshop will be discussed.
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- OVERVIEW OF

ENGINEERED BARRIERS TEST PLAN
(EBTP)

P.F. SALTER
MAY 8, 1984

NRC/BWIP REVIEW OF EBTP

Rockwell Hanford Operations
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OBJECTIVES -

FULLY-RADIOACTIVE WASTE FORM TESTING
(325 BUILDING, HOT CELL FACILITY)

WP DESIGN

DETERMINE NEED FOR ADDITIONAL BARRIERS
EVALUATE EFFECT OF RADIATION ON BARRIER STABILITY
CONFIRM COMPATIBILITY OF BARRIERS

DETERMINE NEED FOR TAILORING AGENTS TO CONTROL
RADIONUCLIDE RELEASE

WP PERFORMANCE ANALYSIS

MEASURE RADIONUCLIDE RELEASE RATES
IDENTIFY SOLIDS CONTROLLING RADIONUCLIDE RELEASE
PROVIDE RADIONUCLIDE SOURCE TERM DATA FOR FAR-FIELD

PERFORMANCE MODELING

wPB311-3



OBJECTIVE OF W/B/R PROGRAM

EXPERIMENTALLY DETERMINE STEADY-STATE
RADIONCULIDE CONCENTRATION DATA FOR USE AS
SOURCE TERM INPUT TO PA MODELS AND DESIGN
DEVELOPMENT

DETERMINE SYNERGISTIC EFFECTS BETWEEN BARRIER
MATERIALS UNDER EXPECTED HYDROTHERMAL
CONDITIONS

DEVELOP Eh AND pH SENSORS FOR USE IN
HYDROTHERMAL INTERACTION EXPERIMENTS

DETERMINE OXYGEN BUFFERING CAPACITY OF BASALT
FOR WASTE PACKAGE DESIGN

IDENTIFY ALPHA AND GAMMA RADIOLYSIS EFFECTS

INVESTIGATE NATURAL ANALOGS FOR WASTE
PACKAGE

WpP8401-257A



WASTE/BARRIER/ROCK
RADIONUCLIDE RELEASE TESTING

QUANTIFY RADIONUCLIDE RELEASES
TO THE HOST ROCK

DETERMINE RADIONUCLIDE ' IDENTIFY ALTERATION PHASES
STEADY STATE CONCENTRATIONS WHICH CONTROL RADIONUCLIDE

AS A FUNCTION OF: CONCENTRATIONS AS A
¢ TEMPERATURE FUNCTION OF:
S PRESENCE OF BARRIER MATERIALS )

¢ FLOW RATE e TEMPERATURE

® PRESENCE OF BARRIER MATERIALS
¢ FLOW RATE

ASSESS CAPABILITY TO CONTROL
RADIONUCLIDE RELEASE FROM THE
WASTE PACKAGE RELATIVE

TO CRITERIA

wpPB406-16




BWIP CONTAINER MATERIAL STUDIES
OBJECTIVE

«IDENTIFY AND CHARACTERIZE A CONTAINER MATERIAL THAT WILL
PROVIDE REASONABLE ASSURANCE OF NUCLEAR WASTE CONTAINMENT
IN THE ENVIRONMENT OF A DEEP GEOLOGIC REPOSITORY

CONSTRUCTED IN BASALT FOR 300 TO 1,000 YEARS.

WPB301~-T48B



WASTE PACKAGE CONTAINER MATERIALS TESTING

PROVIDE CONTAINMENT
OF RADIONUCLIDES

ENSURE MECHANICAL INTEGRITY PROVIDE A CORROSION
‘OF THE CONTAINER RESISTANT CONTAINER

GENERAL CORROSION | | PITTING CORROSION
TESTING . TESTING

SLOW-STRAIN-RATE FRACTURE MECHANICS

TESTING CRACK GROWTH
TESTING

WPge406-1




CONTAINER MATERIALS CRACK GROWTH TESTING

FRACTURE MECHANICS

SLOW-STRAIN-RATE CRACK GROWTH

TESTS TESTS
*ASSESS RELATIVE SUSCEPTIBILITY - *QUANTITATIVELY ASSESS
OF CONTAINER MATERIALS TO ENVIRONMENTALLY ASSISTED
ENVIRONMENTALLY ASSISTED CRACKING CRACKING TO ESTABLISH
FOR RANKING AND SCREENING LIMITING STRESS AND
FLAW SIZE COMBINATIONS

* MECHANISTIC UNDERSTANDING
*STATISTICAL TREATMENT OF DATA

CRACK PROPAGATION
CORRELATIONS

sDESIGN RELIABILITY ASSESSMENT

*PERFORMANCE ASSESSMENT
WP8405-2



CONTAINER MATERIALS CORROSION TESTING

GENERAL CORROSION

PITTING CORROSION

TESTS

e CHARACTERIZE UNIFORM

(INTERGRANULAR IF APPLICABLE)

CORROSION BEHAVIOR OF
CONTAINER MATERIALS

Y

TESTS

'CHARACTERIZE PITTING (CREVICE)
CORROSION BEHAVIOR OF
CONTAINER MATERIALS

/[ *MECHANISTIC UNDERSTANDING
*STATISTICAL TREATMENT OF DATA :

|

CORROSION
CORRELATIONS

*DESIGN RELIABILITY ASSESSMENT
*PERFORMANCE ASSESSMENT

WP3406-3



PACKING MATERIALS TESTING OBJECTIVE

QUANTIFY PHYSICAL AND 6HEMICAL PROPERTIES OF

PACKING MATERIALS WHICH WILL MINIMIZE CANISTER
CORROSION AND RADIONUCLIDE FLUX TO THE'
SURROUNDING ROCK

wWP8406-16



PACKING MATERIALS TESTING

CONTROL RADIONUCLIDE RELEASE
TO THE SURROUNDING ROCK

MINIMIZE CONTAINER CORROSION

LIMIT RADIONUCLIDE FLUX
TO THE SURROUNDING ROCK

PHYSICAL PROPERTY CHEMICAL PROPERTY
TESTING TESTING .

®*HYDRAULIC CONDUCTIVITY SREDUCING CAPACITY

®SWELLING PRESSURE
@ BEARING STRENGTH

ASSESS CAPABILITY TO
PROVIDE A BENIGN AQUEOUS

ENVIRONMENT RELATIVE
TO CORROSION

CHEMICAL PROPERTY
" TESTING

" e REDUCING CAPACITY
e CHEMICAL STABILITY
e SOLUBILITY/SORPTION
e RADIONUCLIDE DIFFUSION

ASSESS CAPABILITY TO
CONTROL RADIONUCLIDE
RELEASE FROM THE
WASTE PACKAGE
RELATIVE TO

RELEASE CRITERIA

wPB8406-12




1.2 WASTE PACKAGE END FUNCTION SCHEDULE
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CONSIDERATIONS IN NRC REVIEW OF BMIP

1, RELEVANCE OF TESTS A'D DATA TO PERFORYWANCE OBJECTIVES FOR THE WASTE PACKAGE
STATED IN 10 CFR 60 A'D TO THE WASTE PACKAGE ISSUES STATED IN NRC'S SCA,

2. WHAT SCENARIO AND WASTE PACKAGE DESIGN(S) IS THIS PLAN BASED O?
| DETERMINE IF THE PLANNED TESTS WILL PROVIDE SUFFICIENT DATA TO
ADDRESS THE DOMINENT FAILURE SCENARIOS FOR THE WASTE PACKAGE,

3, DETERMINE IF THE TESTS WILL YIELD S.IFFICIEfIT DATA FOR AN INDEPENDENT |
ASSESSMENT OF WASTE PACKAGE PERFORMANCE AND AN INDEPEMDENT DEVELOPVENT OF
A PERFORMANCE MODEL, |

P LNAWHOYLLY
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6

CONSIDERATIONS IN NRC REVIEM OF BIP

DOES NRC AGREE WITH THE TEST DETAILS AND EXPERIMENTAL SET-UPS DEFIHED IN
THE PLA?  IF HOT, IDENTIFY THE SHORTCOMINGS AND PROPOSE IMPROVEMENTS,

DETERMINE IF THE TEST SCHEDULE IS REALISTIC,
DETERINE IF THE TEST SEQUENCE IS LOGICAL,

REVIEN DETAILS OF EXPERIMENTAL SET-UPS AND TEST CONDITIONS.



’ ATTACHMENT 5
EXTRACT FROM SUMMARY MEETING NOTES
OF DOE/NRC TECHNICAL MANAGEMENT MEETING

-~ AUGUST 4-5, 1983
- 2 -

BWIP engeneering planned for inclusion in the SCP will not have
progressed to the level necessary for NRC to review and comment
on these asspects.

3. As a.resuit.of (2), DOE will wish to reassess the SCP preparation

process in 1ight of NRC information needs.

4.

" therein, as well as performing design analyses to determine

—
Considerable discussion centered on the need, in the SCP, for )
interim, quantitative performance objectives for the components
of the engineered system. NRC indicated that an acceptable way
of specifying performance is through the standard approach of
establishing performance reliability and the confidence level

these values. DOE pointed out that while this approach is

being attempted, its usefulness may be limited because of the
many variables involved. Additonally, an NWTS program-wide __J
approach needs to be established by DOE.

NRC urged DOE to move aggressively in forging a concensus on
the problem of modeling and testing the thermal-hydrological-
mechanical-geochemical response.of the repository host rock to
waste emplacement. This could be the critical path-item in
site characterization because of its effect on time and scale
of testing. )

Management Developments:

DOE presented a preview of a release system for BWIP site
characterization data and information (Attachment &), which is expected
to be implemented in October 1983. NRC indicated that the scheme &ppears
to be working in the right direction because it appears to accommodate
the main requirements, viz. :

1.

The system needs to capture all site characterization data,
whether collected by the present or predecessor contractors.

The system needs to permit access to all data by NRC and other
affected parties. .

The system needs to explain to a user what is in the system and
how it can be traced.



ATTACHMENT 6

NRC STATEMENT ON RELIABILITY

1

Reliability of Engineered Barrier System

10 CFR Part 60 does not require & specified quantitative level of
confidence or reliability. '

- Reasonable assurance §s the standard.

= However, the Commission expects that the information considered
in & licensing proceeding will include probability distribution
functions...

Cdnsideration of uncertainties in the datz and the models is a ‘
major concern that will need to be addressed quantitatively in the
li;ense application. ‘ ’

- The data to address these uncertainties must be gathered during
the site characterization program.

- Testing and data collection must consider in a systematic way all
important interactions of the system affecting waste package
performance.

= One way tc do this that would be acceptable to NRC and that could
be factored intc the analysis of the waste package design for the
license application is by using the reliability assessment
techniques in the draft technical position we are developing in
combination with fault tree analysis. .
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Specification of Interim Reliability Goals

Under final 10 CFR Part 60 DOE has great flexibility in design of
the waste. package.

- Components thet will be reIiea en to meet the performance
objective.

= Performance objectives for the engineered barrier system.

= The level of reliability in each part of the system so that there
is reasonable assurance that the overall system will meet the EPA
standard.

= DOE can optimize the design of individual components to provide
the most cost effective system.

Reliability goals for the overall system.
- Overall system performance standard is the EPA standard.

- While NRC does not believe EPA should specify numerical
probabilities of releases in their standard, it is appropriate for
DOE to use them in designing the repository and for NRC to consider
in its review.

- An overall performance goal is that releases having more than one
chance in one hundred of occuring in 10,000 years should not exceed
the table fn EPA standard. This can be used to derive the needed
reliability in parts of the system, taking into account the
uncertainty in the data and the models used to assess performance.



ATTACHMENT 7
EXTRACT FROM NRC COMMENTS ON DOE MISSION PLAN
(JOHN G. DAVIS (NRC) TO MICHAEL J. LAWRENCE (DOE) ),
LETTER OF FEBRUARY 8, 1984

“Over the past year, the NRC staff has informed DOE of the need to establish,.
as soon as possible, the intended performance requirements for repository
system components on a site specific basis. 10 CFR Part 60 gives DOE
flexibility, on a site by site basis, to propose trade-offs among system
components (natural and engineered). We believe that it is essential that
decisions be made promptly by DOE for these intended component performance
requirements. These decisions are essential to provide focus to the
repository investigation programs. Without this focus, the programs may not
provide an adequate or timely basis for DOE decisions or for NRC reviews.
Also, NRC's ability to give timely guidance to DOE on licensing information
needs may be hindered and in some cases made impossible.



TOPICS T0 BE PRESENTED BY WRC IN NRC/BWIP MEETING OF MAY 8-10, 1934

0 BIP'S STATISTICAL TEST DESIGN

0 APPiUAOl NO RATINLE

0. CORROSION TESTS AND DATA

0 PAKING TESTS KD ATA

0 OVERALL DATA SUFFICIENCY FOR PERFORMANCE ASSESSYENT

~ 0 TEST SCHEDULE AD TEST LOGIC

0 GEOCHEMISTRY
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SIMAARY OF PRELIMINARY HRC
REVIEW OF BfiP

1, THE PRESENT DRAFT BIP IS STRUCTURED ON THE SUPPOSITION OF A
STABILIZED REDUCING NCAR-FIELD ENVIRONENT, IT MAY NOT BE
P(BSIBLEE;XQ.})MTE THIS ENVIROENT, THEREFORE, THE TEST SCOPE

~FOR-THEHASTE-PASKAGE-MIST B BROADENED TO INCLUDE TESTS IN AN
OXIC ENVIROMENT,
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AP PLICABLt7Y oF 7THE

DEMONSTRATED [For
2, OSWALD STEP RULE MUST BE VAHIBATED-T8-SHOH-HS-APPHIEABHHRY-
ﬁR PROJECTING WASTE/BARRIE’F’!L%O(AHHERACT 10Se HNRC HAS TDENTIFIED
MWPmBLEMAREAS ﬂEE@ISPIESEMED IN THE DRAFT BMIP IS
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4, THE “STATISTICAL TEST DESIGN" PROPOSED IN THE DRN!T BAIP IS COMPATABLE
- WITH NRC'S &mﬂ\l ON WASTE PACKAGE: RELIABILITY, DETAILS OF TEST MATRIX
ARE NOT PROVIDED IN THE PRESENT DRAFT, WE THEREFORE CANNOT ASSESS DATA

SUFFICIENCY EXCEPT FROM A QUALITATIVE STANDPOINT,




BwiP's STATISTICAL TEST DESIGN

APPENDIX A: “STATISTICAL TEST DESIGN"

COMMENTS

THE BMTP PROPOSES USING FULL AND FRACTIONAL FACTORIAL DESIGN OF
EXPERIMENTS FOR SCREENING TESTS, FOR TESTS TO OBTAIN EMPIRICAL
MODELS, AND FOR ACCELERATED AGING TESTS.

IN PRINCIPLE BOTH FULL AND FRACTIONAL FACTORIAL DESIGN OF
EXPERIMENTS CONSTITUTE ACCEPTABLE APPROACHES AS LONG AS THEY
ARE BACKED BY SOUND STATISTICAL ANALYSES. IN PARTICULAR FACTORIAL
TECHNIQUES ARE ESPECIALLY USEFUL AT THE SCREENING STAGE. MODELING
REQUIRES HIGHER LEVEL EXPERIMENTING AND AN ANALYSIS OF THE STATISTICAL
UNCERTAINTY OF THE DATA AND MODELS. THE BMTP DOES NOT ADDRESS
UNCERTAINTY ANALYSIS.

STATISTICAL DESIGN IS CERTAINLY ACCEPTABLE FOR ACCELERATED
AGING TESTS. IN THESE CASES IT IS -IHPORTANT TO SHOW THAT THE
- MECHANISMS TO BE INVESTIGATED ARE NOT REPLACED BY OTHER HECHAHISMS
DUE TO THE SELECTED, ABNORMAL STRESS LEVELS.



SIGNIFJCANCE

IT IS NOT CLEAR FROM THE DOCUMENT WHETHER UNCERTAINTY
ANALYSIS WILL BE PERFORMED. THE PROPOSED METHODOLOGY HAS THE
POTENTIAL FOR SUCH AN ANALYSIS.

- NRC WILL NEED AN UNCERTAINTY ANALYSIS OF THE DATA AND
MODELS IN ORDER TO JUDGE COMPLIANCE WITH 10CFR60.



SUGGESTIONS

ALONG WITH TEST RESULTS DOE SHOULD ALSO PROVIDE TEST PLANS
AND ANALYSES DETAILING

Ao

c.
D.

E.

FACTORS SCOPED FOR, INDICATING AS WELL IF SOME PARTICULAR
FACTORS WERE DISMISSED A PRIORI AND WHY

RATIONALE WHY A SPECIFIC NUMBER OF LEVELS WAS SELECTED
RATIONALE IN ASSIGNING LEVEL VALUES

ERROR TOLERANCE FOR EACH LEVEL VALUE

EXPERIMENTAL ERROR AMALYSIS WHERE APPROPRIATE. THIS SHOULD
ADDRESS ACCURACY AND PRECISION OF MEASUREMENTS. FURTHERMORE,

ANY REGRESSION OR FIT SHOULD HAVE AN ANALYSIS OF CONFIDENCE.
OF FIT.



APPROACLH ANMD RATIONALE
SCIENTIFIC RATIONALF FOR WASTE/RARRIFR/ROCK

INTERACTION TESTING (APPENDIX R)

OMMENTS

THe OsTwaLD STEP RULE MAY EVENTUALLY PROVE TO BE AN
ACCEPTABLE APPROACH FOR ESTIMATING LONG TERM CONTROLLED
RELEASE«

HoWeVER, POSSIBLE PROBLEMS ASSOCIATED WITH THE STEP RuLE
WHICH SHOULD RE ADDRESSED IN A TEST PROGRAM INCLUDE:

A)

B)

c)

THE STEP RULE, STRICTLY SPEAKING, IS ONLY VALID FOR
A CLOSED ISOTHERMAL SYSTEM. IN A BASALT REPOSITORY
THERE WILL BE MASS FLOW IN AND OUT OF THE WASTE
PACKAGE. FLOW RATE EFFECTS SHOULD, THEREFORE, BE
EVALUATED.

As A WASTE ﬁACKAGE COOLS, THE SOLUBILITIES OF SOME
RADIONUCLIDES COULD INCREASE BECAUSE OF INVERSE
TEMPERATURE EFFECTS. -

THE STEP RuLE, AS STATED IN (A) ABOVE IS VALID FOR A
CLOSE SYSTEM CONTAINING A CONSTANT INVENTORY OF
ATOMS. THIS IS NOT THE CASE IN A WASTE PACKAGE

- BECAUSE OF TRANSMUTATION. THUS IT 1S POSSIBLE THAT

A PHASE RICH IN RADIONUCLIDE X COULD BECOME MORE
SOLUBLE AS X BEGINS TO TRANSMUTE To Y.



D).

E)

ALPHA RADIATION DAMAGE IN A PRECIPITATED PHASE COULD
CAUSE AN INCREASE IN SOLUBILITY BECAUSE OF THE
FORMATION OF AMORPHOUS MATERIAL. ALSO IF ALPHA
DAMAGE GIVES A LARGE INCREASE IN THE STORED ENERGY
IN A PHASE IT MAY CAUSE DISSOLUTION.

THE STEP RULE DESCRIBES THE PROGRESSION OF PRECIPI-
TATION IN GROUNDWATER AND IS THEREFORE CONCERNED
WITH MAJOR ELEMENT GEOCHEMISTRY. RADIONUCLIDES ON
THE OTHER HAND ARE PRESENT AS TRACE ELEMENTS IN
PRECIPITATING PHASES. THUS THE SOLUBILITY OF VARI-
OUS RADIONUCLIDES WILL PRORABLY BE DETERMINED BY THE
MAJOR NON~RADIOACTIVE ELEMENTS PRESENT IN A PHASE.



SIGNIFICANCE OF COMMENTS

THE COMMENTS ABOVE SHOW THAT THE FUNDAMENTAL BASES FOR
THE APPLICABILITY OF THE STEP RULE ARE QUESTIONABLE FOR THE
BWIP repos1TORY sYSTEM. COMPREHENSIVE TESTING WILL BE
NEEDED TO ESTABLISH SHORTCOMINGS IN THE STEP RULE So THAT
DEFICIENCIES CAN BE ACCOMMODATED AND CONSERVATIVE ESTIMATES
OF SOLUBILITY ARE OBTAINED FOR PERFORMANCE ASSESSMENT AND
LICENSING. |



GG ONS

BWIP sHouLD INCLUDE IN THEIR TEST PLAN SPECIFIC PROGRAM
TO DETERMINE HOW GROUNDWATER FLOW, ALPHA RADIATION OF PRE-
CIPITATION PHASES, TRANSMUTATION IN PRECIPITATED PHASES, AND
POSSIBLE INVERSE TEMPERATURE EFFECTS CONTROL SOLUBILITIES.



APPROACH TO.WASTE/RARRIFR/ROCK INTFRACTION TESTING

(APPENDIX C)

COMMENTS

o Fircure C-1 (Appennix C) outLINES THE BWIP APPROACH To.
WASTE/RARRIER/ROCK INTERACTION TESTING.

(1 Appkoqcu IS LOGICAL RUT IT IS NOT CLEAR WHETHER, IN
FACT, THE RMTP sSPECIFIES TESTS UNDER THE CONDITIONS
DESCRIBED IN Fieure C-1.

¢ MusT BE RECOGNIZED THAT THERE IS A SPECTRUM OF WATER
CHEMISTRIES THROUGH THE WASTE PACKAGE AND THIS SPECTRUM
VARIES WITH TIME AND TEMPFRATURE. FOR EXAMPLE, FIGURE
C-1 SEEMS TO INDICATE THAT THERE IS A UNIQUE WATER R
CHEMISTRY IN THE PACKINGe THIS IS INCORRECT.

L VERY IMPORTANT TO FNSURF THAT CORRFCT WATER
CHEMISTRIES ARE USED FOR EVALUATION AND PREDICTION OF
CONTAINER CORROSION, SOURCE TERM SPECIATION, LIMITING
CONCENTRATIONS (SOLURILITIES) AND PACKING MATERIAL
SORPTION EFFECTS, ETC-.

¢ Pace 5-81 (ToP) sTATES "TESTS WILL RE CONDUCTED IN
AUTOCLAVES CONTAINING SYNTHETIC GRANDE RONDE BASALT
GROUNDWATER, CRUSHED RASALT ROCK, AND BENTONITE.Y THIS
IS NOT APPROPRIATE SINCE THE WATER FIRST CONTACTING AN
ACTUAL CONTAINER WILL RE SIGNIFICANTLY DIFFERENT THAN
Granne RonDE WATER-




aN

CANC M S

THE USE OF TEST PROCEDURES WHICH DO NOT EMPLOY
ANTICIPATED WATER CHEMISTRIES, ETC., MAY YIELD DATA ON
CORROSION, SOURCE TERM SPECTIATION, SOLUBILITIES, AND
SORPTION WHICH DO NOT CONSERVATIVELY ESTIMATE WASTE
PACKAGE PERFORMANGE. SUCH DATA MAY NOT RE ACCEPTARLE
FOR LICENSING. |




UGGFSTIONS

NEED TO ESTABLISH THE APPROPRIATE WATER CHEMISTRIES FOR
DIFFERENT LOCATIONS IN THE PACKAGE AND USE THESS AS STAN™ .
DARDS FOR EVALUATING INDIVIDUAL BARRIER PERFORMANCE. A
POSSIBLE SEQUENCE OF TESTS TO FSTABLISH WATER CHEMISTRIES
1S

A) CONPUCT HIGH-TEMPERATURF BASALT/GRANDE RonDE H20
TESTS AT 1 ATMOS. TO ALLOW PRECIPITATION OF
DISSOLVED SALTS TO SIMILATE PRE-CLOSURE EVENTS.

B) REACT THIS MODIFIED BASALT WITH GRANDE RONDE WATER
TO DETERMINE ACTUAL CHEMISTRY OF WATER FIRST
CONTACTING PACKING MATERIAL.

c) CONDUCT HYDROTHERMAL COLUMN TESTS USING WATER
CHEMISTRY FROM (B) AND PACKING MATERIAL TO DETERMINE
HOW WATER CHEMISTRY EVOLVES DURING PASSAGE THROUGH
THE PACKING TOWARDS CONTAINER. CORRELATE THESE
WATER CHEMISTRY SPECTRA WITH SOLUBILITY AND SORPTION
TESTS AND USE THE APPROPRIATE WATER FOR CONTAINER
CORROSION STUDIES.

A SIMILAR SEQUENCE OF WATER CHEMISTRY EVALUATIONS AND
WASTE PACKAGFE COMPONENT TESTS CAN BE DEVISED FOR REGIONS
“DOWNSTREAM” FROM THF WASTE FORM.



COMMENT:The BHIP testing program is based on the assumption that the grodndwater will

be anoxic except for a brief period tmmedjately following closure
"and that for corrosion (and other) testing purposes one can assume
that all significant processes are governed by a very reducing -
Eh which will prevail in the near-field epvironment.

There are a number of factorsgwhich make thisassumption questionable:

a)Gamma radiation an&, after breac
continuously
of water.

h, alpha radiation, will
generate oxidizing species by radiolysis

b)Hydrogen produced by vadiolysis and corrosion may dissolve
' in the containers a

nd may also escape because of its high
diffusivity.

c)The presence of methane is irrelevant because of its
very sluggish oxidation kinetics in aqueous environments.

d)The buffering capacity of basalt is Vimited to surfaces.
New surfaces generated during mining will have been exposed
to air during the operational period; old surfaces

(pores and existing cracks) will have been exposed to
groundwater over geologic times.

e)It is not clear that the

concept of a system master En
will be useful in predict

ing localized corrosion behavior.

¢ If the testing program {is based on the assumptions that the groundwater
SIGNIFICANCE is anoxig gndgthat all significant processes are controlled by
a very reducing Ep, there ts considerable risk that DOE may not
have sufficient data to support their 1icense application because
it may not be possible to provide reasonable assurance of the
validity of the assumptions. In this case, in the absence of test
data under more oxidizing conditions, the ability of the waste

package to meet the requirements of 10 CFR 60 will not have
been demonstrated. .

YA VY SIS NOI1sQddQ)




SUGGESTION: Corrosfon data for each potential failure mechanism (uniform corrosion,
pitting corrosion, hydrogen embrittlement, etc.) should be
collected under the most unfavorable conditions for that particular
failure mechanism consistent with what is certainly known about
the environment (e.g.. hydrogen damage should be collected under
the most reducing plausible conditions, whereas pitting corrosion
data should in general be taken under the most oxidizing plausible
conditions). At the same time, of course, DOE retains the option
of demonstrating that the environment will be characterized by

- some fixed Ep, that there is sufficient buffering capacity to
maintain this E, during the relevant storage period, and that
this E, does in fact control the significant processes.

Furthermore, DOE needs to collect more mechanistic data so as to
permit confidence in extrapolations and interpolations. It
should be borne in mind that an extrapolation or interpolation
involves the assumption that There ts no stgnificant change
in mechanism, and that such an assumption must almost always be
based on considerable detailed mechanistic knowledge.



COMMENT: The plan for experimental studies on localized corrosionand hydrogen-related
degradation mechanisms needs to be described in detail.

SIGNIFICANCE:It appears that if reasonable care is taken with the choice of site
and with container design and manufacture, the most probable
cause of container failure will be some sort of localized
corrosion (or possibly hydrogen-related degradation),
quite likely at a weldment. Unlike general corrosion, these
types of failure mechanisms often depend strongly on variations in
the concentrations of alloying elements (e.g., the stress corrosion
cracking behavior of low-carbon steels in some environments
depends strongly on C content; pitting behavior of some steels
is severely aggravated by minor quantities of Cu, S, and possibly P),
as well as on metal cleanliness, thermal history, and texture.




SUGGESTION: The plan should be developed and communicated to NRC. In de\)e]oping
the QA system for the plan careful attention should be
paid to characterizing the alloy samples.



COMMENT: The plan for experimental studies on localized corrosionand hydrogen-related
degradation mechanisms needs to be described in detail.

SIGNIFICANCE:It appears that 1f reasonable care is taken with the choice of site
and with container design and manufacture, the most probable
cause of container failure will be some sort of localized
corrosion (or possibly hydrogen-related degradation),
quite likely at a weldment. Unlike general corrosion, these
types of failure mechanisms often depend strongly on variations in
the concentrations of alloying elements (e.g., the stress corrosion
cracking behavior of low-carbon steels in some environments
depends strongly on C content; pitting behavior of some steels
is severely aggravated by minor quantities of Cu, S, and possibly P),
as well as on metal cleanliness, thermal history, and texture.



~ SUGGESTION: The plan should be developed and communicated to NRC. In developing
the QA system for the plan careful attention should be
paid to characterizing the alloy samples.



PACKING TESTS AND DATH
PACKING MATERIAL CONSIDERATIONS |

COMMENTS

THE PACKING MATFRIAL PROGRAM NEEDS CLARIFICATION WITH
RESPECT TO DEFINING TESTS SPANNING ANTICIPATED CONDITIONS.
ALso 1T SEEMS THAT soME RWIP TESTS ARE OF LIMITED IMPORTANCE
TO LICENSING. SPECIFIC.COMMENTS INCLUDE:

¢ NEED TO DETERMINE THE PHYSICAL CHARACTERISTICS AND
UNIFORMITY OF FULL SCALE EMPLACED PACKING TO ENSURE
THAT LARORATORY TESTS ARE CONDUCTED ON APPROPRIATE
MATERIAL »

@ ALPHA IRRADIATION DAMAGE MAY CHANGE THE PERMEABILITY
AND SORPTIVE CAPACITY OF PACKING-

¢ BWIP sHouLD ADDRESS THE DIFFERENCES IN THE PERFORM-
ANCE OF PACKING FOR A RANGE OF CONTAINER FAILURE
TIMES. IMPORTANT Recause 1000 YEAR oLD PACKING MAY
BEHAVE RETTER OR WORSE THAN 300 YEAR OLD PACKING WITH
RESPECT TO PERMEABILITY, SOLUBIITY OF RADIONUCLIDES,
SORPTIVE CAPACITY, ETC-

¢ NEED To ADDRESS THE ADEQUACY OF DRY PACKING MATERIAL
CONDITIONS TO COVER POTENTIAL PRORLEMS ASSOCIATED
WITH LOW THERMAL CONDUCTIVITY AND THE PEAK TEMPERA-
TURE oF ~3000C 1IN THE PACKING AND WASTE FORM
FOLLOWING CLOSURE AND REFORF RESATURATION-



ONE SET OF TESTS CONSINDERED UNNECESSARY IS THAT FOR
STATIC DIFFUSION/TRANSPORT TESTS FOR RADIOACTIVE
TRACERS IN A GAMMA FIELD WITH HYDROTHERMALLY ALTERED
PACKING (Frscure 5-19 o RMTP). GAMMA EFFECTS DURING
THE CONTROLLED RELEASE PERIOD SHOULD BE NEGLIGIRLE.




SIGNIFICANCE OF COMMENTS

THE USE OF HIGH INTEGRITY LABORATORY SAMPLES OF PACKING
MATERIAL WILL PROBARLY GIVE BETTER PERFORMANCE COMPARED TO
ACTUALLY EMPLACED PACKING. DATA OBTAINFD WILL THEREFORE RE
NON“CONSERVATIVE AND OF LIMITED VALUE FOR LICENSING.

ALPHA DAMAGE MAY BECOME SIGNIFICANT AFTER MANY THOUSANDS
OF YEARS S0 THAT SOLURILITIES AND CONTROLLED RELEASE RATES
FOR RADIONUCLIDES ARF INCREASED IN THE VERY LONG TERM-

ALs0, THE PERFORMANCE OF UNNECESSARY TESTS WILL PROBARLY
REDUCE EFFQORTS IN ARFAS WHERF IMPORTANT LICENSING DATA ARFE
NEEDED.



PERFORMANCE ASSESSMENT

° CURRENT BMTP DRAFT DOES NOT ESTABLISH THE LINK
BETWEEN PERFORMANCE ASSESSMENT AND THE TEST
PROGRAM.

SIGNIFICANCE OF COMMENT

o PERFORMANCE ASSESSMENT IS NECESSARY FOR LICENSING.

¢ PERFORMANCE ASSESSMENT REQUIREMENTS INFLUENCE NATURE
OF TEST PROGRAM.

o UNDERSTANDING HOW TEST DATA WILL BE USED IN
PERFORMANCE ASSESSMENT IS ESSENTIAL FOR NRC
REVIEW OF BMIP,

o WAITING UNTIL SEPTEMBER REVISION OF BMTP WOULD
HAMPER NRC REVIEW.
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PERFORMANCE ASSESSMENT
(CONTINUED)

SUGGESTIONS

¢  PROVIDE NRC WITH ADVANCE SUMMARY OF BWIP PERFORMANCE ASSESSMENT APPROACH i
(ESPECIALLY FOR WASTE PACKAGE).

- TOPICS COVERED IN PERFORMANCE ASSESSMENT PLAN (2/28/83). IS IT
SUPERSEDED? '

- DETERMINISTIC /.PROBABlLlSTIC

- ROLE OF UNCERTAINTY AND SENSITIVITY ANALYSIS

- CONéOLlDATED LARGE MODELS tE.G.,-NAPPA) vs SMALL MODELS
- CODES |
- - LINK BETWEEN PERFORMANCE ASSESSMENT AND TEST PROGRAM

® IF SPECIFIC PERFORMANCE ASSESSMENT TECHNIQUES HAVE NOT BEEN CHOSEN, PROVIDE A
DISCUSSION OF THE ALTERNATIVES AND THEIR CHARACTERISTICS,



DATA SUFFICIENCY

COMMENTS

o CURRENT BMTP DRAFT PROVIDES NEITHER A SUMMARY LIST OF PLANNED TESTS NOR TEST
PLAN SCHEDULES THAT CAN BE READILY INTERPRETED.

¢ USE OF BOUNDING OR CONSERVATIVE VALUES IS NOT MENTIONED: TESTING APPEARS T0
BE ORIENTED TOWARD DEVELOPING BEST-ESTIMATES.

SIGNIFICANCE OF COMMENIS
o  NRC NEEDS SPECIFIC TEST INFORMATION, E.G.:

- WHEN WILL INDIVIDUAL TEST PLANS BE AVAILABLE TO NRC FOR CONSTRUCTIVE
COMMENT BEFORE TESTS ARE PERFORMED?

- WHEN AFTER TEST COMPLETION WILL DATA BE AVAILABLE FOR SIMILAR NRC
COMMENT PRIOR TO START OF FOLLOW-ON TESTS?

o KNOWLEDGE. OF THE BOUNDS ON DATA ACCURACY IS ESSENTIAL FOR NRC PERFORMANCE
ASSESSMENT,

e IF IT IS NOT POSSIBLE TO DEVELOP DEFENSIBLE BEST-ESTIMATES., BOUNDING OR
CONSERVATIVE VALUES WILL BE EASIER TO OBTAIN.



DATA SUFFICIENCY
(CONTINUED)

SUGGESTIONS

e  PROVIDE LIST OF TESTS, TEST ﬁATRlcEs. AND SCHEDULES FOR TESTS AND REPORTS.
e MITH RESPEéT TO DATA COLLECTION AND PRESENTATION:

- DEVELOP BEST-ESTIMATE.

- DEFINE BOUNDS.

- USE CONSERVATISM IF A BEST ESTIMATE IS NOT DEFENSIBLE.




TEsT SciE'DuL.E-TE&T IL0GIC

LOGIC/SCHEDULAR DIAGRAMS

COMMENTS

IT 1s RecoeNIZED THAT LocIc DIAGRAMS ARE VERY DIFFICULT
TO PREPARE WITH RESPECT TO DEFINING APPROPRIATE TEST
PROGRAMS AND TEST CONDITIONS. THIS ARISES BECAUSE WASTE
PACKAGE DESIGNS DETERMINE THE TEST MATERIALS, TEST TEMP-
ERATURE, WATER CHEMISTRIES, ETC., BUT THESE DESIGNS CAN
ONLY BE OPTIMIZED IF APPROPRIATE TEST DATA ARE OBTAINFD.
THUS THERE WILL NEED TO BE MANY INTERACTIONS IN DESIGN

_ AND TESTING PROGRAMS BEFORE A FINALIZED DESIGN CAN BE
SPECIFIED AND ITS PERFORMANCE DETERMINED.

Tue BWIP Locic DiAGrRAMS, HOWEVER, DO NOT DETAIL DECISION
POINTS AT WHICH MODIFIED TEST CONDITIONS WILL HAVE T0O BE
USED: IT SEEMS THAT THE CORROSION, PACKING MATERIAL,
AND WASTE FORM PROGRAMS WILL PROCEED INDEPENDENTLY WITH
NO FORMAL INTERACTION.

IT 1s ALso NOT cLEAR How BWIP wiILL CHOOSE BETWEEN THE
MANY POSSIBLE COMBINATIONS OF EXPERIMENTAL PARAMETERS
AND ANALYTICAL TECHNIQUES (GIVEN IN BMTP SUMMARY TABLES)
AS THE PROGRAM PROCEEDS.




SIGNIFICANCE_OF COMMENTS

IT seems THAT THE BWIP Locic ann SchepuLar Diaerams
ASSUME FULLY SUCCESSFUL PROGRESS IN ALL ASPECTS OF THE
INDIVIDUAL PROGRAMS. NRC 1S CONCERNED THAT THE DISCOVERY
OF A NEW IMPORTANT TEST ENVIRONMENT MAY INVALINATE MUCH OF
THE EARLY DATA. THIS WOULD DETRIMENTALLY AFFECT THE RWIP
SCHEDULE AND NRC’s ASSOCIATED LICENSING ACTIVITIES.




UGGESTIONS

NRC sueceesTs THAT IN PERIoDic BWIP/NRC wORKSHOPS THAT
BWIP GcIVE STATUS REPORTS ON PROGRESS TO DATE. BRWIP shouLp
OUTLINE POSSIBLE CONTINGENCY PLANS FOR MINIMIZING SCHEDULAR

NDELAYS IF THERE ARE SIGNIFICANT CHANGES IN TESTS THAT ARE
CURRENTLY SPECIFIED IN THE BMTP.

RWIP sHouLD CONSIDER THE INCLUSION OF TEST MATRICES
AND “DECISION TREES” IN THE FINAL VERSION OF THE BMTP.




KEY RADIONUCLIDE LIST

COMENT

0 SOVE RADIONUCLIDES WILL BE MUCH MORE IMPORTANT THAN OTHERS
IN CONTRIBUTING TO RADIOACTIVITY RELEASE TO THE ENVIRONVENT

0 BWIP HAS NOT PUBLISHED THE SUPPORTING DOCUMENTATION SHOWING
HOW THIS LIST WAS DEVELOPED

SIGNIFICANCE OF CONMENT
0 THE EIP CONTAINS A KEY RADIOWICLIDE TABLE ON PAGE 549
0 THE LIST WILLIELP DIRECT THE BHIP EXPERIMENTAL EFFORT

SUGGESTIONS
0 THE ASSUPTIONS AD CALCULATIONS USED TO DEVEHL.OP THIS LIST SHOULD
BE DOCUMENTED FOR REVIEW AND ANALYSIS.

]
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OSTHALD STEP DIAGRA AS A MIDEL FOR RADIGNUCLIDE SOLUBILITY LIMITS

COMENT

0 THE OSTWALD STEP DIAGRAM IS CLEARLY NOW-CONSERVATIVE FOR 'IHE PIEDICT 10N (P
RADI(IU(]_IIE SOLUBILITY LIMITS

0 APPEDIX B OF THE BYIP ATTBPTS TO USEhTHIS AS PROOF THAT ANY RADIONUCLIDE
CONCENTRATION VALUE FEASURED AT ANY TEST TIME WOULD EITHR STAY THE SAE OR
DECREASE WITH TIME, I.E., THAT ANY TEST VALUE WILL BE CONSERVATIVE

- BWIP SHOULD CONSIDER:
0 THAT THE OSTWALD STEP DIAGRAM HAS OILY BEEN VALIDATED FOR SILICATE MATERIALS

O THAT THE OSTWALD STEP DIAGRAM IS OHLY APPLICABLE IF A SOLID PHASE OF THE
RADIONUCLIDE PRECIPITATES ‘

0 THAT IF RADIOWUCLIDES ARE REMOVED FROM SOLUTION BY INTERSTITIAL SUBSTITUTION
INTO OR SORPTION ONTO POORLY CRYSTALLIRE SILICATES, THE RADICHUCLIDES FAY Bt
RELEASED TO THE SOLUTION AT A.LATER TIME WHEN THE SILICATES RECRVSTALLIZED TO
MORE STABLE, BETTER MINERALS,. 1.E., THE RADIONUCLIDE CONCENTRATION

MAY INCREASE WITH TIME, ROT DECREASE




0 TlfSEAWJJ’Eﬂ‘SAIESTRICTLYVALIDQ\ILYFUIACLOSEDSYWL RD THE
OSTHALD STEP DIAGRAM MAY BE INAPPLICABLE TO FLOWING OPEN SYSTEMS



REDOX POTETIAL OF BASALT/GRONDHATER SYSTES

COMENT

0 IN MANY PLACES THE BMTP STATES THAT TIE TEST En WILL BE MEASURED
AD/0R CONTROLLED

SIGNIFICANCE OF COMENT
0 THE SYSTEM Ex WILL AFFECT THE VALENCE OF THE RADIONUCLIDES

0 N GENERAL, REDUCED RADIGNUCLIDES MAY BE LESS SOLUBLE AMD/OR HORE
STROWGLY ADSORBED |

O IT IS GHCERTAIN IF A SYSTEM HASTER Ext IS EFFECTIVE, OR EVEN IF MEANINGAUL
En VALLES CAN BE FEASURED TN SUYE EXPERIVENTS

0 THE SYSTEM Ex OR REDOX CONDITION TO BE EXPECTED IN THE ENGINEERED FACILITY
OR THE SITE HOST ROCKS THROUGH REPOSITORY TIME HAS NOT BEEN WELL ESTABLISHED

0 ENPLOYVENT.OF ADDED CHEMICAL REDUC%N\H’S MAY POORLY MODEL HETEROGENEOUS
* BASALT/GROUNDVATER SOLUTE REACTIONS



JLESTIas
BWIP SHXID RECONSIDER:

0 IF IT IS CONSERVATIVE TO ATTEMPT TO CONTROL TEST Ex AT SOE PRECOHCEIVED
VALUE

0 IF IT CAN BE PROVEN THAT A IASTER En EXISTS FOR TESTS, I.E., THAT ALL REDOX
COUPLES IN THE TEST ARE AT THE SA'E En CONDITION

0 IF AWOXIC CONDITION (AIR EXCLUDED) TESTS WITHOUT DELIBERATE En CONTROL MAY
HOT BETTER MODEL EXPECTED REPOSITORY CONDITIONS THAN TESTS HELD AT PREDETERMINED
En VALUES

0 IF MEASURGENT OF Ex PROVES DIFFICULT OR UNCERTAIN, IS SUCH MEASUREMENT
HECESSARY FOR LICHSEG

0 [F TH: EXPECTED REDOX CGrDITION (OR Ex) CAN BE PREDICTED FOR THE ENGINLERED
FACILITY AD THE SITE THROUGH TIME WITH THE PRESENT INFORMATION ABOUT BASALT
PHASES, RADIOLYTIC ERFECTS, ETC.

0 IF EXPERIMEHTAL RESULTS PREVIOUSLY OBTAINED IN THE PRESENCE OR HYDRAZINE
(RADIONUCLIDE SORPTION VALVES) ARE CONSERVATIVE AND ACCEPTABLE FOR LICENSING
APPLICATION



Packing Material Considerations:

Response to Bullet 1

Laboratory Tests of packing materials' physical properties are necessarily
limited and will be supplemented by engineering scale tests to more

realistically simulate large scale emplacement.

Response to Bullet 2

The effects of alpha irradiation on packing materials are expected to be
minimal. However, we will consider the effects of alpha radiation
experimentally.

Response to Bullet 3

Changes in packing material properties as a function of time are being
considered by performing experiments as a function of temperature and degree
of alteration.

Response to Bullet 4

Experimental determination of dry packing material thermal conductivities and
their effect on thermal histories have been completed.

Response to Bullet 5

It is necessary to perform this kind of test in the event that premature

container failure occurs during the period of high gamma flux.



Comment on Ostwald's Step Rule

ancerns about the strict applicability of Ostwald's Step Rule to radionuclide
solution behavior are legitimate concerns. These concerns will be carefully
considered and addressed in the test plan update. The need for extensive
testing to demonstrate the validity of Ostwald's Step Rule with regard to

radionuclide solution and precipitation behavior is recognized.




Approach to Waste/Barrier/Rock Interaction Testing
Response to All Bullets:

BWIP believes the need to do separate experiments to determine the effects of
barrier materials on water chemistry is largely unnecessary because these
effects will occur during the course of an experiment where barrier materials
are included. The initial solution compositibn will change during the course
of the experiment to the appropriate composition. However, the suggestion for
doing experiments to determine the effects of salt deposits is well founded.
It will receive serious consideration in tﬂe test plan update. Flow through

experiments (suggeéfion (C) ) are already planned.



FRACTURE MECHANICS TESTING APPROACH

o - J - Integral will be assessed for potential application to

container materials evaluation

More Detailed Description of Testing Plans on Localized Corrosion and
Hydrogen - Degradation Modes

o Rationale for localized corrosion/hydrogen related degradation testing

effects will be clarified in the revised BMTP.

o Effects on container material alloying elements (e.g., C, S, P, Cu) on

‘localized degradation modes will continue to be investigated.



CORROSION TESTS AND DATA (continued)

Anoxic Groundwater Assumption

o Groundwater oxygen concentration effects on corrosion behavior will
continue to be investigated over a range of levels anticipated at the

‘container surface.

o Gamma radiation effects on corrosion behavior will continue to be

investigated.

o Data will contipue to be collected under worst "plausible" conditions for
each corrosion mode, including information on the nature of corrosion
products to help develop an understanding of the corrosion processes in

support of predictive models.



OVERALL DATA SUFFICIENCY FOR PERFORMANCE ASSESSMENT

The revision of the BMTP will provide the link between performance
assessment and the materials testing program. It also will discuss our
performance assessment activities/approach. It will be available with

the SCP.

The level of detail provided in this draft of the BMTP in terms of planned
test 6escriptions/test schedules and reporting will not be increased in
future revisions to the test plan., Test instructions will be referenced
in the semi-annual updates of the SCP. Test data will be made available

to NRC after QA Clearance.*

The BWIP will continue to use bounding values in addition to a best
estimate wherever possible in its performance assessment efforts. This

will be made clearer in the BMTP revisgion.

Supporting documentation has been prepared describing the calculations
used to determine the BWIP key radionuclides list and should be

available by July 1984. This list will continue to be used in prioritiz-
ing the materials testing program.

Also applies to logic/schedular diagrams comments



TEST SCHEDULE/TEST LOGIC ’

The revision to the BMIP will describe the relationship of design

activities to materials testing.

Consideration will be given to revising the logic diagrams in the BMIP
to reflect the interactions that occur between the various testing

activities and to reflect key decision points in the testing program.



EH CONTROL IN TESTING
Statement

In many places the BMTP states that the test EH will be measured and/or
controlled. However, a system Eh may_not be effective in controlling
radionuclide valence, Eh measurement is difficult or uncertain, and the |
expected redox conditions in the engineer facility or site host rocks has not

been well established.
Response

BWIP recognizes the importance of oxidizing potential in establishing valence
states of radionuclides and in evaluating the corrosion behavior of contain-
ment materials. We evaluate redox states in experiment where possible to
assist in our interpretation of the behavior of radionuclides and other
materials in the basalt system. As new analyticél téchniques become available
for evaluating Eh, these will be incorporated into the testing program.
However, our experimental appgoach is to allow the natural system, i.e., the
fluids and solids present, to establish the appropriate oxidation potential

for the experiment.




BWIP'S STATISTICAL TEST DESIGN
Comment

The BMIP does not address uncertainty analysis of data and models which will

be required for licensing.
Response

Appendix A of the BMTP will be modified by adding a section on uncertainty
treatment of data and models, including a description of techniques used to

define probability distributions for data for use in models.
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PREFACE

The Nuclear Regulatory Commission (NRC) must pass independent judgment
on the adequacy of high-level radioactive waste package designs developed by the
Department of Energy (DOE). To determine whether the packages meet the
requirements of 10 CFR 60, NRC must be able to estimate the lifetime of the
'package and to quantify the rate of radionuclide release should & package failure
occur. The program to develop this capability consists of research projects to (1)
develop an understanding of the failure modes and material processes and (2)
develop the analytical methodology needed to relate the research to the licensing
decisions that ultimately must be made.

The Aerospace Corporation "Preparation of Engineering Analysis for
High ! evel Waste Packages in Geologic Repositories" project is one of several
that collectively will achieve these objectives. The project has four main tasks:
(1) evaluation of the methodology for assessing long-term performance of
high-level waste packages, (2) construction of fault trees and event trees
depicting package failure and. transport of radionuclides from the package, (3)
assessment of the performance of the Department of Energy waste package
designs, and (4) general technical assistance associated with waste package
assessments. The Aerospace project covers a period of 3 years, with all four
tasks to be accomplished within the first year (fiscal year 1984), specifically for
a basalt repository. The same basic scope for repositories in tuff and salt
formations will be covered in the remaining 2 years, concurrent with further
refinement of the analytical techniques.
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FAULT TREES DEPICTING FAILURE OF HIGH-LEVEL
RADIOACTIVE WASTE PACKAGES

INTRODUCTION

This report presents the first version of fault trees for high-level radioactive
waste package failure in a basalt repository. ‘This work is part of the overall -
project described in the Aerospace Program Plan (1983). The complete project
will include preparation of event trees, an examination of other methods for
analyzing waste package reliability, and quantitative assessment of Department
of Energy waste package designs. The fault trees presented here are intended to
provide @ medium for discussion of the events resulting in waste package failure
and a starting point in developing a methodology for quantifying waste package
" reliability. '

The fault trees are presented in the appendik t6 this document. They
address the failure of commercial high-level waste (CHLW) and spent fuel (SF)
waste paékages, in a basalt repository. This analysis is unique in that it considers
the value of the barriers provided by the waste package. Other fault tree
analyses conducted to date have primarily considered the radionuclide barrier
provided by the geologic formation. :

The reference engineering conceptua! designs for CHLW and SF waste
packages for basalt (Westinghouse, 1982) were used as the basis for the trees.
The main barriers to radionuclide release afforded by the CHLW (waste form,
canister, overpack, and packing) and SF (waste iorm, overpack, and packing)
designs were used to structure the fault trees. The rationale behind the structure
and specifics on the events result'ing in barrier failure are discussed later in this
report.

The fault trees presented should be viewed only as & starting point. Work
remaining in refining the trees is identified in the final section of the



report. As comments are received and as developmental work continues, the
fault trees will be modified to incorporate new information and to correct

oversight errors. This will be an iterative process that will continue at least
throughout FY 1984,

On the basis of experience gained during development of the fault trees, it is
believed that the technique can be an effective tool in assessing waste package
performance. Fault tree analysis provides a concrete methed to illustrate the
procasses and events that have a bearing on waste package failure. However, it
is widely recognized that successful fault tree analyses require extensive review
and participation by as many knowledgeable persons as possible and that there
must be sufficient time for reflection, incubation, and reiteration. In this regard,

NRC and its contractors should provide as much comment and participation as
possible,

There is by no means unanimity in the scientific community regarding the
relationships diagramed in the trees, especially in terms of the significance of
individual failure modes. However, the trees provide a medium for discussion
and, as they evolve, will serve to clarify the body of knowledge. For this reason,
the fault trees presented would be a valuable tool even if never used to quantify

waste package reliability.

GENERAL FAULT TREE/EVENT TREE METHODS

Fault Tree Versus Event Tree

This report presents the fault trees developed for waste package failure in a
basait repository. A discussion of general fault tree methodology is provided as
background. In addition, event tree methodology is presented, because event
trees are to be developed in the next phase of this project.

Prior Work

Fault tree analysis was introduced in 1961 to perform safety evaluations of
the Minuteman missile program and has been used since then for a variety of



complex systerns'analyses, the best known of which is the Reactor Safety Study
(NRC, 1975). The technique is in widespread use today as & major tool for
probabilistic risk assessment of nuclear power plants, and is a prvover‘\‘ tool for
systems analysis in a wide range of other applicétions. There is no real
controversy with respect to the tool itself-—it is & means of graphically showing
the logical relationships among events and then analyzing the probability'of the
outcome using Boolean algebra and other accepted mathematica! techniques.

Fault tree anzalysis is ‘not known to have ever before been applied to the
problem of high-level radioactive waste packages. The approach used in this
project is to build on the existing body of fault tree knowledge and make
whatever changes are necessary to accommodate any unusual characteristics of
the waste package problem.

~ Several studies have applied fault tree methods to analyze the geologic
formation as a barrier to the release of radionuclides (d'Alessandro and Bonne,
1980; Bertozzi et al., 1977; Logan and Berbano, 1977; Lee et al., 1978; Bhaskaran
and McCleery, 1979). Although these studies applied to geologic formations that
" could act as barriers to the release of radionuclides, they have not incorporated
an analysis of the waste package. In each study, the same basic approach was
used--define the events, prepare the trees, and make whatever assumptions and
simplifications are neces'sary to complete the analysis.

Fault Trees

Fault tree analysis is a technique whereby an undesired state of the system
is specified (usually a state that is critical from a2 safety standpoint). The system
is then analyzed in the context of its environment and operation to find the ways
in which this undesired event can occur. The fault tree itself is & graphic model
of the various parallel and sequential combinations of faults that will result in
the occurrer;ce of the predefined undesired event. The faults can be events
associated .With component failures, human errors, or any other pertinent event
that can lead to the undesired event. The fault tree thus depicts the logical
interrelationships of basic events that lead to the undesired event, which is the
top event in the tree. For the purpose’ of this project, the top event



is any release of radionuclides outside the engineerad waste package (waste form,
canister, overpack, and packing material).

As discussed in the NRC "Fault Tree Handbook” (NRC, 1981), it is important
to realize that a fault tree is not a mode! of all possible system failures or all
possible causes. A fault tree includes only those faults that contribute to the top
event. Therefore, a fault tree includes only the faults assessed by the analyst as
being pertinent. As the systems and processes are bettar understood over a
pericd of time, additional information can be screened for possible incorporation
into or deletion from segments of the tree. New information may, however,
confirm that an existing tree sufficiently covers the pertinent faults and
precursors.

Minimal cut sets are the smallest set of primary events, inhibit conditions,
or undeveloped fault avents or any combination of these that must occur in order
for the top event to occur. The fault tree work has shown that when the minimal
cut sets are determined, the result can be used to simplify the rest of the
analysis. .Note that the cut sets are functions only of the logic structures and are
independent of the event probabilities. This feature means that once the cut sets
have been found, the investigation can concentrate primarily on those portions of

the tree that ar= most relevant to the top event.

Persons desiring background information on fault tree analysis in general
should consult references such as McCormick, 1981; Reilly, 1978; and Larsen,

1974, They describe the technique and how to apply it.
Event Trees

Fault trees are daveloped by starting with an end event as the top of the
tree and working backward through the precursor events. Event trees, on the
other hand, begin with a defined initiating event and then examine the
consequences of the event, the factors influencing mitigation of its effects, and
the results of the sequence of events. Figure | depicts a sample event tree with
an initiating event and two safety systems, the successful operation of which will
mitigate  the  effects of the initial event. The  operation



System 1

System‘z

initiating Event
- Success State
Success State - (§_2)
» {84} Failure State
initiating Event ‘FZ’
{ Success State
Feilure State (S2)
(Fq) Failure State

Figure 1. Sample Event Tree (NRC, 1878)
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of the safety systems is described as either a success or a failure. The resulting
accident sequence is thus identified by the possible paths that can be taken. For
a situation in which the safety system can fail partially, but not necessarily
totally, the success and failure states can have more branchés, with each
representing a specifically defined type of failure (McCormick, 1981).

Event trees provide a means to define particular degrees of failure and to
assess the resulting radionuclide releases. Event trees also provide an easily
understood way to display particular failure sequencas.

In summary, fault trees and event trees, when used in concert, are valuable
tools for analyzing system safety problems. There is sufficient diversity in each
technique to provide a check on the results generated using the other technique.
Although fault trees and event trees may be effective for analyzing waste
package performance, they are certainly not the only techniques to be used.
Later in this project other methods will be examined and compared with fault
trees and event trees to ascertain an appropriate combination of tools for waste
package analysis.

FAULT TREES FOR BASALT WASTE PACKAGES
Approach

This section of the resport preasents the initial version of the fault trees
prepared to depict waste package failure. Text discussions regarding how the
trees were developed and the sources of information that serve as their basis are

provided.

Early in the project it became apparent that there is a natural division with
respect to what work should be described by fault trees and by event trees.
Because 10 CFR 60 is oriented toward preventing any radionuclide reiease during
the containment period (e.g., at least 1000 years), it is logical to use fauit trees
to depict waste package failure, where failure is defined as any release of
radionuclides by the waste package to the basalt repository. The fault traes



trees depict the failure mechanisms over whatever time is required for failure.
The event trees depict the radionuclide releases associated with particular
failure sequences,

The fault trees have been structured to show the significant items that will
affect the likelihood of package failure, whether it occurs before or after 1000
years following repositdry closure. At any point‘:in the lifetime of & package
(before or after failure), the probability of any event in the trees occurring may
vary. When the failure mechanisms illustrated by:g.he trees are quantified, the
intitial strategy probably will be to choose & time interval after waste package
emplacement (e.g., 50 years), 'apply the probabilities believed to represe;mt the
conditions that have transpired u15 to that time, and calculate the prpbability of
the top event--waste package failure to contain radionuclides. The process will
be repeated for sdcceeding time periods until package lifetime is sufficiently
characterized. " '

Similarly, the event trees and their associated probabilities will be used to
calculate radionuclide releases. The radionuclide ‘re_lease, decay, and transport
models used by the nuclear industry can éssist 'in?quantiﬁcation,‘ but & decision
has not yet been made regarding whether to attempt integrating such models into
the fault tree/event tree codes. It may be more desirable ‘to perform
calculations separately and apply the results to the overall analysis.

Reference Packagé_Désigns

For use with t‘heA fault trees, the reference engineering conceptual 'designs
for CHLW and SF waste packages for basalt are sh’ow_n schematically in Figures 2
and 3, respectively. The schematics define .t_hé components of the engineering
packages and were taken from the reference designs presented by 'Westinghouse
(1982). The CHLW form resembles the bor.osilic‘ate,}glass form developed for fuel
reprocessing at Barnwell, South Carolina, and is for waste resulting from
reprocessing of spent fuel that originally cont_aihed only uranium. The CHLW
form is poured, while molten, into stainless steel canisters: The canisters, filled
to about 85 percent capécity, facilitate handling and interim storage. A steel
overpack is required for repository ' containment and is surrounded
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surrounded by a mixture of bentorite clay and crushed basalt (25/75 percent by
weight), sized to be suitable for pneumatic emplacement in reference horizontal
boreholas. Therefore, the CHLW package provides four barriers to radionuclide
release (waste form, canister, overpack, and packing)..

The spent fuel form consists of spent fuel rods (fuel pellets encased in
Zucaloy cladding) removed from intact: assernbhes .and- consdhdated Jinto. a.

- closely packed array. In the reference tonceptual. desxgn, the Aambers of rods .

per waste package is to be 792 pressurized water reactor rods (3 assemblies) or
441 boiling water reactor rods (7 assemblies). The steel container used as the
overpack for the consolidated rods will be designed for the 1000-year
containment time. A pressurized water reactor fuel rod is shown schematically
in Figure 4 (Woodley, 1983) to show the components ina typical configuration for
use with the spent fuel f:ahl’t».i,t-rees_'(spg:ifically F ig'uré B-2). Notas that a canister
is not used for the SF form as in the CHLW. Thus, the SF waste package only
provides three barriers to radionuclide release (fuel waste form, overpack, and
packing).

The waste package designs for basalt are, at the time of this report, in the
conceptual stage with numerous backup alternatives and placement options still
under serious consideration. As these designs mature and proceed into the
" preliminary and detailed design stages, ‘adjustments will be made to the fault

trees to reflect currant design status.

Terminology

The NRC "Fault Tree Handbook" (1981) was used as a guide in developing the
fault trees prasented in this report. As discussed previously, a fault tree is a
qualitative model of the events resulting in system failure. The trees diagram.
the logic of the failure by using a hierarchy of "gates" and events. The gates
permit or inhibit the passagé:offault lbgic up the tree and show the relationships
of events nesded for the occurrence of "higher” events. A "higher" event is the
"output” of the gate; "lower" events are the "input" to the gate.

A sat of symbols (Table 1) is used in the fault trees to graphically represent

the types of relationships between input and output events. The symbois
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Table |. Fault Tree Symbeis (NRC, 19%1)

Primary Event Symbals
BASIC EVENT

CONDITIONING EVENT

<> UNDEVELOPED EVENT

EXTERNAL EVENT

Intarmediate Event Svmbols

INTERMEDIATE EVENT

Gata Symbols

AND

D i

R

| EXCLUSIVE OR

D

D

PRICRITY AND

INRIBIT

D

Transfer Svmbeis

/\ TRANSFER IN

& TRANSFER CLT

A basic initiating fault requiring no further
development

Specific conditions or restrictions that
apply to any logic gate (used primarily with
PRIORITY AND and INHIBIT gates)

An event that is not further developed
aither because it is of insufficient
consaquence or because information s
unavailable

An event that is normally expected to

occur; displays events that are not, of
themselves, faults

A fault event that occurs because of one or
more antecedent causes acting through
logic gates

Qutput fauit occurs if all of the input faults
occur

Output fault occurs if at least one of the
input faults occurs

Cutput fauit occurs if exactly one of the
input faults occurs

Qutput fault occurs if all of the input faults
occur in a specific saquence (the sequencse
is represented by 3 CONDITIONING EVENT
drawn to the right of the gate)

Output fault occurs if the (single) input
fault occurs in the presence of an enabling
conditiecn (the enabling conaition s
representad by a CONDITIONING EZVENT
arawn o the rignt of the zate)

[ncicates that the tree is devejoped furtner
at the oczurrence 3f the corresponcing
TRANSFER OLT (e.g., on ancther cage)

incicates thar this portion of the tree must
Se atiacneg at the corresponding TRANS-
FER IN




generally used in fault tree analysis are in four categories: primary event,

intermediate event, gate, and transfer.

Primary eventﬁ are those that have not been developed further and that will
have probabilities of occurrence assigned when the model is quantified. The
primary events used most frequently in the appendix are the basic (circle) and
undeveloped (diamond) events. A basic event is that which requires no further
development; thds, & circle éepresents the lowest le\)el to which a failure can be
taken. Undeveloped. events have not been developed further either because the
event is considered insignificant or because sufficient information is not
available to describe the basic input events. As the project progresses, the intent
is to remove as many of the diamonds as possible, either by adding more detail or
by developing & consensus that the event does not merit further attention.

Intermediate events, represented by rectangles, occur because of one or
more preceding events. logic gates are used to identify the relationships
between the antecedent and intermediate events. The two basic types of logic
gates are the OR and the AND gates. 'OR gates are used to show that the output
events occur only if one or more of the input events occur. It is important to
note that ". . . causality never passes ihi'ough an OR gate. That is, for an OR
gate, the input faults are never the causes of the output fault. Inputs to an OR
gate are identical to the output but are more specific as to how the output
occurs" (NRC, 1981). An AND gate shows that the output event occurs only when
all of the input events exist. Therefore, an AND gate does show a causal
relationship between input and output.

Transfer symbols can be used to avoid duplication in the figures, thus
simplifying the trees; they are indicative of system Interfaces. Additionally, it is
frequently not feasible to show an entire fault tree on a single sheet of paper, so
transfer symbols can be used to divide system trees into subtrees. A numbering
convention,  using a five character code identifier placed inside the transfer
symbols, has been implemented in this report. This numbering system enables the
user to maintain a record of transfers and is represented by the following format:
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X XXXX

alphabetic character four numeric characters
reprasents system “identify the subtree

Table 2 identifies fhe alphabetic characters used to identify the systems
where each system is representative of a single package barrier. The numeric
characters used to identify the subtrees start at 10000 and are incremented by
one for each additional subtree.

Table 2. System Identification Code

Code System
A Glass Waste Form
B Stainless Steel Canister
C Steel Overpack
D Packing (bentonite/basalt)
E Spent Fuel Waste Form

Structure of the Trees

The overall structure of the fauit trees has two parts: one set of trees for
CHLW (Appendix, Part A) and a separate set of trees for spent fuel (Appendix,
Part B). Although there are items common to both types of waste packages,
separate presentation reduces the potential for confusion. Within each of these
two sets of trees, the basic structure centers on the main barriers (waste form,

canister, etc.) provided by the reference package designs.

The next lower level makes the distinction between aqueous and nonaqueous
conditions. Unless otherwise stated, for the packing material, aqueous conditions
equate to any conditions partially to fully saturated, and nonaqueous conditions
represent the nonsaturated case. For the other parts of the waste package,
nonaqueous or no-groundwater conditions were assumed unless the next outer
barrier had been breached.
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The next level of detail in the trees deals with the mechanisms for releasing
radionuclides that travel through a breach. Finally, the level of detail is carried
down to the point at which the very basic evén‘;s (depicted by . circles) are
identified or to the point at which the analysis is stopped at an event that is
undeveloped (depicted by diamonds). However, it should be recogniied that the
lower an event is on the tree, the less is its overall impact. An exception would
be a éingle event that occurs in several places in the lower parts of the tree (9.3.,
presence of water).

One important observation regarding the fault tree structure is that the
trees do not depict (from the bottom up) the exact order in which events occur.
(That would not be practical, because some events cycle or occur repeatedly.)
Rather, the fault trees show the events that must have transpired for higher level
events to occur. The event trees will be used to illustrate important event
sequences and will be based on specific scenarios chosen from the myriad of
possible paths illustrated by the fault trees.

Fault Tree Discussions

Packing

The reference waste package design (Westinghouse, 1982) was used as the
basis for the development of the fault trees for packing failure. The conceptual
design uses a 25 percent bentonite/75 percent crushed basalt (by weight) packing
mixture to provide an additional barrier between the waste form and basalt host
rock. The packing primarily serves to (1) control the groundwater flow both to
and' from the waste form and (2) retard the migration of radionuclides (BNL,
1983c). The packing is “also ‘designed to chemically modify or buffer the
groundwater, provide a mechanical stress barrier, and maintain good heat
transfer from the container to the host rock. Failure of the packing to provide
these functions may result in the alteration of the physical, chemical, and
mechanical 'properties of the packing and therefore can affect its ability to

control groundwater flow and radionuclide release.

Information on the mechanisms contributing to the failure of the packihg to
meet its major objectives was provided by Oak Ridge National Laboratory
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(ORNL) (1983) and supplemented by the work of Brookhaven National Laboratory
(BNL) (BNL, 1983¢; Davis and Schweitzer, 1982; Bida and Eastwood, 1983; BNL
1983b; BNL, 19383a). The Oak Ridge report (ORNL, 1983) assumed that the ". ..
waste package will not be subjected to catastrophic events of low probability . .
. y" and dropped these as possible failure modes. The portion of the fault tree
depicting the aqueous transport of radionuclides through the packing (Figure
A-22) does not specifically 'identify failure rasulting from events such as
meteorite impact, volcanic eruption, tunnel collapse, and tectonic activity.
However, because it may be possible to minimize the probability of failure of the
engineered barrier by "over-engineering" the design, these catﬁstrophic eavents
may become more critical. It may be necessary to incorporate these
unanticipated events in future iterations of the trees. Figure A-25 addresses the
nonaqueous transport of radionuclides as solids, liquids, or gases. The concept of
catastrophic events could also be incorporated as lower events resulting in
nonaqueous transport.

The literature reviewed focuses on the movement of radionuclides as species
dissolved in the groundwater. Therefore, processes that fail to control this
method of transport provide the primary structure for the packing portion of the
tree. The aqueous transport of radionuclides as insoluble, fine particulates and as
gases were also identified as possible means of exceeding the release criteria.
However, the avents resuiting in the release of radionuclices as particulates and
gases were not developed in detail during this phase of the analysis because
information on these modes of transport was not available.

For groundwater transport of radionucliges to occur, it was assumed that the
packing is saturated and the radionuclides are dissolved in the water. Failure of
the packing to completely retain the radionuclides by sorption contributas to
their presence in the groundwater. Using the BNL and ORNL documentation, the
avents or processes resulting in reduceg sok‘ption capabilities by chemical
poisoning, mineral alteration, and selective dissolution and leaching have been
diagramed (Figure A-22). Theses events are a function of the chemical and
- physical conditions present in the repository (i.e., temperature, water chemistry,
pressure, and radiation). However, the causes of and the reiationships between

the conditions are not well understood, and thersfore, the fauit trees were not
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expantied to include them. Research efforts are under way, and additional work
is needed to define the sorptive properties of the basalt and bentonite and when

possible to identify the interrelationships among the environmental conditions
(BNL, 1983c). Additionally, the interactive effects between the packing and
other package components must also be considered.

In addition to retarding the movement of radionuclides by sorption
mechanisms, the'packlng is also designed to act as & water controlling barrier
that limits movement to diffusion of the dissolved species (Westinghouse, 1982).
Darcy's law for one-dimensional flow in a homogeneous, isotropic medium has
been used as a basis for identifying the factors to be considered (BNL, 1983b): -

Q= -K A (dh/dl)

where Q= flow rate, m3/s;
K = hydraulic conductivity, m/s;
-dh/dl = hydraulic gradient, dimensionless; and
Az cross-scctionél area, m .

For diffusion to be the principal mechanism of tra'nsport through the clay
mixture, the water movement is controlled by the hydraulic condhétivity of the
packing and the hydraulic gradient. A hydraulic conductivity of 10'7 m/s and
regional hydraulic gradient of lO°3 have been used together as the basis for the
reference waste design (Westinghouse, 1982).* Therefore, events resulting in
changes to the hydraulic gradient and conductivity should be considered when
_evaluating the failure of the packing to act as a barrier. Figures A-23 and A-24
apply to these concerns. .

Hydraulic conductivity is a function of ‘both the properties of the material
and the properties of the fluid (Chow, 1964):

K=z Cdlgh

where - K
C

hydraulic conductivity, m/s;
constant of proportionality, dimensionless;
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r‘epresentative pore diameter, cm;
= fluid density, kg/mB:

o 2
gravitational constant, m/s™; and

®E 0 v QA
[1]

dynamic viscosity of fluid, kg/m-s.

In the literature, the emphasis tends to be placed on the properties of the
packing material and thus has been carried through in developing the traes. At
this time, events resulting in changes in the fluid characteristics have not been
avaluated in detail.

In considering the characteristics of the packing, the speciffc permeability
(k) has been defined as (Chow, 1964)

-

k:Cdz

Generally, a ". . . material is considered permeable if it contains interconnected
pores, cracks, or other passageways through which water can flow" (Cedergren,
1967). The constant of proportionality, C, is a function of the medium that
includes packing, porosity, grain-size distribution, and shape. Therefore, any
changes to the material that might alter these characteristics may influencs its -
ability to act as a filtering medium and barrier to water movement. In addition,
because porosity is affected by the degree of cementation and compaction of the
packing materials, and the presence of solution openings, joints, or fractures,
these factors must also be considered. As a resuit, the fault tree has been
developed to include the impact of such things as wet/dry cycling, hydrologic
erosion, leaching, dehydration, and mineral alteration on the characteristics of
" the packing. The physical ana chemical conditions influencing the packing and
fluid characteristics (i.e., pH,' Eh, temperature} and the interactions between

them have not been detailed in this phase of the analysis.
QOverpack

The overpack is a steei darrier used for encapsulating either () a canister
with its glass matrix waste form CHLW or (2) a packet of spent fuel rods. The
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dimensions of the overpack for the CHLW containment package differ from those
of the SF containment package (see Westinghouse, 1982). Consideration was
given only to the reference waste package design for the CHLW and SF overpacks
(and not to other design alternatwes), which currently favor the use of carbon
stee! to provide positive containment for 1000 years. The overpack forms a
barrier that should prevent penetration of groundwater and other chemicals to
the canister zone in the CHLW overpaék or to the SF (Zircaloy cladding and fuel
peliets) in the SF overpack and should also prevent the transport of radionuclides
to the packing. The overpack must resist being breached by corrosfon,
mechanical mechanisms, and radiation.

Failure of the overpack can occur in exther saturated or nonsaturated
packing conditions. These situations are represented in Figure A-2 for the CHLW
storage package &nd in Figure B-2 for the SF storage package. It is recognized
that the packing (bentonite and basalt) around the overpack is never completely
dry, so some moisture, whether in the liquid or gaseous {steam) state, will ;lways
surround the outer surface of the overpack. It appears that the effect on the
overpack from saturated versus nonsaturated packing differs with regard to the
potential for overpack corrosion and mechanical tailure.

The saturation condition of the packing also affects the mode of transpért of
radionuclides though an overpack breach to the packing. If 8 CHLW overpack is |
in & saturated packing situation, water would enter the breached CHLW overpack
and allow available radionuclides (those that had escaped the canister) inside the
overpack to migrate through the breach. The water also could corrode and
eventually breach the canister and reach radionuclides. In the nonsaturated
packihg, water is less likely to flow inté a breached overpack, so the flow of
radionuclides out of thé overpack and corrosion of the canister are less probable
than for the saturated situation.

For an SF overpack in the saturated packing situation, water would enter the
SF overpack and immediately attack the spent fuel, eventuzlly allowing
radionuclides to flow out of the overpack. In the nonsaturated packing situation,
water is less likely to enter a breached overpack; consequently, the flow of
radionuclides to the packing is less probabilistic than in the saturated situation.

19




In structuring many of the fault tree branches, Westinghouse (1982), BNL
(1983c¢), Stahl and Miiler (1983), Ahn and Soo (1982), Claiborne (1983), and Siskind

(1983) were used as sources for failure mechanisms used in the fault trees.

Before radionuclides can flow through the overpack wall, two important
events need to occur: (1) a breach must exist in the overpack wall and (2)
radionuclides must b.e in a position to flow through the wall as indicated in
Figures A-14 and A-19 for the CHLW and Figures B-7 and B-i2 for SF. These
figures note mechanisms by which the overpack can be sufficiently breached in
order to allow radionuclides to flow through the overpack wall. Mechanisms for
breaching the overpack include (1) placing lithostatic forces on the overpack, (2)
degrading the overpack in either a saturated or nonsaturated packing, or (3)
subjecting the overpack to a catastrophic event such as a volcanic eruption with
a lava flow through the package zone or a meteorite penetrating the package
zone. An earthquake scenario has been included as a mechanism for crushng or
severing the overpack. Catastrophic mechanisms will not be pursued further in
the current effort and will be expanded in future jterations only to the degree

warranted relative to other fault event probabilities.

Both the C10C0 (Figure A-14) and C2000 (Figure A-19) fault tree branches of
the CHLW and the C3000 (Figure B-7) ana C4000 (Figure B-12) branches of the
SF fault tree, which cover aqueous and nonagueous conditions, respectively,
include Sverpack breach mechanisms by mechanical, chemical, and other means.
The degradation and breach mechanisms cited in the BNL and ORNL references
(BNL, 1983c; Ahn and Soo, 1982; Siskind, 1983; and Claiborne, 1983) are among
the lower events shown in Figures A-15, A-l6, A-17, A-18, A-20, and A-2] for
CHLW and Figures B-8, B-9, B-10, B-11, B 13, and B-14 for SF. The interaction
of degradation mechanisms, such as pitting corrosion, ductile rupture, and
thermal enchancament, will be developed further, where warranteq, in future
iterations of the fault tree. Thermal interactions with corrosion have been

incorporated into the tree,

The overpack can aiso be breached due to radiation and human intrusion into

the package after repository closure, overpack fabrication deficiencies, and
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* handling abuses. These mechanisms will be further enhanced as the fault trees
are developed. Underground explosions, oil and water drilling, tunneling, and
other human activities can damage packages in the i-epository after closure. All
these events are considered to be part of the event categqbiied as "Human
Intrusion After Closure” on the last cited group of figures. | '

Another branch in CHLW subtree C1000 (Figure A-14) considers how the
radionuclides would be available to flow through a breach. For CHLW subtree
C2000 (Figure A-19), there are likewise corresponding breach and available
radionuclide flow branches. Subtrees C3000 (Figure B-7) _arid C%000 (Figure B-12)
of the SF are similar to C1000 and C2000, respectively. It was postulated that
the radionuclides could be in gaseous, liquid, or solid states and could also be
avaijlable to flow tht;ough & breach. It is assumed that if gaseous radiopuclides
are available, they can flow through any adequate breach to which they can gain
access. Radionuclides in the liquid or solid/granular state in a nonaqueous
situation could flow through a breach only in certain geometric configurations, as
presented in Figure A-19 and Figure B-12. If water floods through an overpack
breach, as considered in an agueous situation, then radionuclides possibly can be
released by several mechanisms, including water reaction with radionuclides
already out of the canister or breaching of the canister with subsequent release
of radionuclides in the CHLW case, or with the Zircaloy cladding and SF
radionuclides in the SF case.

When radionuclides are in a solid or liquid state, water can either suspend
the radionuclides in & mixture and transport the radionuclides through Brownian
motion or convection of the water, or the radionuclides could be dissolved by the
water. and the jons then transported through the overpack  breach. After
radjonuclides are transported throhgh the overpack, the problem becomes one in
which the packing acts as the final barrier to radionuclide transport to the basalt.

Canister

.The canister is the barrier that contacts and encloses the glass waste form
and is enclosed in the overpack in the CHLW package, as described by
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Westinghouse (1982). The canister is fabricated from Type 304L stainless steel.
The canister serves as a barrier to prevent penetration of groundwater and other
chemicals to the glass waste form zone and to prevent transport of radionuclides
to the overpack. The canister also reduces the radiation intensity to the
overpack and packing used in the CHLW package. A canister is used only with
the CHL W package, not in the SF package. |

Failure of the canister can occur in the presence of an aqueous medium that
has entered the overpack and consequently contacts the canister, or the canister
can deteriorate when an aqueous medium is not present as indicated in Figures
A-6, A-11, B-7, and B-12. This latter case is designated as nonaqueous transport,
but only implies that water has not entered the overpack cavity. Any water
trapped in the cavity between the canister and overpack or inside the canister’
with the glass at the time of repository closure -is classified as being in the
nonaqueous category. A major concern with water is transporting radionuclides
dissolved in an aqueous solution or radionuclide granules suspended in the aqueous
solution.

Many of the branches of the fauit tree for the canister were developed based
on the mechanisms cited in Wastinghouse (1982), BNL (1983c), Stahl and Miller
(1983), Ahn and Soo (1982), Claiborne (1983), ang Siskind (1983).

Two important events need to occur before radionuclides flow through the
canister wall: (1) a breach must exist in the canister wall and (2) the
radionuclides must be in a position and state to flow through the breach as seen
in subtrees BI1000 and B2000, Figures A-6 and A-ll, respectively. The various
mechanisms by which the canister can be sufficiently breached such that
radionuclides flow through the canister wall are shown. These include a path for
breaching by (1) crushing the canister with the overpack, (2) degradation with
water (aqueous solution) of the canister, or (3) a catastrophic event, such as

discussad for the overpack.

In both the aqueous and nonaqueous cases, snown in Figures A-6 and A-ll,

the canister breach mechanism by mechanical, chemical, and other modes was
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persued. The mechanisms for degradation and breach cited in the ORNL and BNL
references are shown as bottom events in Figures A-7, A-8, A-S, A-10, A-12, and
A-13. These events may be developed further to show interactions already
discussed for the overpack. |

In addition to considering a breach in the canister, consideration was given
to the manner in which radionuclides can escape; It was postulated that the
radionuclides could be in & gaseous, liquig, or solid state and availéble to flow :
through a breach. If gaseous radionuclides are avallable, it is assumed that they
can flow through any adequate breach to which they can gain access. éecause of
the limitation created by gravity, liqueﬁed or solid/granular radionuclides would
require the breach to occur at a canister Jevel below the upper surface of the
radionuclides in order for radionuclides to flow through a breach in a nonaqueous
situation (see Figure A-11). In & situation in which water fioods (aqueous
situation) the canister to the breach level, there are many additional mechanisms
for transporting the radionuclides through the breach (see Figure A-6).

In situations where water is able to transport radionuclides, it is suggested
that the radionuclides could be freed from the glass matrix and ready for
transport,éither_ (1) prior to a canister breach, and then further mobilized by

water after & canister breach, or (2) after a canister breach through the action of
water releasing the radionuclides from the glass matrix. '

Once radionuclides are transported through the canister, the problem is
considered as one relating to the overpack, whether or not the overpack was
previously breached.

Glass Waste Form

Figures A-3 and A-4 of the tree focus on the aqueous transport of
radionuclides from the glass waste form to the canister.. The release of
radionuclides from the glass to the groundwater is generally considered to occur
through leaching and dissolution. The concept of radionuclides transported as
partxculates in suspension is shown as an undeveloped event. As information
becomes available on the events resulting in the transport of radionuclides as
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solids, the tree will be modified. Figure A-5 addresses the concept of nonaqueous
methods of mobilizing the radionuclides from the gliass to the canister; however,

this branch has not been developed compietely.

The information on the events contributing to dissoiution and leaching, and
hence the failure of the glass to completely contain the radionuclides, was
provided by ORNL (1983) and Battelle Columbus Laboratory (Stahli and Miller,
1983). The influence of pH has been shown to affect dissolution and leaching
where, "for pHs greater than approximately 9, congruent dissolution occurs. For
pHs less than 9, selective leaching is the dominant mechanism" (Stahl and Miller,
1983). For this reason, the mechanisms of dissolution and leaching were
separated into two branches of the tree; however, the events leading up to each
are essentially the same,

For leaching and dissolution of the glass matrix and for removal of the
radionuclides to occur, the groundwater must be in contact with the waste form,
and the environmental conditions necessary for removal must be prasent. In
addition, the radionuclides must be soluble in water; thus, the initial composition
of the waste form is important. At this point in the analysis, the required

physical and chemical conditions have not been presented in the tree.

The characteristics of glass also influence its performance as a barrier to
radionuclide release. Increases in the surface-area-to-valume ratio results in
higher concentrations of species in solution. Changes in the chemical
composition of the glass, as the chemical and physical environment changes, may
also contribute to leaching and dissolution, although this has not been verified.
Devitrification, hydration, and radiation-inducad microfracturing have been
identified as procasses that contribute to increased surface area. Of thesa,
devitrification is considered the most significant (ORNL, 1983). Devitrification
is primarily temperature dependent with recrystailization limited at
temperatures below 500°C (ORNL, 1983). The amount and identity of the
crystals are also ‘dependent on the original composition of the glass (ORNL,

1983). When the volume fraction of crystals formed by devitrification
", . . approaches approximately 10 percent, adaitionai cracking of the monolithic
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waste form may occur” (Stahl and Miller, 1983). The formation of crystals will
also provide grain boundaries to act as additiona! surfaces for leaching.

Spent Fuel Waste Form

Historically in waste repository studies, spent fuel has not been credited as &
barrier against radionuclide release. Hov)ever, there is reason to believe that, at
least to some degree, the Zircaloy cladding and perhaps the fuel matrix itself
would prevent or retard release. The fault tree addresses the aqueous and
nonaqueous degradation methods of the Zircaloy cladding and uo, pellets in
Figures B-3 and B-6.

Breach of the cladding could -occur either prior :to emplacement (from
reactor operation or from handhng) or through & degradation process after
emplacement. As shown in the fault tree, pre-emplacement clad defects might
be'discovered by inspection. This could be important if the assumption of little
or no defects is essential to the credit claimed for the cladding as a barrier. In
recent years, the failure rate of fuel rods has been quite low. One study
performed for the basalt repository effort (Claiborne, 1983) cited & failure rate
less than 0.0 percent. Such failed rods could be treated as special cases.
Additionally, the possxbxlity of failure of the cladding by mechanical means, such
as might result from loads exceeding the design loads, has also been incorporated

in the tree.

Cladding degradation after emplacement in the repository has also been
examined (Claiborne, [983). As shown in Figure B-3, two degradation
mechamsms that occur under aqueous conditions are hydrogen embrittiement and
stress corrosxon crackmg. Hydrogen embnttlement can occur as & hydride phase
forms subsequent to saturation with hydrogen at high temperatures. Stress
corrosion cracking of the cladding can occur if chloride solutions are present and
the free corrosion potential is exceeded.

In addition to the cladding, the UO2 fuel matrix itself provides a barrier to
the release of radionuclides. As shown in Figure B-4, fuel that has reached a
temperature in the reactor greater than approximately 1000°C can resuit in
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migration of fission products to the gap between the fuel pellets and the
cladding. If the cladding is breached in such fuel by either aqueous or nonaqueous
means, radionuclides could be directly reieased. There are, however, ways of
identifying such fuel, either by the recorded operating history or by testing. If
detected, the fuel could be tresated as a special case and, therefores, does not
appear in the tree. This high-temperature release phenomenon is discussed in
Woodley (1983). The conclusion is that, the majority of fuel rods will not have
been operated at this high temperature.

If the fuel matrix has-not released the fission products directly to the gap,
then there is the possibility that the matrix could be disrupted, perhaps over
time, by either extensive oxidation or dissolution of the matrix (leaching). These
items are discussed by Woodley (1983) and Claiborne (1983). Existing information
seems to indicate that, at least in principle, the applicant for a repository license
may be able to justify the fuel matrix as either a partial barrier or a delayed
reiease mechanism. On the other hand, work such as the Canadian leaching study
cited in Claiborne (1983) indicates that under certain conditions, leaching of
some radionuclides may be relatively rapid (e.g., 4 percent of the cesium was
known to leach in a few days). Mechanical failure of the-matrix that would place
radioﬁuclices physically in conjunction with the overpack and mechanisms
resulting in radionuclides as solids or colloids suspended in water have not been
discussad by ORNL (1983). However, because the fault trees are intended to
provide a basis for discussion, these failure modes have been treated as

undeveloped events at this point in the anaiysis.

In summary, research on cladding failures and the UO, matrix itself is not
yet definitive. As new information develops, the fauit trees can be modified
accordingly. If there is not a significant increase in information by the time the
fault trees are quantifieq, the best available data will be used even if they are
conservative,

WORK TO BE DONE

There are several areas related to the fault trees that will require further
examination and refinement. As can be seen from the fault trees, there are a
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number of events that ideally should be expanded. The approach will be to
continue research using literature, specialists, and comments from reviewers to

expand and refine these events.

A second area meriting further consideration is the question of synergistic
interactions among the failure modes. To the extent possible in this first round
of fault trees, relationships involving more than one failure mode have been
diagramed. However, the literature is almost totally devoid of information that
would enable the structuring of specific mechanisms that would result in
synergism. Efforts to develop this information will be continued.

A third area of interest is the issue of data for quantification of the trees.
Although quantification is not scheduled until later in the fiscal year, an
exploratory search to see whether sufficient information will be available has
begun. The initial finding was that although many researchers have worked in the
areas of interest, the results in general have not been reported in probabilistic
form. Consequently, the initial quantification may require considerable
approximation and individual judgments. As better information becomes
available, the analysis can be refined.

In addition to the above items, a number of analytical areas involved in the
mathematics of fault tree and event tree analysis and quantification are being

explored. Items such as kinetic tree theory and phased mission analysis are under
examination. This effort will help optimize the quantification of the trees.
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