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SUMMARY

This report is a preliminary postclosure performance assessment of the 

repository design specified in the Site Characterization Plan Conceptual 

Design Report (SCP-CDR) for horizontal enplacement of high-level nuclear 

waste. At the time that these analyses were done, horizontal enplacement was 

the preferred orientation for the waste packages but vertical enplacement is 

now the reference design. This assessment consists of (1) a review of the 

regulatory requirements and strategy to demonstrate conpliance with these 

requirements, (2) an analysis of the performance of the total repository 

system, (3) an analysis of the thermomechanical behavior of the repository, 

(4) an analysis of brine mobility in the repository, (5) an analysis of the 

waste padcage performance, (6) an analysis of the performance of seals, and 

(7) conments on the sensitivity of the various performance measures to 

uncertainties in the data and models. These are preliminary analyses and, in 

most cases, involve bounding calculations of the repository behavior. They 

have several purposes including (1) assessing how well this conceptual design 

"measures up" against requirements, (2) gaining experience in implementing 

the performance assessment strategy and tools and thereby learning where 

inprovements are needed, (3) helping to identify needed data, and (4) helping 

to indicate required design modifications. These analyses were performed 

over a period of time such that inproved data and models used in some 

sections were not available when the analyses for other sections were done. 

Consequently, there are some discrepancies in comparing numerical results 

between sections but these discrepancies do not affect the conclusions.



The U. S. Nuclear Regulatory Conmission (NRC) is the agency 

responsible for licensing a nuclear repository and they have established, in 

10 CFR 60, certain performance objectives both for the total geologic 

disposal system and for selected conponents and subsystems. These objectives 

are expressed in terms of numerical constraints on the engineered barrier 

systems (EBS) which is defined as the waste packages and underground 

facility. The constraints are that (1) containment of the wastes will be 

substantially conplete during a period not less than 300 years nor more than 

1000 years after permanent closure of the repository, and (2) the release 

rate of any radionuclide following the containment period will not exceed 

either (a) one part in 100,000 per year of the inventory of that radionuclide 

at 1000 years after permanent closure or (b) one part in 100,000,000 of total 

radioactive inventory at 1000 years after permanent closure. There is some 

flexibility provided in the calculation of the inventory, the definition of 

’’substantially conplete" containment, the length of the containment period, 

and the assignment of the release rate to specific conponents of the EBS.

Also, 10 CFR 60 requires "reasonable assurance" that these constraints can be 

met but "reasonable assurance" is only described and not explicitly defined.

The preliminary performance of the total system is based on bounding 

estimates to compare radionuclide releases with the numerical limits of 

10 CFR 60 and the USEPA regulation 40 CFR 191. The 10 CFR 60 calculations 

assume (1) the boundary of the EBS is at the interface of the waste package 

and surrounding salt and (2) all of the radioactivity is available for 

dissolution in brine iunediately after the containment period. Calculations 

to compare releases with 40 CFR 191 assume (1) the transport distance from 

the emplaced waste to the accessible environment is the minimum distance



increased (larger controlled area or smaller repository) and/or (2) an 

inproved data base indicates higher retardation factors, especially for 

Sr-90.

The purpose of the thermomechanical analysis was to evaluate the 

thermomechanical response of the repository and to identify critical 

parameters in the analysis. The analysis assumed the mechanics of the 

nonsalt materials can be sinulated by elastic models but salt required 

plastic and viscoelastic models. The thermal analysis assumed conductive 

heat transfer with constant properties for nonsalt materials and tenperature- 

dependent conductivity for salt. The calculations were performed with the 2- 

diroensional/axisymmetric, finite element codes SPECTROM-41 (thermal analysis) 

and SPECTROM-32 (mechanics analysis). A 3-dimensional, semianalytical 

thermal code, MTEMPV9, was used to verify the SPECTROM-41 results. The 

analysis was done only for the consolidated spent fuel waste padcages since 

these represent the bounding case with the highest head load and, therefore, 

the largest thermomechanical effects. The results were compared with interim 

performance goals which specified limits on temperatures and displacements in 

the vicinity of the waste package, the repository room, and the entire 

repository during the operational period, the containment period (300 to 1000 

years after permanent closure), and the isolation period (up to 10,000 years 

postclosure). The results using nominal property values indicated most of 

these goals would be satisfied except for salt pressure normal to the waste 

padcage. However, parametric variation of the property values produced 

results that failed to meet these goals in some cases. The stress 

calculations assumed there was no space between the waste package and the 

solid salt. The results of these calculations indicate that an air gap, or a 
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gap filled with crushable material, is necessary to prevent excess stresses 

on the waste padcage due to thermal expansion. The presence of an air gap or 

crushed salt would reduce these stresses. The most significant parameters 

appear to be (1) the effective thermal conductivity of the crushed salt in 

annular space between the waste padcage and the borehole, and (2) the 

parameters in the exponential-time creep model used to characterize the 

viscoelastic behavior of salt.

Estimates of brine mobility under expected conditions were made to 

provide rates and cumulative flows of brine to the waste padcage. The basis 

for these estimates is the so-called Jenks equation which assumes brine flow 

rate is a function of temperature and temperature gradient. The Jenks 

equation may not be an upper bound to brine flow. Three computer codes were 

used in the calculations: TEMP (similar to MTEMPV9) provided temperature as a 

function of time and distance; BRINEMIG is a one-dimensional (radial), 

finite-difference mass-balance model which is based on the Jenks equation and 

uses the TEMP output to estimate brine flow rates and cumulative flows to the 

waste padcage as a function of time; BRINETEMP is basically a combination of 

TEMP and BRINEMIG but the mass-balance model is solved with a send analytical 

method. The BRINETEMP code was used to partially verify the results using 

the TEMP-BRINEMIG combination. Results were obtained for three waste types: 

defense high-level waste, intact spent fuel assemblies, and CSF. The 

estimated brine flow rates and cumulative volumes were relatively low with 

CSF producing the highest values.

The analysis of waste padcage performance focused on bounding 

estimates of the time at which a package containing CSF fails due to
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corrosion. Also, bounding estimates were made of radionuclide releases from 

the package which were somewhat analogous to the estimates for the total 

system. Corrosion of the waste package was calculated with the WAPPA code 

which considered temperature, brine flow rate, brine conposition, and the 

radiation field as inputs. Stresses normal to the waste package, along with 

the yield stress of the padcage container, determined the extent of allowable 

corrosion before failure occurred. The WAPPA code calculated uniform 

corrosion due to a uniform distribution of brine along the entire surface of 

the package. The effects of nonuniform corrosion and nonuniform brine 

distribution were derived from the uniform results. However, there is 

presently no basis for determining whether nonuniform corrosion and/or 

nonuniform brine distribution will occur. Temperatures and brine flows were 

primarily obtained from the brine mobility analysis for CSF packages. 

However, the waste package analysis assumed that a small background brine 

flow rate was always present and, at 1000 years, the brine flow increased to 

a rate oomparable to the initial rate. The results of the calculations 

indicate that SCP-CDR design of the CSF waste padcage is conservative and 

will last 1000 years with little difficulty and probably greater than 10,000 

years under expected conditions. The only calculations that resulted in 

padcage failures less than 1000 years occurred when the 1000-year brine flow 

was assumed to be high-magnesium brine and began immediately after 

enplacement. However, this result only demonstrates the range of possible 

cases with the stated assumptions. Recent laboratory data on corrosion rates 

indicate that even unlimited, high magnesium brine may not cause failure in 

less than 1000 years. The bounding estimates of radionuclide releases, like 

those for the total system analysis, produced values exceeding the limits in 

10 CFR 60 with Cs-137 being the most significant radionuclide at 300 years
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after enplacement. The waste package analysis used more recent values of 

solubility than the total system analysis.

The analysis of seals was limited due to insufficient information on 

seal dimensions and properties in the SCP-CD. In order to make some bounding 

estimates, a scenario was selected in which a shaft lining within the 

Ogallala aquifer was assumed to fail and allow water to seep down the shaft 

to the repository level. Flow resistance within the repository itself was 

ignored so that the water reaching the repository level was assumed to be 

immediately available to contact the waste. Some goal values for seal 

properties were given in the SCP-CDR and these were used, along with assumed 

values where necessary, to estimate the time necessary for water to reach the 

waste and the flow rate after that time. The water was assumed to move as a 

wetting front through the unsaturated portion of the seals and, following 

saturation, the flow was assumed to be at steady state. The results of these 

calculations indicated that the water would not reach the waste for 62,650 

years and could not contribute to corroding the waste padcage in the period 

less than 1000 years. Also, the water could not influence the transport of 

radionuclides during the first 10,000 years. However, the steady-state flow 

rate after 62,650 years is large enough that the bounding estimates used in 

the total system and waste package analyses, would exceed the 10 CFR 60 

limits if this flow were used.

A model for the total repository system was formed to estimate the 

sensitivity of selected performance measures to uncertainties in selected 

input parameters. The model was a combination of a brine mobility model 

(BRINETEMP) and the waste package model (WAPPA) along with a radionuclide 
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source model (0RIGEN2) and a transport model (similar to the one used for the 

total system analysis). The performance measures and input parameters, as 

well as the ranges and distributions of values for the input parameters, were 

selected by a panel of experts. A stochastic method based on Latin Hypercube 

Sanpling was selected for the sensitivity analysis. A total of 200 runs was 

made with the model in which the values of 43 selected input parameters were 

varied. The analysis of the results is continuing.
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I. INTRODUCTION

1.1 Background

The Salt Repository Project (SRP) of the Civilian Radioactive Waste 

Management (CRWM) Program was established to (1) identify one or more 

appropriate sites for a high-level nuclear waste repository in salt, (2) 

design a repository for a selected salt site, and (3) assess its ability 

to contain and isolate nuclear waste for an extended period of time. In 

May 1986, a Deaf Smith County, Texas site was nominated for detailed 

characterization for a repository in a bedded salt formation. 

Performance assessment of the repository system during preclosure, waste 

retrieval, and post-closure periods is required to predict performance 

relative to the performance objectives and numerical siting and design 

criteria specified in the U.S. Nuclear Regulatory Cooinission (NRC) 

regulations, 10 CFR Part 60, Subpart E, "Disposal of High-Level 

Radioactive Waste in Geologic Repositories; Technical Criteria," and the 

U.S. Environmental Protection Agency (EPA) standards, 40 CFR Part 191, 

"Environmental Standards for the Management and Disposal of Spent Nuclear 

Fuel, High-Level and Transuranic Radioactive Wastes." Analyses are also 

required to focus on specific requirements of DOE site-selection 

parameters in 10 CFR Part 960, "General Guidelines for the Recommendation 

of Sites for the Nuclear Waste Repositories."

The Office of Nuclear Waste isolation (ONWI) of the Battelle Project 

Management Division (BPFO), under contract with the U.S. Department of 

Energy (DOE) has developed a Performance Assessment Plan (PAP) (ONWI, 

1984) to provide the ongoing basis of strategy for performance assessment 

activities. This plan is to be updated from time to time due to changes 

in strategy brought on by new regulations, guidelines, position 

statements, and directives formulated by the various government agencies. 

An inproved data base along with inproved models can also result in 

changes in strategy. For example, this plan needs updating in 

consideration of the following:

• "General Guidelines for the Recommendation of Sites for the

Nuclear Waste Repositories," 10 CFR Part 960



• The DOE (1985) Mission Plan’s issue hierarchy

• Data and information needs appearing in the NRC’s drafts related 

to HLW disposal, such as the draft ’’Issue-Oriented Site Technical 

Position for Salt Repository Project (SRP)” reports (e.g., NRC, 

1984b)

• The NRC’s draft ’’Generic Technical Position on Licensing 

Assessment Methodology for High-Level Waste Geologic Repositories’’ 

(NRC, 1984a)

• Experience gained in performance assessment analyses of seven 

potentially acceptable locations for a salt repository during the 

preparation of the environmental assessment reports (EAs) for 

these seven potentially acceptable locations.

Each of the items above gives rise to performance issues, i.e., 

technical questions which require performance analyses or safety 

assessments for resolution. The analyses provided in this report are 

preliminary exaiqples of such activities.

In response to the requirements of Section 113 of the Nuclear Waste 

Policy Act of 1982 (NWPA), the DOE will have a site characterization plan 

(SCP) describing characterization activities to be conducted at the 

candidate site. A SCP Conceptual Design Report (CDR) has been prepared 

to support Chapter 6 of this SCP, Conceptual Design of a Repository. The 

review of this SCP-CDR in assessing, on a preliminary basis, the 

performance of the repository as conceptually designed forms the basis of 

this report.

It should be noted that the analyses in the EAs were based on 

vertical enp la cement of the waste packages. However, the analyses in 

this performance assessment report are based on horizontal eflplacement 

because that was the preferred orientation at the time these analyses 

were done. It now appears that vertical enplacement will again be 

considered along with other design changes. Also, these analyses were 
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performed over a period of time during which improvements were made in 

the models and the data base. Consequently, those analyses that were 

conpleted early do not reflect some of these improvements and there are 

some discrepancies in comparing numerical results between the different 

analyses. However, these discrepancies do not affect the conclusions. 

Due to the preliminary nature of these analyses, it would not be useful 

to continually redo the calculations to account for changing designs and 

improvements until such time that the design becomes more definite and 

there are substantial improvements.

1.2 Purpose

The purpose of the conceptual design effort was to develop a 

workable design approach. One of the goals was to identify design issues 

and data needs to be resolved prior to filing a license application. 

Site characterization and technology development planning will be based, 

in part, on the need for design information. Future design efforts will 

deal with sorting out the design alternatives and increasing design 

details. However, the performance assessment is limited to the present 

conceptual design which does not yet include many of the details.

The goal of performance assessment is to determine whether, and to 

what degree of assurance, conpliance with regulatory objectives and 

criteria can be demonstrated given the data available. In so doing, 

performance assessment also defines analyses and data needed to develop 

reasonable assurance in the demonstration of compliance, and develops 

part of the information to be used in site conparison and selection. 

Performance assessment also provides input to design of conponents, 

facilities, and operations. The analyses described in this report 

accomplish this goal in a preliminary manner. They also provided 

experience in using the available performance strategy and tools and 

thereby indicated where improvements are needed. Performance assessment 

modeling is the only feasible way by which the long-term performance of a 

system or any of its conponents can be predicted with any assurance of 

reliability. Engineering practice is nuch too limited in duration for
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confident projection to the periods of concern for nuclear waste

isolation, so a scientifically sound modeling approach must be taken.

1.3 Scope

The details of the performance assessment activities for this report 
are limited by several factors:

• site specific data available are very limited

• a detailed design is not available

• most of the process models are inconplete

• inpiementation of a system model along with its sensitivity and 

uncertainty analyses is incomplete.

Consequently, the review of the SCP-CD as described in this report is 

limited to a preliminary quantitative assessment that will address the 

numerical postclosure performance objectives of the regulatory 

requirements. There are four major numerical criteria defined in the 

Federal regulations:

(1) containment

(2) slow release

(3) pre-enplacement ground water travel time

(4) EPA standards (40 CFR 191)

Criterion (3) is independent of the repository design and thus will not 

be treated in this review. The review of this SCP-CD will be geared to 

verifying whether the design will satisfy the other three criteria. 

Further, key non-numerlcal criteria relevant to this review will be 

sumnarized in each chapter where the various analyses are described. 

However, it should be emphasized that there are numerous other non

numerica 1 criteria and requirements defined in the various regulations 

that are not treated in this review. They will be duly treated in the 

assessment of performance of more detailed designs when they are 

available.
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1.4 Report Organization

The primary objective of the performance assessment is to determine 

whether and to what extent a given repository design conplies with the 

regulatory requirements. Thus, these regulatory requirements and the SRP 

strategy for demonstrating conpliance are described in Chapter II. These 

descriptions are, hcwever, limited to the numerical criteria defined by 

10 CFR 60 and 40 CFR 191 with the exception of the pre-enplacement 

groundwater travel time. The total system performance is examined in 

Chapter III with a system model used to predict radionuclide releases to 

the accessible environment for specific scenarios. Total system 

performance primarily addresses Criterion (4) above and, to a lesser 

degree, Criterion (2).

The waste package is one of the major system components. Its 

performance critically depends on the environment in which it is 

enplaced. Key factors defining the environment include thermomechanical 

response at and the brine transport across the host rock-waste package 

interface. Chapter IV describes the thermomechanical analyses and the 

brine migration analysis is presented in Chapter V. The waste padcage 

performance analysis is described in Chapter VI and primarily addresses 

Criterion (1) above. To a lesser degree, it also addresses Criteria (2) 

and (4). The performance analysis of seals, another key element of the 

repository system, is next described in Chapter VII. Seals performance 

primarily addresses Criteria (1) and (2) above.

Explicit treatment of uncertainties in performance assessment is 

essential to quantifying confidence in demonstrating conpliance with the 

regulatory requirements. Likewise sensitivity information is crucial in 

identifying key variables for detailed design and performance analysis. 

Such uncertainty and sensitivity considerations are described in 

Chapter VIII.
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II REGULATORY REQUIREMENTS REGARDING ENGINEERED COMPONENTS 

AND SRP COMPLIANCE STRATEGY

II.1 Regulatory Position

NRC has established in 10 CFR 60 (NRC, 1983) certain performance objectives 

both for the total geologic disposal system and, assuming anticipated 

processes and events, for selected conponents and subsystems. The 
interrelationships among subsystems and the possible contributions they make 

to achieving these nultiple performance objectives can be inferred from the 

organizational structure of the regulations and from definitions supplied in 

the regulations. This hierarchy is presented in Figure II—1.

The notion of the "engineered barrier system" as a component of the total 

mined geologic disposal system is first introduced in 10 CFR 60, and is 

defined as follows:

"Engineered barrier system" means the waste packages and 

underground facility.

where:

"Waste padcage" means the waste form and any containers, shielding, 

packing and other absorbent materials imoediately surrounding an 

individual waste container.

and:

"Underground facility" means the underground structure, including 

openings and backfill materials, but excluding shafts, boreholes, and 

their seals.
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Performance objectives for engineered barrier system (EBS), assuming 

anticipated processes and events, are from 10 CFR 60.113:

(a) GENERAL PROVISIONS. (1) ENGINEERED BARRIER SYSTEM.

(i) The engineered barrier system shall be designed so 

that assuming "anticipated processes and events*: (A) 

"Containment* of HLW will be substantially conplete during the 

period when radiation and thermal conditions in the engineered 

barrier system are dominated by fission product decay; and (B) 
any release of radionuclides from the engineered barrier system 

shall be a gradual process which results in small fractional 

releases to the "geologic setting" over long times. For 

disposal in the saturated zone, both the partial and conplete 

filling with groundwater of available void spaces in the 

underground facility shall be appropriately considered and 

analyzed among the "anticipated processes and events* in 

designing the engineered barrier system.

(ii) In satisfying the preceding requirement, the 

engineered barrier system shall be designed, assuming 

"anticipated processes and events", so that:

(A) "Containment* of H.W within the waste packages will be 

substantially complete for a period to be determined by the 

Conmission taking into account the factors specified in 

60.113(b) provided, that such period shall be not less than 300 

years nor more than 1,000 years after "permanent closure* of 

the geologic repository; and

(B) The release rate of any radionuclide from the 

engineered barrier system following the oontainment period 

shall not exceed one part in 100,000 per year of the inventory 

of that radionuclide calculated to be present at 1,000 years 

following "permanent closure*, or such other fraction of the 

inventory as may be approved or specified by the Ccmlssion; 

provided, that this requirement does not apply to any

"Asterisks have been added to denote words or phrases to be discussed later 

in this section.
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radionuclide which is released at a rate less than 0.1% of the 

calculated total release rate limit. The calculated total release 

rate limit shall be taken to be one part of 100,000 per year of the 

inventory of radioactive waste, originally enplaced in the underground 

facility, that remains after 1,000 years of the radioactive decay.

Asterisks were added in the above and denote the following defined terms, 

found in 10 CFR 60.2, that are relevant to this discussion:

"Anticipated processes and events" means those natural 

processes and events that are reasonably likely to occur during 

the period the intended performance objective must be achieved. 

To the extent reasonable in the light of the geologic records, 

it shall be assumed that those processes operating in the 

geologic setting during the Quaternary Period continue to 

operate but with the perturbations caused by the presence of 

enplaced radioactive waste superinposed thereon.

•••

"Containment" means the confinement of radioactive waste within 

a designated boundary.

"Geologic setting" means the geologic, hydrologic, and 

geochemical systems of the region in which a geologic 

repository operations area is or may be located.

"Permanent closure" means final backfilling of the underground 

facility and the sealing of shafts and boreholes.

Although the performance assessment of the SCP conceptual design is concerned 

primarily with these requirements regarding engineered cooponents under

10



anticipated processes and events, it should be noted that 10 CFR 60.113(c) 
stipulates that:

Additional requirements may be found to be necessary to satisfy 
the overall system performance objective as it relates to 

unanticipated processes and events.

NRC goes one step further by establishing additional criteria beyond those 

given in 1OCFR6O.113 in 10CFR60.133-135 that allow satisfaction of this 

objective. However, it may be inferred that the applicant has flexibility in 
four major areas.

o The repository inventory of wastes, both in quantity and type, 

is to be specified by the applicant, subject to the design 

criteria set in 10CFR60.135 and the limitations specified by 
the Nuclear Waste Policy Act of 1982 [Congress, 1983] in 

Section 114(d)(2)).

o Containment of the wastes within the boundaries of the waste 

padcage is required to be substantially conplete for the 

containment period (1OCFR6O.113). The applicant is assuming 

responsibility for defining what this means in quantitative 

terms, for defending the acceptability of the definition - 

perhaps in the context of comparison with other performance 

objectives - and for demonstrating with reasonable assurance 

that conpliance with the numerical specifications has been 

achieved in the EBS subsystem and oonponent designs.

o The length of the containment period is, within the range of 

300 to 1,000 years, left for the applicant to propose. Again, 

the proposal oust be defended and proof of oocpliance must be 

demonstrable with reasonable assurance. As shall be seen in 

subsequent discussions, the length of the containment period is 

synonymous with a waste package lifetime.

o Since the requirement (1OCFR6O.113) for a controlled release 

rate applies to the EBS in total, assignment of this
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requirement to specific components of the EBS may be proposed 

at the discretion of the applicant, who likewise retains 
responsibility for the burden of proof.

Issues related to the repository’s inventory of wastes represent programmatic 

policy decisions that would affect any repository project in the program. 

Thus, they serve as constraints on the project and the designer. The 

remaining three bullet items are, however, better dealt with in the context 

of a specific project, i.e., as site-specific issues. Subsequent sections 

will outline a proposed approach for interpreting and quantifying these 

specifications for the SRP. The discussion will address, in sequence: the 

standards of proof that must be used in implementing these specifications; 

the containment period; an approach for allocating the release rate standard 

between the waste package and underground facility; and finally a discussion 

of the process and techniques that will be utilized in a logical fashion to 

demonstrate reasonably assured compliance with NRC's performance objectives.

II.2 Standards of Proof

The standard of proof that these objectives have been met is called out and 

discussed in the prefatory sections of the Technical Criteria (10 CFR 

60.101(a)(2)):

"While these performance objectives and criteria are 

generally stated in unqualified terms, it is not 

expected that complete assurance that they will be met 

can be presented.. .what is required is reasonable 

assurance, making allowance for the time period, 

hazards, and uncertainties involved, that the outcome 

will be in conformance with those objectives and 
criteria."

The term "reasonable assurance" is described, but not explicitly defined, by 

the NRC. The Conmission’s views on this concept are also discussed in NRC's 

Statement of Considerations for 10 CFR 60, where the standard is described as 

inherently qualitative and tied to the quality of evidence presented to 
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support a particular finding. Reasonable assurance is noted to be "...not 
quantifiable by statistical methods..." and "...based largely on 

inference...". It is further noted that "the validity of the necessary 

inferences cannot be reduced, by statistical methods, to quantitative 

expressions of the level of confidence..." (see "Reasonable Assurance"). 

Thus, the reasonable assurance standard is inherently qualitative and 

judgmental. However, it is not inponderable. In the absence of a specific 

definition in 10 CFR 60, it is our position that the following definition 

from DOE should continue to be used:

Reasonable assurance means that the preponderance of 

available technical evidence as interpreted by 

objective experts in the field supports the conclusions 

drawn. (DOE, 1980)

However, the final determination of the definition of reasonable assurance 

will be by the NRC (10CFR60-sc). Reasonable assurance is therefore provided 

in the end only by those external to the program, based on the quality of the 

evidence provided by the program itself in support of its assertions of 

conpliance with established performance objectives. Reasonable assurance is 

achieved when the results of and conclusions drawn from data, studies, and 

analyses can be reached independently by those knowledgeable in a particular 

field, given the same set of data to work with. Reasonable assurance cannot 

be defined in terms of probabilities, or margins of Safety, or by the use of 

bounding assumptions. These techniques may, however, be used in the 

development of SRP positions, and their use may be contributory to an 

eventual finding of reasonable assurance.

II.3 Containment Period

The first part of the performance objectives for^the engineered barrier 
system rtaaia uiththe^TB^uTrement in 10 CFR 60.113 a(ii)(A) that containment 

of HLW within the waste packages will be substantially ooaplete for a period 

of 300 to 1,000 years after permanent closure of the repository. Based upon 
wording of the specific requirement the following inferences appear to be 

reasonable interpretations: CD containment does not mean that radioactivity 
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anticipated processes and events, it should be noted that 10 CFR 60.113(c) 

stipulates that:

Additional requirements may be found to be necessary to satisfy 
the overall system performance objective as it relates to 

unanticipated processes and events.

NRC goes one step further by establishing additional criteria beyond those 

given in 1OCFR6O.113 in 1OCFR6O.133-135 that allow satisfaction of this 

objective. However, it may be inferred that the applicant has flexibility in 

four major areas.

o The repository inventory of wastes, both in quantity and type, 

is to be specified by the applicant, subject to the design 

criteria set in 10CFR60.135 and the limitations specified by 

the Nuclear Waste Policy Act of 1982 [Congress, 19833 in 

Section 114(d)(2)).

o Containment of the wastes within the boundaries of the waste 

padcage is required to be substantially conplete for the 

containment period (10CFR60.113). The applicant is assuming 

responsibility for defining what this means in quantitative 

terms, for defending the acceptability of the definition - 

perhaps in the context of conparison with other performance 

objectives - and for demonstrating with reasonable assurance 

that conpliance with the numerical specifications has been 

achieved in the EBS subsystem and component designs.

o The length of the containment period is, within the range of 

300 to 1,000 years, left for the applicant to propose. Again, 

the proposal must be defended and proof of oonpliance oust be 

demonstrable with reasonable assurance. As shall be seen in 

subsequent discussions, the length of the containment period is 

synonymous with a waste package lifetime.

o Since the requirement (1OCFR6O.113) for a controlled release 

rate applies to the EBS in total, assignment of this 
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reasonable interpretations: (1) containment does not mean that radioactivity 
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cannot be released from the HLW packages, (2) "substantially complete” refers 

to the total population of waste padcages and, therefore, total repository 

radionuclide inventory and is not applied to individual packages, and (3) 

"substantially conplete" means that some large percentage of the 

radioactivity remain within the boundaries of the waste packages during this 

containment period.

II.4 Controlled Release Following the Containment Period

The second part of the performance objectives for the EBS, assuming 

anticipated processes and events, deals with the nature of releases allowed 

aft®* loss of substantially conplete containment. Release of radionuclides 

must be shown to be a gradual process, innune from catastrophic failures that 

might result in large increases in the availability or mobility of 

radionuclides. Part 60.113 specifies numerical criteria for controlled 

release rate after the containment period. The primary requirement is that 

the release rate of any radionuclide from the EBS following the containment 

period shall not exceed one part in 100,000 per year of the inventory of that 

radionuclide calculated to be present 1,000 years after permanent closure. 

An alternate requirement deals with nuclides released or present in small 

quantities. The NRC also reserves the right to approve or specify other 

release requirements.

Since the EBS will be a multicocponent system consisting of both man-made 

waste packages and selected portions of the host rode (the underground 

facility), both of these cooponents can contribute to controlling annual 

releases from the EBS.

The requirement for controlling annual releases within the EBS (to less than 

1 part in 100,000 per year of the inventory at 1000 years after permanent 

closure) after the end of the containment period is designated as an interim 

design goal for the waste package. Design alternatives, developed in 

response to the requirements of 10 CFR 60.21(c)(1)(ii)(D) to do a comparative 

evaluation of major design features, will address variations in this goal. 

This approach is believed to represent a conservative position, as the waste 

package is only one conponent of the engineered barrier system, the point at 
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which compliance with this goal is required in regulations. Contributions 

that the underground facility will eventually make to meeting this 

performance objective will be addressed as part of an in situ testing and 

repository performance confirmation. It is anticipated that the underground 

facility, as an element of the engineered barrier system, could play a 

significant role in meeting this performance objective, but reliance on this 

is not prudent until more detailed site characterization and design 

information are available.

II.5 Conpliance Strategy for Post-Closure Performance Strategy

The SRP concept of substantially oonplete containment is illustrated in 

Figure II-2. To calculate the release rate, it is necessary to establish the 

magnitudes of two parameters:

1. The fractional release rate (Rc),

2. The multiplication factor K for maximum allowable annual 

releases of individual nuclides during containment,

where Rc £ 10"5 per year and K >_1.

An interactive analytical approach will be employed to derive appropriate 

magnitudes for Rc and K, and to determine the level of waste padcage design 

and extent of information needed to provide reasonably assured conpliance 

with the numerical performance objectives. The steps to this approach are:

Step 1:

Establish an initial waste package design, design basis 
radionuclide inventory, and design basis environment.

The site characterization plan (SCP) conceptual design of the repository 

forms the basis for the preliminary performance assessment given in this 

report.
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Step 2:

Identify waste package degradation modes of interest by 

performing a failure modes and effects analysis (FMEA).

For this assessment a detailed and conplete FMEA will not be done. Only the 

degradation mode of corrosion (uniform and nonuniform) is assumed to be in 

effect. Uniform corrosion failure is assumed to have occurred when the 

corrosion allowance in the container wall thickness is corroded away while 

nonuniform corrosion (pitting) failure is assumed to occur when the pitting 

penetrates the entire wall thickness. The corrosion amount is limited by the 
quantity of brine available. The anticipated scenario assumes only thermally 

migrating brine which may not be conservative. Some parametric analytical 

studies are made of the hypothetical effects of unlimited brine, nonuniform 

brine distribution over the package surface, and of pitting ratio on the 

waste padcage integrity.

Step 3:

Develop conceptual models of release scenarios for the 

degradation modes identified.

The strategy at the time of this analysis assumed radionuclide release to be 

solubility limited, in that the release rate is determined by the solubility 

times the amount of available brine and limited by the amount of 

radionuclides available for release. The current strategy also considers 

diffusion through consolidated packing surrounding the waste container.

Step 4:

Estimate the probabilities and time distribution of waste 

package degradation and release processes and events.

Although Monte Carlo simulation with Latin Hypercube sampling is planned in 

the future to get failure-time distributions, the current analysis uses a 

deterministic approach. This analysis also includes some parametric 

variation studies.
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Step 5:

Screen the degradation modes and related release scenarios to 

eliminate those that are inpossible, inprobable, or subsumed 

by others.

The analysis will normally be limited to anticipated processes and events, as 

defined by the NRC in 10 CFR 60. Accordingly, unanticipated modes and 

scenarios will generally be eliminated from further consideration at this 

point. A possible exception to this would be a scenario that, although 

unanticipated, appeared to be characterized by high risk, i.e. large product 

of consequences (release) times probability. In addition, the anticipated 

modes and scenarios that are bounded (if mutually exclusive) or subsumed by 

other modes and scenarios will be eliminated. Failure or degradation modes 

which do not result in releases will have previously been eliminated.

Since Step 5 is bypassed for this analysis and assessment, the activities of 

this step are essentially carried out based on engineering judgement.

Step 6:

Construct a conputer code for the remaining degradation modes 

and release scenarios. Calculate expected radionuclide 

releases over time for each and combine the results.

The WAPPA code modeling both the uniform and non-uniform corrosion will be 

run for several scenarios with the SCP-CD to provide:

1. Waste package failure time; and

2. Rates of release at. package surface with time.

Step 7:

Conpare the results to criteria and iterate through design.

The analysis described in Step 6 will produce results similar to Figure II-2, 

but for the specific designs, conditions, and scenarios associated with the 

subject salt site. The release rate, Rc, will be specified by evaluating 

alternative EBS designs and choosing a combination of a design and an Rc that 

results in an insignificant release of inventory from the total repository
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III. OVERALL SYSTEMS PERFORMANCE

III. 1 Introduction

Total system performance assessment, as used in this section, refers 

only to postclosure total system assessment. Total system performance 

assessment is an integration of all the repository subsystems and their 

components into a form that permits one to examine the effects of variation 

of individual subsystem parameters on the predicted performance for the 

entire system. The principal performance measures are radionuclide releases 

from the waste packages and from the total system to the accessible 

environment.

Postclosure performance assessment of the total repository system is 

examined with a system model which is used to predict radionuclide releases 

for specific scenarios with specific system configurations (waste padcages, 

repository, and site). These predicted releases are compared with the 

numerical constraints given i.« the 10 CFR Part 60 and 40 CFR Part 191.13 

regulations. Although structured to permit considerable detail, the system 

model for this analysis consists only of a simple radionuclide transport code 

and its input parameters. This code and other relatively simple calculations 

are used to estimate the radionuclide releases that may result from fluids 

contacting the waste and transporting the radionuclides away from the waste 

padcage.

III. 2 Study Basis and Assumptions

The system performance calculations involve estimating radionuclide 

transport away from the waste package. The bases for these estimates are 

scenarios which describe the details of the release mechanisms. It is 

convenient to classify the scenarios into those that involve radionuclide 

transport through ground water (brine) and those that do not.

In scenarios that do not involve ground water, radionuclides are 

transported to the accessible environment without first being dissolved in 

ground water. They may be initiated by natural events such as tectonic
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movement, erosion, and volcanism; or may be initiated by humans as a result 

of excavation, drilling, or underground explosions. The quantity of 

radioactivity released to the accessible environment and the duration of this 

release is strongly dependent on the details of the scenario events. For 

exanple, the quantity released by drilling depends on the location and number 

of drill holes while the duration depends on the drilling rates and the 

frequency of new holes. Because of the need to consider such details, it is 

difficult to aggregate these scenarios and, consequently, nearly each one 

must be treated individually. However, probabilities for occurrence have 

been estimated for most of these scenarios and they are not expected to be 

inportant (U. S. DOE, 1986a; Bingham and Barr, 1979; Claiborne and Gera, 

1974). Therefore, they are not considered in this report.

In scenarios involving ground water, radionuclides are first 

dissolved (or form colloidal suspensions) in water and are then transported 

to the accessible environment by the water. The quantity and duration of the 

release to the accessible environment is limited by the dissolution, water 

flow rate, and other geotechnical considerations. These scenarios can be 

aggregated according to the magnitudes of these mechanisms and the directions 

of the flows (up, down, or lateral). These scenarios include the expected 

case, where flow is due to brine migration in an essentially intact host 

rode, and all intrusion scenarios that allow significant quantities of water 

to contact the waste and transport radioactivity to the accessible 

environment.

The scenarios involving ground water have three major steps: (1) 

the transport of water to the waste, (2) dissolution of radionuclides in the 

water, and (3) transport of the contaminated water to the accessible 

environment. The waste package must first be breeched in order to allow the 

radionuclides to dissolve in the water that has accumulated around the 

package. These dissolved radionuclides can then be transported by a water 

flow away from the package. Ioportant considerations are therefore (1) the 

volume of water in contact with the waste package, (2) the flow rate away 

from the package, (3) the distance from the package to the accessible 

environment, (4) the inventory of radionuclides and corresponding elements, 

(5) the solubility of the radionuclides, and (6) parameters that allow for
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dispersion and retardation of the radionuclides with respect to the water

flow.

Values for the cumulative volume and flow rates of water plus the 

distances are based on the scenarios in these calculations. The radionuclide 

and element inventories and solubilities, are taken from Jansen 1987) for 

spent fbel from a pressurized water reactor. Retardation factors are based 
on the lowest values presented by Cloninger, Cole, and Washbum (198(P. The 

radionuclide transport model does not treat radionuclide chains and, unless 

conpensated, could yield large errors for radionuclides with short half lives 

that have long-lived precursors. In order to compensate for these chains, 

the radionuclide and element inventories used in these calculations are the 

values that occur at the time of the largest activity for each radionuclide 

withxn the period of a 0 to 1 million years after emplacement. Also, if a 

radionuclide has a half life less than 10,000 years and its precursor has a 

longer half life, the half life of the precursor is used. All of these 

compensations produce upper bounds for radionuclide releases. The resulting 

inventories and other numbers are given in Table III-1. Also shown in Table 

III-1 are the maxinum cumulative releases to the accessible environment 

allowed by the US EPA and the 1,000-year inventory for each radionuclide. 

These latter two sets of values are used to conpare radionuclide releases to 

existing regulations.

III. 3 Performance Allocations

There are two regulations which specify numerical performance 

requirements on radionuclide transport. NRC Regulation 10 CFR 60 limits the 

annual release rate for each radionuclide at the outer boundary of the 

engineered barrier system to be less than 0.00001 of its 1,000-year activity 
level or less than 1.0x10"8 of the total activity at 1,000 years after 

enplacement. No definition of this boundary is specified for a salt 

repository and, for bounding calculations, it is assumed to be at the 

interface of the waste padcage and the surrounding salt. Since this 

interface is very close to the initial position of the waste, it will 

experience the highest radionuclide release rates if the waste package fails. 

These limits are for expected conditions which, for a salt repository,
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TABLE III-l. INVENTORIES AND OTHER DATA 
RELATED TO RADIONUCLIOES FOR SPENT.FUEL 

FROM PRESSURIZED WATER REACTORS(aJ

Activity
Total at 1OOO

Time, Half Life, Activity Solubility Element Retardation EPA limit: yrs
yrs Name yrs C1/MTHM kg/nw kg/MTHM Factor C1/1000MTHM Ci/MTHM
0 CT4 5.73E+03 1.54E+00 6.O0E-O5 1.67E-01 1.00E+00 1.00E+02 1V36E+0O
0 Se 79 1.00E+04 4.05E-01 1.00E-06 5.58E-02 1.16E+02 1.00E+03 4.01E-01
0 Sr 90 2.90E+01 5.69E+04 8.00E-04 7.64E-01 1.00E+00 1.00E+03 2.62E-06
0 Tc 99 2.13E+05 1.30E+01 1.00E-06 7.65E-01 1.00E+00 1.00E+04 1.29E+01
0 Snl26 1.00E+05 7.69E-01 1.00E-07 3.85E+00 2.89E+02 1.00E+03 7.63E-01
0 I 129 1.60E+07 3.13E-02 6.00E+02 2.32E-01 1.00E+00 1.00E+02 3.13E-02
0 CS135 3.00E+06 3.37E-O1 6.00E+02 2.35E+00 1.25E+O1 1.00E+03 3.36E-01
0 CS137 3.O2E+O1 8.15E+04 6.00E+02 2.35E+00 1.25E+01 1.00E+03 7.53E-06
2E5 Ra226* 7.54E+04 1.27E+OO 1.00E-06 1.28E-03 1.25E+01 1.00E+02 3.16E-03
2E5 Th230 7.54E+04 1.26E+00 1.00E-06 1.01E-01 1.15E+O3 1.00E+01 1.72E-02
1E6 Th232 1.41E+10 1.95E-05 1.00E-06 2.05E-01 1.15E+03 1.00E+01 1.31E-08
5E5 U 233 1.59E+05 9.32E-01 1.00E-06 9.64E+02 5.85E+01 1.00E+02 3.23E-03
1E3 U 234 2.45E+05 2.01E+00 1.00E-06 9.57E+02 5.85E+01 1.00E+02 2.01E+00
5E5 U 235 7.10E+08 2.83E-02 1.00E-06 9.64E+02 5.85E+01 1.00E+02 1.78E-02
1E5 U 236 2.42E+07 4.02E-01 1.00E-06 9.64E+02 5.85E+01 1.00E+02 2.70E-01
0 U 238 4.47E+09 3.18E-01 1.00E-06 9.57E+O2 5.85E+01 1.00E+02 3.18E-01
5E3 Np237 2.14E+06 1.17E+00 1.00E-06 1.65E+00 2.31E+02 1.00E+02 9.92E-01
0 Pu238 8.77E+O1 2.27E+O3 1.00E-06 8.65E+00 5.76E+O2 1.00E+02 9.74E-01
0 Pu239 2.41E+04 3.13E+02 1.00E-06 8.65E+00 5.76E+02 1.00E+02 3.04E+02
20 Pu240* 8.20E+07 5.24E+02 1.00E-06 8.65E+00 5.76E+O2 1.00E+02, A.74E+02
0 Pu241* 8.50E+03 7.70E+04 1.00E-06 8.65E+00 5.76E+02 _______ ;( C 1.28E-01
0 Pu242 3.76E+O5 1.69E+00 1.00E-06 8.65E+00 5.76E+02 1.00E+02 1.69E+00
0 Pu244 8.20E+07 4.10E-07 1.00E-06 8.65E+00 5.76E+02 1.00E+02 4.12E-07
0 Am241* 8.50E+03 1.68E+03 1.00E-07 5.72E-01 1.15E+O3 1.00E+02 8.71E+02
0 Am243 7.37E+03 1.65E+01 1.00E-07 5.72E-01 1.15E+03 1.00E+02 J.50E+01
0 Cm244 1.81E+01 1.26E+03 1.00E-06 1.68E-02 1.15E+03 _______Jc □.01E-14
0 Cm245 8.50E+03 1.39E-01 1.00E-06 1.68E-02 1.15E+03 1.00E+02 1.28E-01

Total 1000-Year Inventory 1.72E+03
♦ 1Half lives less than 10000 years with long lived precursors.

Ra226 uses half life of Th23O. 
Pu240 uses half life of Pu244. 
Pu241 uses half life of Cm245. 
Am 241 uses half life of Cm245.

(a) Source for all values except retardation factors is Jansen, 1987

Source for retardation factors is Cloninger, et al, 1980

(b) Time at which largest activity occurs.

(c) No EPA limit.
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implies an essentially intact host rock and substantially complete 

containment by the waste packages for not less than 300 years nor more than 

1000 years after permanent closure of the repository.

EPA Regulation 40 CFR 191.13 specifies cumulative radionuclide 

releases to the accessible environment for various scenarios at 10,000 years 

after enplacement. EPA has defined the accessible environment to include the 

atmosphere, land surfaces, surface waters, oceans, and all of the lithorphere 
(all the earth below the surface including groundwater) beyond the controlled 

area. The controlled area, in turn, is limited to an area within 5 km of the 

outer boundary of the original location of the waste in any direction and 
less than 100 km2 in area. The conceptual design (Fluor Technology, Inc., 

1986, Fig. 4.4-4) inplies that the controlled area occupies 9 mi2 (23.3 km2) 

and the minimum distance from the waste to the boundary of the controlled 
area is 500 ft (152.4 m). Chen and Raines ^1987^ estimate a distance of 521 

meters is required in the downstream direction of ground water flow. Since 

no known connections for water flow occur between the repository horizon and 

the surface at the Deaf Smith site, the boundary of the controlled area is 

the basis for determining the distance to the accessible environment. This 

distance may be between about 0.15 to 5 km.

In order to meet these numerical performance requirements, the 

performance for the total system is allocated to the waste package and the 

hydrostratigraphic units (HSU’s) which can transport water to the package and 

transport radionuclides to the accessible environment. For expected 

conditions, the host rock is essentially intact and the only source of water 

is brine migrating from the host rock (LSA 4 in HSU B) to the padcage. This 

is discussed in more detail in Section V of this report. For unexpected 

conditions, INTERA (1985) analyzed three scenarios involving the inadvertent 

drilling of boreholes that could connect the repository with aquifers. Their 

worst case was a borehole that connected the Ogallala aquifer in HSU A with 

the Pennsylvania granite wash in HSU C. Except for the effects due to the 

intrusion of the borehole, all other hydrogeological properties of the system 

were assumed to remain unchanged from existing values. A similar intrusion
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scenario is the basis for allocating performance for cumulative radionuclide 

releases to the accessible environment.

III. 4 Numerical Modeling Considerations

Estimates of radionuclide releases at the interface between the 

waste padcage and the surrounding salt are estimated by a simple model which 

assumes ground water flows by the failed package and dissolves the elements, 

along with their corresponding radionuclides, to their solubility limit. The 

radionuclide release is therefore

rR = OSglRt/lE (HI-1)

where rR is the release rate of Radionuclide R,

Ci/(MTHM yr)
Q is the water flow rate per MTHM, m3/(yr MTHM)

Sg is the solubility of Element E, kg/m3 

iRt is the inventory of Radionuclide R at 

time t, Ci/MTHM

Ig is the inventory of Element E, kg/MTHM.

To meet the regulations on radionuclide releases at the outer boundary of the 

engineered barrier system, the release rate oust meet one of the following 

criteria:

tr < 1.0x10-5 iR1000 (III-2)

rR < 1.0x10-8 x IR1000 (III-3)

where IrioOO i® th* inventory of Radionuclide R at
1,000 years after emplacement, Ci/MTHM

x IR1000 ia the aum of the inventory of all 
the radionuclides at 1,000 years'after 

emplacement, Ci/MTHM.
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Using the data from Table III-1, factors can be confuted for 

calculating the terms in Equation (III—2) and (III—3). These factors are 

shown in Tables III-2 and III-3. Multiplication of the factors in the last 

two colunn3 by the water flow rate, Q, yields the ratios rp/lRiQQQ and rp/ 

Ir1000» respectively, for application of Equations III-2 and III—3.

Examination of Tables III-2 and III-3 indicate that, at each time, 
there are only one or two radionuclides that dominate and these are 

underlined in the tables. At 300 years after enplacement, Cs-137 dominates 

and at 1,000 years, both Cs-135 and 1-129 dominate. This is due to the 
relatively large solubilities of Cs and I.

Estimates of cunulative radionuclide releases to the accessible 

environment due to an instantaneous release from the repository are based on 

a model presented by Bloom and Raines (1986). The cumulative release is

Rr = 0.25 BCrq [(1+vr/yr) exp (0.5 (vR-YR)y/aR) erfc ((y-YRt)(4aRt)”1/2) 

+ (1-vr/yr) exp (0.5(vR+YR)y/aR) erfc ((y+YRt)(4aRtH/2) (III-4)

where Rr is the cumulative release of Radionuclide R at Distance y and 
time t, Ci/MIHM

y is the distance from the outer boundary of the 

location of the nuclear waste to the accessible 

environment, m

t is the time after enp la cement, yr

B is the cunulative volume of water available for 
dissolution of the radionuclides, m3/MTHM.

cR0 ’ IRT/B l£/B < % (III-5)

CRO = % Irt/Ie if IE/B > Se (III-6)

Irt is the inventory of Radionuclide R at T years after 
emplacement, Ci/MTHM

T subscript refers to the time at which the waste 

padcages start to release radionuclides, yr.
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Table III-2 FACTORS FOR COMPUTING RADIONUCLIOE RELEASES 
TO COMPARE WITH 10 CFR 60 LIMITS AT THE 
ENGINEERED BARRIER SYSTEM AT 300 YEARS 
AFTER EMPLACEMENT

r/0 r/(QI) r/(QSI)
NAME Ci/m**3 r/Sr m**-3 m**-3
C 14 5.336E-04 2.488E-08 3.923E-04 3.102E-07
Se 79 7.109E-06 3.315E-10 1.773E-05 4.133E-09
Sr 90 4.581E-02 2.137E-06 1.749E+04 2.664E-05
Tc 99 1.698E-O5 7.917E-10 1.316E-06 9.870E-09
Snl26 1.993E-08 9.296E-13 2.612E-08 1.159E-11
I 129 8.095E+01 3.775E-O3 2.586E+03 4.706E-02
CS135 8.604E+01 4.012E-03 2.561E+O2 5.002E-02
CS137 2.128E+04 9.922E-01 2.825E+09 1.237E+01

9.895E-04 4.614E-08 3.131E-01 5;T51E-O7
Th230 1.244E-05 5.802E-10 7.233E-04 7.233E-09
Th 2 32 9.512E-11 4.436E-15 7.261E-03 5.530E-14
U 233 9.655E-10 4.503E-14 2.989E-07 5.614E-13
U 234 2.099E-09 9.787E-14 1.044E-09 1.220E-12
U 235 2.936E-11 1.369E-15 1.649E-09 1.707E-14
U 236 4.170E-10 1.945E-14 1.544E-09 2.424E-13
U 238 3.323E-10 1.550E-14 1.045E-09 1.932E-13
Np237 7.090E-07 3.3O7E-11 7.147E-07 4.122E-10
Pu238 2.451E-05 1.143E-09 2.516E-05 1.425E-08
Pu239 3.587E-05 1.673E-09 1.180E-07 2.086E-08
Pu240 6.058E-05 2.825E-09 1.278E-07 3.522E-08
Pu241 8.687E-03 4.051E-07 6.786E-02 5,050E-06
Pu242 1.953E-07 9.107E-12 1.155E-07 1.135E-10
Pu244 4.740E-14 2.211E-18 1.150E-07 2.756E-17
Am241 2.866E-04 1.337E-08 3.291E-07 1.666E-07
Am 24 3 2.804E-06 1.308E-10 1.870E-07 1.630E-09
Cm244 7.684E-07 3.584E-11 2.553E+O7 4.468E-10
Cm245 8.074E-06 3.765E-10 6.308E-05 4.694E-09
TOTAL 2.144E+04 1.000E+00 2.851E+O9 1.247E+01

r is the radionuclide release rate, C1/(MTHM yr)
Q is the water flow rate per MTHM, m**3/MTHM
I 1s the radionuclide Inventory at 1000 years after 

permanent closure, Ci/MTHM
S is the sum over all the radionuclides
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Table 111-3 FACTORS FOR COMPUTING RADIONUCLIDE RELEASES 
TO COMPARE WITH 10 CFR 60 LIMITS AT THE 
ENGINEERED BARRIER SYSTEM AT 1000 YEARS 
AFTER EMPLACEMENT

r/0 r/(QI) r/(OSI)
NAME Ci/m**3 r/Sr m**-3 m**-3
C 14 4.903E-04 2.936E-06 3.605E-04 2.850E-07
Se 79 6.772E-06 4.056E-08 1.689E-05 3.937E-09
Sr 90 2.482E-09 1.486E-11 9.472E-04 1.443E-12
Tc 99 1.694E-05 1.014E-07 1.313E-06 9.848E-09
Snl26 1.984E-08 1.188E-10 2.600E-08 1.153E-11
I 129 8.094E+01 4.848E-01 2.586E+03 4.706E-02
CsHS’ 8.602E+01 5.152E-01 2.560E+02 5.001E-02
CTT37 2.241E-03 1.342E-05 2.976E+02 1.303E-06
Ra226 9.831E-04 5.888E-06 3.111E-01 5.716E-07
Th230 1.236E-05 7.403E-08 7.187E-04 7.187E-09
Th232 9.512E-11 5.697E-13 7.261E-03 5.530E-14
U 233 9.626E-10 5.765E-12 2.980E-07 5.597E-13
U 234 2.094E-09 1.254E-11 1.042E-09 1.218E-12
U 235 2.936E-11 1.758E-13 1.649E-09 1.707E-14
U 236 4.170E-10 2.497E-12 1.544E-09 2.424E-13
U 238 3.323E-10 1.990E-12 1.045E-09 1.932E-13
Np237 7.089E-07 4.245E-09 7.146E-07 4.121E-10
Pu238 9.694E-08 5.806E-10 9.953E-08 5.636E-U
Pu239 3.516E-05 2.106E-07 1.157E-O7 2.044E-08
Pu240 6.058E-05 3.628E-07 1.278E-07 3.522E-08
Pu241 8.205E-03 4.914E-05 6.410E-02 4.770E-06
Pu242 1.950E-07 1.168E-09 1.154E-07 1.134E-10
Pu244 4.740E-14 2.839E-16 1.150E-07 2.756E-17
Am241 2.707E-04 1.621E-06 3.108E-07 1.574E-07
Am243 2.626E-06 1.572E-08 1.75OE-O7 1.527E-09
Cm244 1.752E-18 1.049E-20 5.821E-05 1.019E-21
Cm245 7.626E-06 4.567E-08 5.958E-05 4.434E-09
TOTAL 1.670E+02 l.OOOE+OO 3.140E+03 9.708E-02

r 1s the radionuclide release rate, C1/(MTHM yr)
Q is the water flow rate per MTHM, m**3/MTHM
I is the radionuclide inventory at 1000 years after 

permanent closure, Ci/MTHM
S is the sum over all the radionuclides
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(III-7)

(III-8)

(III-9)

D is the dispersion coefficient (m2/yr)

V is the interstitial ground water velocity (m/yr) 

Kr is the retardation factor for Radionuclide R 
ARis the radioactive decay rate coefficient for 

Radionuclide R (0.693 ♦ half life), 1/yr.

Equation (III-4) assumes that the volume of water, B, is in contact 

with the waste long enough to become saturated with radionuclides but this 

contact time is short conpared to the time (10,000 years) for the cumulative 

releases. After this contact, the dissolved radionuclides are immediately 

injected into an aquifer which transports them to the accessible environment.

If the waste-package release occurs gradually over a period of time

that is significant with respect to 10,000 years, the above expression 

overpredicts the cunulative release. If it is assumed that the release is 

due to waste packages being exposed by ground water at a constant rate, the 

release rate is proportional to the exposure rate adjusted for the decay of 

the radionuclide. The rate at which waste packages are exposed is a function 

of many variables including the rate of dissolution of salt. If the exposure 

occurs over a certain time period, the release rate then becomes

Lr = WBCrq exp (

Lr = 0
for T<t<t“| 

for t<T and t>t-|

(HI-10)

(HI-11)

where Lr is the release rate of Radionuclide R from the waste padcages,
Ci/yr

W is the rate at which waste packages are exposed, fraction per year 

t<| is the time at which the exposure ends, yr.
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The gradual release expression can be derived from the sinple release 

expression by superpositioning. The procedure can be expressed as

Lr(S) Rr (t-S) dS (III-12)

After performing the integration, the result can be expressed as

RrG = (W/Xr) [RR(t-T) - exp (- X r^-T)) Rp^-tp
exp (— X R(t—T)){Rr(t—T) - Rr (t-t^) 

XRS
•oL (111-13)

An upper-bound estimate of the interstitial ground-water velocity in 

the Pennsylvanian granite wash, as modified by a low-resistance hydraulic 

connection with the Ogallala aquifer, can be obtained from expressions given 

by Cottle et al (1987, Appendix A). The rate at which water flows through 
this intrusion can also be estimated from these expressions. These are

V s (iw ktf/ 0y) [1 + 1q ^0^0 /(iw ^WTtf^
/[1 + kg Tq /(kjf Ty)]

Q - 2 o (lg-lw) kg Tq /[1+kg Tg/(ky Ty) ]

(III-14)

(HI-15)

where $ is the effective porosity along the flow pathway 

k is the effective hydraulic conductivity, m/yr 

i is the effective hydraulic gradient, m/m 

t is the effective thickness of the aquifer, m 

o is the horizontal width over which the flow takes place, m 
w subscript refers to the granite wash 

o subscript refers to the Ogallala Aquifer.

The above expressions are based on Darcy's Law (e.g. Freeze and Cherry, 1979, 

p. 16) and limiting expressions for the effects of establishing a hydraulic 

connection between two existing aquifers. They produce values much larger 

than those estimated by INTERA (1985) since the above expressions ignore any 

borehole resistance to flow.
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The rate at which waste packages can be exposed by ground water 

intruding into a repository can be expressed as

W = Q/r III _ 16

where r is the volume of water required to uncover all the waste 
padcages, m3.

The volume of water required to uncover all the waste packages can be 

estimated by assuming all of the packages are CSF PWR packages and that they 

are uniformly distributed within the emplacement area of the repository. 

Neglecting Section 9 of the repository, the emplacement area is in the form 

of a rectangle which is approximately 14,375 feet by 9625 feet (Fluor 

Technology, Inc., 1986, Figure 4.4-4, p. 4-91). The room height (15 feet) is 

assumed for the vertical direction. Therefore, the volume of salt associated 

with all the waste is the volume of this region which is 2.075 billion cubic 

feet (58.77 million cubic meters) plus Section 9. In order to make the 

release estimates conservative, Section 9 is ignored and the volume of salt 
is assumed to be the 5.877 x 107 m3. If the intrusion water is assumed to be 

fresh (it is more likely saturated with salt), it can dissolve salt up to its 

solubility. If the temperature near the waste package is on the order of 

100 C, the solubility of salt is 28 weight percent and the density of solid 
salt is 2142 kg/m3 (Gevantman, 1981, formulas on pp 51 and 67). If the 

density of fresh water is about 1000 kg/m3, the volume of water required to 

unoover all the packages is

T = 5.877 x 107 ♦ 0.28 x (1.0 - 0.28) x 2142 ♦ 1000

= 323.7 million cubic meters.

The volume can be expressed on a per KTHM basis by dividing the above number 

by 70,000 (Fluor Technology, Inc., 1986, Table S-1, p. S-5). The result is 
4624 m3/MTHM. The horizontal width over which the flew takes place, a , is 

conservatively assumed to be the largest rectangular dimension which is 

14,375 feet (4382 meters).
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III. 5 Results and Discussions

The water flow rate that will limit radionuclide releases at the 

interface of the waste package and surrounding salt, to values specified by 

10 CFR 60 can be established from results in Tables III-2 and III-3. As 

noted, only one or two radionuclides are significant in each case and the 

values which determine the limiting flow rate are underlined in these tables. 

At 300 years after enplacement, the limiting radionuclide is Cs-137 and the 
corresponding limiting water flow rate is about 8.1 x 10"10 m3/(yr MTHM). 

Since each waste package contains 5.537 MIHM of spent fuel, the limiting 
water flow rate per waste padcage is 4.5 x lO"^ m3/yr per padcage. At 1,000 

years, the limiting radionuclides are Cs-135 and 1-129 while the 
corresponding limiting flow rate is about 2.0 x 10“? m3/(yr MIHM) or 1.1 x 
10”6 m3/yr per padcage. These are extremely low flows and it may be 

difficult to insure these limits can be met. However, the calculations are 

extremely conservative upper bounds as will be discussed later. In Section V, 
brine flow rates are estimated to be about 3 x 10“^ m3/yr (1 x 10"11 m3/aec) 

at 300 years and 1 x 10”2* m3/yr (3 x 10"12 m3/rec) at 1000 years.

The interstitial velocity of the Pennsylvanian granite wash and the 

intrusion flow rate were calculated with Equations III-14 and III-15 using 

the hydrological properties listed in Table III-4. The interstitial velocity 

is 4.9 m/yr and, using a width of 4382 meters, the intrusion flow rate is 
51,530 m3/yr. Applying this result to Equation III with a volume of 323.7 

million cubic meters, leads to 1.592 x 10“^ as the fraction of waste padcages 

exposed per year. At this rate, the entire repository is exposed in about 

6280 years. However, salt creep calculations indicate a borehole would close 

at times of the order of 100 to 300 years (INTERA, 1985, p. 92). Salt 

dissolution could extend this time and bounding estimates of salt dissolution 

(INTERA, 1985, Figure 5-12, p. 97) indicate this time could exceed 10,000 

years. However, these bounding estimates do not include many processes that 

would tend to close the hole and a value of 500 years was chosen as a 

reasonable closure time.

With the above rates and volumes, Equations III-4 and III-13 were 

applied toward estimating 10,000-year cumulative releases to the accessible
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environment. It is assumed that natural processes would not cause any 

intrusion and estimates of releases without an intrusion indicate 

radionuclides would not be significantly transported beyond about 2 meters 

from the package (McNulty et al, 1987, Table 2-4). Since there are no 

significant ground-water sources nor any other way to expose humans to 

radiation within 2 meters of the repository, the only numerical EPA 

regulation that may be of concern is these 10,000-year cunulative releases.

Tables III-5 and III-6 show the estimates of 10,000-year cunulative 

releases for instantaneous and gradual releases of radionuclides. Since this 

scenario represents an extreme bounding case, it is unlikely that it would 

have a significant probability for occurrence. EPA Regulation 40 CFR 191.13 

specifies that the cunulative radionuclide releases should have a likelihood 

of less than one chance in 1,000 of exceeding ten times the listed release 

limits. Table III-5 indicates that an instantaneous release would exceed ten 

times the listed release limits even if the distance to the accessible 

environment were 5 km. For a gradual release, only the shortest distance 

(0.152 km) exceeds ten times the listed release limits. Although it is very 

unlikely that releases of this magnitude could ever occur, these preliminary 

calculations indicate that it may be prudent to extend the controlled area 
beyond 9 mi2 or reduce the size of the repository.

Examination of Tables III-5 and III-6 indicate that Sr-90 is the 

most significant radionuclide at the shorter distances. The data in Table 

III—1 indicate the reasons for this significance are (1) high initial 

activity, (2) relatively high solubility, and (3) most inportant, no 

retardation. Cloninger, et al (1980) gave a range of equilibrium values for 

strontium that would be equivalent to retardation factors ranging from 1.0 to 

11.5. The lower value was used for bounding purposes but, if the larger 

value were used, the Sr-90 valued at 0.152 km would be reduced by a factor of 
0.0004 and a factor of 8 x 10-12 at 0.5 km. It may also be prudent, 

therefore, to determine the site-specific retardation factors to a relatively 

high degree of confidence.
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Table III-5 RATIOS OF CUMULATIVE RADIONUCLIDE RELEASES TO
EPA STANDARDS FOR SELECTED DISTANCES TO THE
ACCESSIBLE ENVIRONMENT AND AN INSTANTANEOUS RELEASE.

WASTE TYPE: SFPWR
WASTE PACKAGE LIFETIME, YEARS: 300 
CUMULATIVE TIME PERIOD, YEARS: 10,000 
RADIONUCLIDE RELEASE RATE: BASED ON SOLUBILITY 
GROUNDWATER PORE VELOCITY, M/YEAR: 4.9 
BRINE VOLUME, M**3/MTHM: 4624 
DISPERSION COEFFICIENT, M**2/YEAR: 10

RATIOS FOR GIVEN DISTANCES (M) TO THE ACCESSIBLE ENVIRONMENT
NAME 152.4 500.0 1000.0 2000.0 3000.0 5000.0
C 14 1.516E+01 1.503E+01 1.484E+01 1.448E+01 1.413E+01 1.345E+01
Se 79 2.589E-02 5.263E-04 O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO
Sr 90 2.473E+O3 4.613E+02 4.122E+O1 3.291E-01 2.628E-03 1.675E-07
Tc 99 7.854E-03 7.853E-03 7.850E-03 7.845E-03 7.839E-03 7.829E-03
Snl26 6.467E-05 O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO
I 129 3.130E-01 3.130E-01 3.130E-01 3.130E-01 3.130E-01 3.130E-01
Csl35 3.37OE-O1 3.369E-01 3.368E-01 3.366E-01 3.364E-01 2.293E-18
CS137 2.377E+00 2.499E-08 8.344E-20 O.OOOE+OO O.OOOE+OO O.OOOE+OO
Ra226 1.264E+01 1.254E+01 1.239E+01 1.211E+01 1.183E+O1 7.895E-17
Tn230 2.213E-16 O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO
Th232 1.849E-21 O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO
U 233 4.433E-05 4.353E-05 1.173E-07 O.OOOE+OO O.OOOE+OO O.OOOE+OO
U 234 9.659E-05 9.546E-05 2.588E-07 O.OOOE+OO O.OOOE+OO O.OOOE+OO
U 235 1.357E-06 1.357E-06 3.720E-09 O.OOOE+OO O.OOOE+OO O.OOOE+OO
U 236 1.928E-05 1.928E-05 5.282E-08 O.OOOE+OO O.OOOE+OO O.OOOE+OO
U 238 1.537E-05 1.537E-05 4.210E-08 O.OOOE+OO O.OOOE+OO O.OOOE+OO
Np237 3.202E-02 2.163E-24 O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO
Pu238 1.873E-31 O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO
Pu239 1.912E-04 O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO
Pu240 4.233E-04 O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO
Pu242 1.341E-06 O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO
Pu244 3.312E—13 O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO
Am241 2.538E-16 O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO
Am243 2.201E-18 O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO
Cm245 7.149E-18 O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO
TOTAL 2.504E+03 4.895E+02 6.911E+01 2.757E+01 2.661E+01 1.377E+01
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Table III-6 RATIOS OF CUMULATIVE RADIONUCLIDE RELEASES TO 
EPA STANDARDS FOR SELECTED DISTANCES TO THE 
ACCESSIBLE ENVIRONMENT AND A GRADUAL RELEASE.

WASTE TYPE: SFPWR
WASTE PACKAGE LIFETIME, YEARS: 300
CUMULATIVE TIME PERIOD, YEARS: 10,000 
RADIONUCLIDE RELEASE RATE: BASED ON SOLUBILITY 
GROUNDWATER PORE VELOCITY, M/YEAR: 4.9
BRINE VOLUME, M**3/MTHM: 4624
DISPERSION COEFFICIENT, M**2/YEAR: 10

RATIOS FOR GIVEN DISTANCES (M) TO THE ACCESSIBLE ENVIRONMENT
NAME 152.4 500.0 1000.0 2000.0 3000.0 5000.0
C 14 1.171E+00 1.161E+00 1.146E+00 1.118E+00 1.091E+00 1.039E+00
Se 79 2.061E-03 4.189E-05 O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO
Sr 90 1.647E+01 3.O73E+OO 2.746E-01 2.192E-03 1.750E-05 X.176E-09
Tc 99 6.252E-04 6.251E-04 6.249E-04 6.245E-04 6.240E-04 6.232E-04
Snl26 5.148E-06 O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO
I 129 2.491E-02 2.491E-02 2.491E-02 2.491E-02 2.491E-02 2.491E-02
CS135 2.683E-02 2.682E-02 2.681E-02 2.679E-02 2.678E-02 1.825E-19
CS137 1.649E-02 1.733E-1O 5.788E-22 O.OOOE+OO O.OOOE+OO O.OOOE+OO
Ra226 1.006E+00 9.982E-01 9.862E-01 9.640E-01 9.417E-01 6.284E-18
Th230 1.762E-17 O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO
Th232 1.472E-22 O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO
U 233 3.529E-06 3.465E-06 9.337E-09 O.OOOE+OO O.OOOE+OO O.OOOE+OO
U 234 7.689E-06 7.599E-06 2.060E-08 O.OOOE+OO O.OOOE+OO O.OOOE+OO
U 235 1.080E-07 1.080E-07 2.961E-10 O.OOOE+OO O.OOOE+OO O.OOOE+OO
U 236 1.535E-06 1.535E-06 4.204E-09 O.OOOE+OO O.OOOE+OO O.OOOE+OO
U 238 1.223E-06 1.223E-06 3.351E-09 O.OOOE+OO O.OOOE+OO O.OOOE+OO
Np237 2.549E-03 1.722E-25 O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO
Pu238 7.599E-35 O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO
Pu239 1.522E-05 O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO
Pu240 3.369E-05 O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO
Pu242 1.067E-07 O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO
Pu244 2.636E-14 O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO
Am241 2.O2OE-17 O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO
Am243 1.752E-19 O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO
Cm245 5.691E-19 O.OOOE+OO O.OOCE+OO O.OOOE+OO O.OOOE+OO O.OOOE+OO
TOTAL 1.872E+01 5.285E+00 2.459E+00 2.136E+00 2.084E+00 1.064E+00
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III. 6 Limitations

The results on flow rates to meet 10 CFR 60 limits are extreme upper 

bounds because they do not consider limitations on radionuclide release rates 

due to diffusion and chemical reactions within and near the waste form which 

are part of the overall dissolution mechanism and can drastically limit 

release rates. In addition, the definition of the outer boundary of the 

engineered barrier system has not been specified and placing it at the 

interface of the waste padcage and surrounding salt is extremely 

conservative. Convection, diffusion, and retardation would delay, and 

considerably reduce, the release rates if this boundary were only about 2 

meters further from the waste package (McNulty et al, 1987).

The scenario for estimating cumulative radionuclide releases to meet 

40 CFR 191 limitations provides upper bounds but the data used in the model 

have considerable uncertainty. The results are strongly dependent on 

solubilities and, especially, retardation factors which are highly uncertain. 

The present design only provides a short distance between the edge of the 

repository and the boundary of the controlled area and it may be prudent to 

extend this distance.

III. 7 Conclusions and Reconnendations

Radionuclide releases to the outer boundary of the engineered 

barrier system are likely to put a severe limitation on meeting 10 CFR 60 

release limits unless the data base can be inproved so that more detailed 

mechanisms can be considered. Also a more reasonable definition of this 

boundary must be considered. Radionuclide releases to the accessible 

environment may exceed 40 CFR 191 limits, especially if the boundary of the 

controlled area is close to the repository. A much inproved data base will 

be necessary to insure releases will be within limits. Also, it is prudent 

to increase the distance between the boundaries of the controlled area and 

the repository. This can be done either by extending the controlled area 

boundary or reducing the size of the repository.
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IV. REPOSITORY THERMAL/THERMOMECHANICAL ANALYSES

IV.1 Introduction

This section presents thermal and thermomechanical analyses of an SF 

waste repository as specified in the Site Characterization Plan Conceptual 

Design Report (SCP-CDR, Fluor Technology, Inc., 1986) at the Deaf Smith 

County, Texas, site with horizontal package emplacement.

The objectives of this study are as follows:

• To evaluate the thermal and thermomechanical responses of an SF 

waste repository of the SCP-CDR at the Deaf Smith County, Texas, 

site with horizontal package emplacement

• To study certain critical material parameters (e.g., thermal 

conductivity and creep parameters for salt) and to determine 

their effect on the thermal/thermomechanical response of the SF 

repository.

To meet these objectives, geometric repository design parameters and 

estimated stratigraphy at the center of the repository were extracted from the 

SCP-CDR (Fluor, 1986). The stratigraphic column was characterized by geologic 

formations rather than by individual rock type. The material properties for 

each geologic formation were derived from the rock material properties given 

in the "Synthetic Geotechnical Design Reference Data for the Deaf Smith Site." 

Revision 0 (SGD, ONWI, 1986).

For numerical modeling, the repository was divided Into three distinct 

geometric regions: (1) package very near-f1eld region, (2) room near-fleld 

region, and (3) repository far-f1eld region. "Thermal and quas1-stat1c 

thermomechanical finite element analyses were then performed to evaluate the 

postclosure thermal/thermomechanical responses of each of the three regions. 

SPECTROM-41, a two-dimensional/ax1symmetric finite element heat transfer code 

(Svalstad, 1987) was used to predict the time-dependent thermal response for 
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all regions while MTEMPV9 was used to predict the thermal response at certain 

locations in the very-near-field package region. MTEMPV9, a modified version 

of TEMPV9 (Wurm et al., 1987), is a heat transfer code based on semianalytical 

approximations for finite-length line sources. The assessment of the thermo

mechanical responses was done with SPECTROM-32 (Callahan et al., 1987), a 

finite-element program for the analysis of two-dimensional/axisymmetric 

thermomechanical problems related to the geologic disposal of nuclear waste. 
An exponential time law was used to represent the creep behavior of salt rock. 

Thermoviscoelastic/plastic analyses were performed for the package region and 

the room region while a thermoelastic analysis was performed for the reposi

tory region.

The thermal/thermomechanical responses obtained for the three regions 

were compared with certain interim performance constraints and a parametric 

analysis was performed to estimate the effect of certain material parameters 

on these predicted responses. An independent sensitivity analysis was also 

carried out to Identify critical creep parameters which have a significant 

effect on the thermomechanical creep response.

IV.2 Study Bases

The data bases used for the thermal and thermomechanical study include: 

(1) the stratigraphy assumed for the study, (2) the material characterization 

and properties for both salt and nonsalt members, (3) the SF waste form char

acteristics, (4) geometric repository design parameters, (5) Initial thermal 

and thermomechanical conditions, and (6) methods of analysis.

IV.2.1 Stratigraphy

The stratigraphic column used 1n the present analysis 1s based on an 

earlier draft of the SCP-CDR column that was extrapolated from the "Estimated 

Stratigraphy at the Deaf Smith Site" given 1n Table 3-3 of the Environmental 

Assessment (U.S. DOE, 1986, pp. 3-34 to 3-37). The elevations and depths to 

the top of various formations at a point approximately at the center of the 
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repository emplacement area at coordinates N405.865 and EL,706,969 (feet in 

Texas Coordinate System, North Zone) were projected from the estimated strati

graphy presented 1n the EA at coordinates N411,161; EL,710,436. The formation 

elevations and depths at these locations are given in Table IV-1. The general 

lithologic and engineering geology description of each formation is shown in 

Figure IV-1 and corresponds to the SGD, Revision 0 (ONWI, 1986).

IV.2.2 Material Characterization

Material characterization for salt and nonsalt members considered in this 

study included constitutive properties and expressions that describe the rela

tions between the physical quantities such as stress, strain, temperature, and 

time. The properties are given 1n Table IV-2. In addition, salt exhibits 

viscoelastic and plastic behavior which requires more complicated 

relationships.

The viscoelastic portion of the strain rate tensor 1s governed by the 

exponential-time law, which can be expressed as

= A(3J£) 2 exp(-Q/RT)x

(jpn^exp(-Q/RT) o

(IV-1)

(IV-2)



Table IV-1. Estimated Formation Depth at the Center Repository

Formation

Depth

Estimated 
Stratigraphy From 

EA (U.S. DOE, 1986, 
pp. 3-34 to 3-37) 

N4U, 161—EL, 710,436

Calculated
Stratigraphy at 
Approximate 
Center of 
Repository 

N405.865—EL,706,969
ft m ft m

Ogallala 0 0 0 0

Dockum 340 104 365 113

Dewey Lake 961 293 998 304

Alibates 1,035 315 1,064 324

Salado 1,067 325 1,098 335

Yates 1,134 346 1,164 355

Upper Seven Rivers 1,199 365 1,238 377

Lower Seven Rivers 1,329 405 1,276 389

Queen/Grayburg 1,523 464 1,570 479

Upper San Andres II 1,703 519 1,750 533

Upper San Andres I — — 2,130 649

Lower San Andres V 2,177 664 2,231 680

Lower San Andres IV 2,371 723 2,425 737
Base of salt 1n LSA(C) IV — — 2,589 789

Lower San Andres III 2,621 799 2,675 815

Lower San Andres II 2,741 835 2,795 852

Glorietta 2,812 857 2,866 873
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lllllllllllllllllllllllllllllllllllll 
Upper San Andras I (Anhydrite)

Lower San Andres 5 (Salt)

Lower San Andres 5 (Anhydrite)

Lower San Andras 4 (Salt)

Lower San Andres (Limestone/Oolomite)
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Assumed Geologic Formations at the Center of the 
Repository at the Site 1n Deaf Smith County, Texas
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Table IV-2. Summary of Thermal/Mechanical Properties

Modulus 
of 

Elasticity, 
E 

GPa

Poisson 
Ration,

V

Thermal
Expansion 

Coefficient,
10-^/K

Oensity,
0 

kg/m^

Thermal 
Conduc
tivity, 

K 
W/m-K

Specific 
Heat, 

Cp 
J/kg-K

Ogallala 5.3<a) 0.3<a) 9.0 2,060 2.31 700
Oockum 2.5 0.25 10.4 2,273 2.48 735
Dewey Lake— 
Queen/Grayburg

18.3 0.24 15.3 2,494 2.74 317

Upper San Andres 
(Salt)

28.5 0.24 30.0 2,302 (b) 885

Upper San Andres 
(Anhydrite)

64.3 0.28 10.0 2,854 5.10 891

Lower San Andres 
(Salt 5)

30.9 0.26 32.0 2,241 (b) 888

Lower San Andres 
(Anhydrite)

60.3 0.27 12.4 2,745 4.73 881

Lower San Andres 
(Salt 4)

27.6 0.27 36.0 2,170 (b) 900

Lower San Andres 
(Dolomite/ 
Limestone)

44.0 0.26 11.0 2,550 3.30 847

Lower San Andres 
(Salt 3 & 2)

30.9 0.19 29.0 2,374 (b) 886

Glorletta 31.0 0.23 13.0 2,310 2.2 770
Clear Fork(a) 24.1 0.30 17.1 2,250 3.10 837
Lower Strata(a) 3.9 0.28 12.6 1,950 2.2 775
Carbon Steel(a) — — — 7,833 45.0 465
Air(a) — — — 0.9 24.0(c) 1,018
Spent Fuel(a) — — — 8,790 (d) 425

(a) Material properties from RE/SPEC Inc. (1987).

(b) See text.

(c) Room equivalent thermal conductivity (ONWI, 1981).

(d) *axial = 5.5
Kradial ’ 0-865 * <4-02 x 10"5)T + (3.17 x 10-6)T2.
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(IV-4)

(IV-5)

where

is the viscoelastic strain rate tensor

t is time
e$s is the scalar steady-state creep rate (e$s = Aone~Q/RT) 

T is the absolute temperature

is the second invariant of the deviatorlc stress

is the stress tensor

□kk is the trace of the stress tensor

is the deviatoric stress tensor

is the Kronecker delta

A, n, Q/R, B, ca, and e*s are inelastic deformation parameters determined 

from laboratory tests.

The viscoelastic properties for the salt formations are given 1n Table IV-3.

• P
The components of the plastic strain tensor are governed by the non-

associative Mises-Schleicher flow law

'ij • K pij "k, »ki for f

» 0 for f

Cn 3
•P ’ _ 0
Y bp)

» 0 and f > 0 (IV-6)

< 0 or f 3 0 and f < 0 (IV-7)

(IV-8)

(IV-9)
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Table IV-3. Creep and Plasticity Parameters for Various Salt Units

Parameter
Salt 

Unit 4
Salt 

Unit 5
Salt Units

3 and 2

A 6.5 x 10-3 8.0 x 10-3 7.25 x 10-3
(MPa“n S-1)

n 5.50 5.30 5.40

Q/R 9,770 9,810 9,790
(”K)

‘Is 1.6 x 10-8 4.1 x IO-8 2.85 x IO-8

(S-1)

ea 6.8 x IO’2 3.90 x IO-2 5.35 x IO'2

B 88 96 92

u 0.45 0.26 0.355

s 0.012 0.052 0.032

k 5.5 3.5 4.50
(MPa)

C 9.5 11.1 10.30

0 0.620 0.70 0.66

E(CGPeaV 27.1 28.7 —

'■'creep 0.32 0.31 —
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(IV-12)

s = (IV-13)

(IV—14)

(IV-15)

1
°m " 3 akk

where

• Py is the plastic shear strain rate
«P
Ekk is the volumetric plastic strain rate

u, s, C, 0 are material constants that must be determined experimentally.

The yield criterion f 1s governed by the M1ses-Schle1cher yield criterion and 

is expressed as

f » * k » 0 m (IV-16)

where

k 1s the yield strength at zero mean stress.

The plastic properties of the salt formations are also given in Table IV-3.
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Callahan et al. (1987) included the plasticity term for modeling the 

rapid transient deformation that occurs during loading of the salt. The 

reference exponential-time creep law failed to reproduce the quasl-static 

stress-strain behavior of salt observed in the laboratory (RE/SPEC Inc., 

1984). In the present analysis, the reference exponential law was used inde

pendently to estimate creep closure. Then, the plasticity law was introduced 

to quantify the effect of the inclusion of the plasticity term on the creep 

closure.

Except where noted, the material properties in Table IV-2 were estimated 

by averaging, according to height, the properties of each rock type within 

each formation. The heights correspond to the estimated stratigraphy at a 

representative shaft location (Fluor, 1986, Fig. 2.3-3, p. 2-64) and the 

properties for each rock type were obtained from the SGO, Revision 0 

(ONWI, 1986).

The thermal conductivity used for Salt Unit 4 is taken from the SGD, 

Revision 0 (ONWI, 1986) and can be expressed as follows:

K = 6.02 - 1.84 (10-2)T + 3.20 (10-5)T2 (IV-17)

where

K is the thermal conductivity in W/m-’K

T is the temperature in °C

The thermal conductivity for other salt units was taken from RE/SPEC, 

Inc. (1987) as being

K(T) - 5.84 - 1.73 (10~2)T + 2.46 (10-5)T2 (IV-18)

where K and T are as defined 1n Equation IV-17.

For the salt creep parameters A, n, Q/R, ejs* 8, and ea identified in 

Equations IV-1 to IV-5, the data summarized 1n Table IV-3 were taken from the 

SGO, Revision 0 (ONWI, 1986) for Salt Unit 4 and Salt Unit 5. For Salt 

Units 3 and 2, the creep parameters were taken as being the average values
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for Salt Unit 4 and Salt Unit 5. The SGD, Revision 0 (ONWI, 1986) also 

identified a creep modulus of elasticity and a creep Poisson ratio for both 

Salt Unit 4 and Salt Unit 5. These values are also shown in Table IV-3 and 

are consistent with the values in Table IV-2. Table IV-3 also includes 

plasticity parameters taken from RE/SPEC Inc. (1987). Again, the plasticity 

parameters for Salt Units 3 and 2 are the average values of the plasticity 

parameters for Salt Unit 4 and Salt Unit 5.

IV.2.3 Waste Form Characteristics

The heat-generating waste that was considered in the analysis is spent 

fuel (SF) which 1s assumed to be 10 years out-of-reactor at the time of 

emplacement. The decay characteristics for SF waste are shown in Figure IV-2, 

and are based on an average burnup of 33,000 MWd/MTU (RE/SPEC Inc., 1987). 

The normalized decay characteristics are also presented in tabular form 1n 

Figure IV-2.

IV.2.4 Geometric Repository Design Parameters

The repository concept given in the SCP-CDR, Revision 0 (Fluor, 1986) is 

designed to safely dispose of and Isolate spent fuel (SF) from commercial 

power reactors, defense high-level waste (DHLW), and West Valley high-level 

waste (WVHLW) for a period of 10,000 years. The present analyses considered 

only SF assemblies, mainly because of Its higher thermal power of 6,600 W, and 

large percent of total repository area 1n comparison with DHLW and WVHLW. The 

SF was all assumed to be from pressurlzed-water reactors (PWRs) rather than 

from a combination of PWRs and boiling-water reactors (BWRs). Therefore, some 

geometric design parameters (e.g., waste-package design parameters) presented 

In this section are only applicable for SF PWR waste. The geometric design 

parameters discussed here Includes waste package/empTecement borehole, 

canister pitch/emplacement drift, repository depth, and shaft location.
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Figure IV-2. Normalized Thermal Power of Spent Fuel Waste
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For this study, the waste packages are emplaced in horizontal boreholes 

at the midheight of the emplacement room ribs. The pitch shown in Figure IV-3 

was determined to be 85 ft (25.9 m) to maintain a local areal heat loading of 
10 W/m2 (Fluor, 1986) for 6.6 kW per PWR SF waste package. The packages are 

arranged in a staggered pattern at midheight of a 15 ft (4.57 m) high by 24 ft 

(7.32 m) wide emplacement drift. The emplacement drifts are parallel tunnels 

that are equally spaced throughout the repository, which facilitates the use 

of symmetry conditions for numerical modeling considerations within one 

emplacement drift (Section IV.4). The emplacement drifts were assumed to 

remain open for all the mechanical analyses. However, the thermal response 

due to backfilling the room after 5 years of emplacement 1s evaluated in 

Section IV.5. The local extraction ratio determined from the geometric 

configuration shown in Figure IV-3 was determined to be 14 percent.

The SCP-COR (Fluor, 1986, Fig. 2.3-9, p. 2-89) Indicates the floor depth 

of repository is 780 m (= 2,560 ft) which agrees with the SGO, Revision 0 

(ONWI, 1986) repository depth of 784.5 m. The present analyses considered the 

depth of repository to be at 780 m, providing about 40 m of Salt Unit 4 for 

the roof beam of an emplacement room (see Figure IV-1). The shaft location 

was also determined from the SCP-COR, Revision 0 (Fluor, 1986, Fig. 4.4-5, 

p. 4-85), to be 525 m laterally removed from the nearest waste-emplacement 

panel.

IV.2.5 Initial Conditions

The SCP-COR, Revision 0 (Fluor, 1986, p. 2-79) assumes an ambient temper

ature of 81°F (« 27°C) at repository level which 1s consistent with the value 

of 82°F for fluid temperature at the same depth given 1n the SGO, Revision 0 

(ONWI, 1986). In previous analyses RE/SPEC Inc. (1987) assumed an ambient 

temperature value of 30’C -31’C. The Initial average surface temperature was 

taken to be 15.6’C. Assuming a constant geothermal gradient, the difference 

between repository depth temperature (27°C) and surface temperature provides a 

gradient of 0.015°C/m. The initial thermal condition assumed in this study
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considered a linear variation of temperature with depth based on the 15.6’C 
surface temperature and 0.015°C/m geothermal gradient.

The initial stress state was required to perform the uncoupled (with 
respect to deformations) thermomechanical analysis. The initial vertical 
stress is directly related to the density and thickness of the overburden 
materials and was assumed to be a linear function of depth. The vertical 
initial stress can be expressed as

= ogZ (IV-19)

where

ay is the initial vertical stress 1n MPa 
o is the overburden density 1n kg/m^ 

g 1s the gravitational constant equal to 9.81 ★ 10"® MPa-m2/kg 

Z is the depth beneath the surface of the earth in meters.

Using the overburden densities summarized 1n Table IV-2, and the forma

tion depths given 1n Figure IV-1, an Initial vertical stress at the repository 

level of 780 m was calculated to be 18.0 MPa. The Initial stress state of 

18.0 MPa is higher than the Initial stress state of about 15.5 MPa to 16.5 MPa 

assumed by RE/SPEC 1n previous.analyses (1987). However, the value of 

18.0 MPa agrees with the Initial stress value reported 1n the SCP-CDR, 

Revision 0 (Fluor, 1986, Table 2.2-5, p. 2-33). Table IV-4 summarizes the 

values of the reported vertical and horizontal stresses 1n the SCP-CDR. The 

vertical stress corresponds to the weight of overburden by Integrating 

lithodensity log and the horizontal stress corresponds to the average values 

of the minimum and maximum horizontal stress whenever applicable.

From Table IV-4, a horizontal to vertical stress ratio of approximately 

1.3 (Kq) is calculated 1n the Lower San Andres (Salt Unit 4) repository hori

zon. RE/SPEC Inc. (1987) used a value of 1.0 (Uthostatlc stress) for Ko. 

The SCP-CDR, Revision 0 (Fluor, 1986) did not Include the method by which the 

horizontal stress was measured. Normally, test data from hydrofracture tests 

are used to determine stress values using elastic theory which is not
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Table IV-4. Initial Vertical and Horizontal Stresses(a)

Limestone

Formation

Depth °V aH
ft m psi MPa psi MPa

Queen/Grayburg 1,854 565 1,835 12.65 1,185 8.2
Upper San Andres 
Anhydrite

2,334 711 2,335 16.10 -- —

Lower San Andres 
Salt 5

2,434 742 2,445 16.86 2,915 20.1

Lower San Andres 
Salt 4

2,585 788 2,600 17.92 3,500 24.1

Lower San Andres 2,794 852 2,810 19.37 2,295 15.8

(a) Extracted from Table 2.2-5 of the SCP-CDR, Revision 0 (Fluor, 1986). 

applicable to salt rock that behaves 1n a viscoplastic manner. Therefore, the 

value of 1.3 for Ko is questionable. In this analysis, Ko was assumed to be 

equal to 1.0 in the reference calculation and the effect of having a Ko » 1.3 

on the predicted near-f1eld region and far-f1eld region 1s determined by 

rerunning the analyses with Ko » 1.3. The effect of Ko « 1.3 on the very- 

near-field region was not determined because of modeling restrictions.

Another reason for taking Kq » 1.0 for the reference case 1s because viscous 
rocks such as salt tend to creep toward a lithostatic state of stress.

IV.2.6 Methods of Analysis

A quasi-static thermomechanlcal analysis was adopted for the study 

using SPECTROM-41 (Svalstad, 1987) to predict the time-dependent temperature 

response. SPECTROM-41 is a two-dimensional/ax1 symmetric finite element heat 

transfer computer program that 1s developed specifically for the analysis of 

thermal problems associated with the disposal of nuclear waste. Another heat 

transfer code used to verify the thermal analysis for the very-near-field 

region is MTEMPV9, a modified version of TEMPV9 (Wurm et al., 1987). MTEMPV9 
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is based on semianalytlcal approximations to the temperatures resulting from 

an array of finite-length line heat sources. In TEMPV9 the geologic medium of 

the repository extends infinitely in all directions and is isotropic. The 

waste packages are modeled as heat sources which are arranged in a regular and 

repeating manner. Heat transfer in MTEMPV9 is by conduction only. MTEMPV9 

allows for modeling infinite array repositories with horizontal waste emplace

ment and variable pitch.

The assessment of thermal stresses, creep stresses, excavation stresses, 

and deformations and strains was done with SPECTROM-32, a thermomechanical 

finite element program (Callahan et al., 1987). SPECTROM-32 analyzes two- 

dimensional/axlsymmetrlc inelastic thermomechanical problems related to the 

geologic disposal of nuclear waste. The principal component models employed 

in SPECTROM-32 involve thermoelastic, thermovlscoelastic, thermoelastoplastic, 

and thermovlscoplastlc types of material behavior. Special material consid

erations provide for the incorporation of limited-tension material behavior 

and the consideration of jointed material behavior. Program options include 

specifying various boundary conditions, sliding interfaces, excavations, ar

bitrary initial stresses, multiple material domains, and load incrementation.

IV.3 Repository Responses and Performance Allocations

The thermomechanical performance of the repository design given 1n the 

SCP-CDR, Revision 0 (Fluor, 1986) is based-on three regions: (1) very-near- 
field package region, (2) near-field room region, and (3) far-f1eld repository 

region. The package region 1s formally defined for vertical emplacement as 

the volume of rock mass that contains the package emplacement borehole and 

extends from the disposal room floor to approximately 1 m below the bottom of 

the borehole and extends laterally to approximately the pillar centerline 

(Loken et al., 1987). A similar description for horizontal emplacement would 

consider the volume of rock mass that contains the package and extends 

horizontally from the room rib to the centerline of the pillar.

The room region 1s defined as the volume of rock mass which consists of

the disposal room-and-pillar system of the underground repository and extends
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approximately one room height above the disposal room roof and one room height 

below the disposal room floor. The room region extends horizontally beyond 

the edge of the underground facility. The repository region is defined as the 

volume of rock mass which contains the repository facility and associated 

shafts that extend from the earth's surface to the underground facility. The 

repository region extends from the room region outward in all directions to 

the accessible environment. The vertical extent of the repository region is 

defined as the rock mass that overlies the repository and extends to the sur

face. The choice of the lateral dimensions of the repository region depends 

upon the existence location, and the orientation of site-specific structural 

discontinuities and ground-water hydrologic systems. However, for a rock mass 

composed of sedimentary sequences containing a well-defined joint system but 

free of major fault zones, a lateral extent of ten kilometers (maximum radius 

of controlled area) from any point on the facility perimeter should be ade

quate to encompass all rock mechanics concerns (Loken et al., 1984).

The U.S. Nuclear Regulatory Commission (U.S. NRC, 1986) Identified three 

time periods of concern for the evaluation of the performance of nuclear waste 

repositories. These time periods are the operations, containment, and Iso

lation time periods. The time duration for the operational period 1s assumed 

to be 40 years after the repository 1s opened following construction. The 

containment period can range from 300 to 1,000 years after emplacement 

(U.S. NRC, 1986). The Isolation period extends for a minimum of 10,000 years 

during which geologic Isolation must be demonstrated.

Interim performance goals for these three regions and three time periods 

are given 1n Table IV-5. The goals for the package region are taken from the 

waste package design (Westinghouse, 1986) while those for room and repository 

are based on a recommendation given by the Bedded Salt Performance Constraints 

Working Group (1983) and a study performed by RE/SPEC (1987).

The waste form temperature limit of 375°C 1s based on long-term fuel 

cladding creep. The limit on the borehole surface temperature (250*C) has 

been set to prevent decrepitation of the salt surrounding the package. The
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Table IV-5. Performance Goals for Conceptual Repository Designs

Region Response
Time Period

Operational Containment Iso'lation

Spent Fuel Waste-Form 375’C -(a)
p
A

Temperature

c 
¥

Overpack Temperature above 250°C -

A Salt Pressure Normal Uthostatic plus
G 
c

to Overpack corrosion allowance(^)
t

Borehole Surface 250°C
Rock Temperature

Oisposal Room Closure 10 percent
R
0

roof-to-floor

0 Room-R1b Temperature at 7n«c(c)
M 50 Years

Q
Shaft-Seal Temperature 75’C

Jx
E Aquitard (Upper San Andres 75’C
P 
n

Formation) Temperature
V 
s Near-Surface 0.001 to 0.005’K/yr
I 
T

Temperature Rise (less than natural analog)

0
D

Surface Uplift 1 to 5 mm/yr (less than natural analog)
K
Y Depth of Perturbed 113 m (restricted to uppermost aquifer

Fissure Zone in the Ogallala Formation)

(a) Temperature limit 1s 100*C for Oefense High Level Waste and Commercial 
High Level Waste but has not been established for Consolidated Spent Fuel.

(b) Based on package design.

(c) Assumed to be a tolerable working temperature.
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limiting temperature for the overpack (carbon steel) is significantly greater 

than the salt.

The limit on the salt pressure normal to the overpack is set to preserve 

the structural integrity of the waste package during both the operational and 

containment periods. The waste package was designed to withstand lithostatic 

pressure after the corrosion allowance has been consumed (Westinghouse, 1986).

The performance goal of 10 percent room closure at 5 years was chosen 

simply because it is expected that the limit enables equipment mobility and 

package retrieval without any entry remining. A good performance limit should 

be based on the structural stability of the room (e.g., roof failure and floor 

heave). However, the current creep model for salt, the exponential time law, 

does not allow for any salt rupture or fracture, and the salt around the room 

is allowed to creep "Indefinitely.1' The room rib temperature limit of 70°C at 

50 years was selected to ensure that the temperature 1n the room is a toler

able working temperature for retrieval purposes at 50 years.

The temperature limit of 75’C for shaft seals and aquitards is based on 
the potential of alteration of the permeability of clay minerals and rock mass 

to retain radionuclides. Also, this temperature limit will avoid chemical or 

mechanical failure"of the seal', affin*1irmsure'T1TJTtKe shaft pTHar remains 

as an Isolation barrier. The near-surface temperature rise limits are estab

lished to ensure that the thermal perturbation of the near-surface environment 

is less than the thermal variation that occurs naturally which ranges from 

0.0G1 to 0.005’K/yr. The near-surface temperature constraint 1s applicable 

throughout the life of the repository.

In order to satisfy environmental concerns, the surface uplift caused by 

thermal expansion of the heated rock above the repository should be less than 

the surface variations that occur by natural processes. The natural surface 

variations of 1 to 5 mm/yr were estimated from historical data (RE/SPEC Inc., 

1987).

The depth of perturbed fissure zone (zone wlt.i tensile stresses) 

constraint is established to limit the depth of fractured rock or enlarged
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existing vertical fissures caused by thermal expansion and hence enhancing 

vertical ground-water flow. The zone is restricted to the uppermost aquifer 

throughout the life of the repository. The bottom of the Ogallala formation 

at a depth of 113 m was identified as being the uppermost aquifer at the Deaf 

Smith site.

IV.4 Numerical Modeling Considerations

The degree of modeling detail required for each region 1s largely depen

dent on the sensitivity of the responses to the meshing size. The package 

region responses require more detail than both the room and repository 

regions. The models used for the three regions, and the various assumptions 

made in the development of each model, are discussed below. It should be 

noted that a two-dimensional approximation was used to model the three- 

dimensional geometric configurations for each region. T: **ee-d1mens1onal simu

lations require a very large computational effort and are considered impracti

cal for the preliminary analyses at this stage.

IV.4.1 Package Region Modeling Considerations

As shown 1n Figure IV-3, the waste packages are emplaced on either side 

of the emplacement panel 1n a staggered pattern. Such a layout does not lend 

Itself readily to a two-dimensional or axlsymmetrlc approximation. A modifi

cation of this layout was obtained by Ignoring the staggering of the packages 

as shown 1n Figure IV-4. Figure IV-4 also shows a symmetry element and a 

vertical cut through the room 1n order to Identify the boundaries of the model 

used in the analyses.

The cylindrical shape of the package suggests the use of an axlsymmetrlc 

model. However, the cylindrical symmetry 1s broken by the rectangular storage 

room, the upper and lower planar boundaries, and the vertical symmetry planes. 

However, 1f Important geometry parameters are preserved, the system shown in 

Figure IV-4 can be approximated by the two-dimensional axlsymmetrlc system 

shown in Figure IV-5. The geometric parameters that need to be preserved are
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Figure IV-4. Modified Waste-Emplacement Pattern and Symmetry Element
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85 ft (25.9 m)

Figure IV-5. Axlsymmetrlc Representation of the Very- 
Near-Field Package Region
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the total volume of the storage room and the total volume of the system shown 

in Figure IV-4. Hence, the outer radius of the axisymmetric model rm shown in 

Figure IV-5 can be evaluated as

rm
25.9 x

(IV-20)

where Hm is the height of the model, which is chosen to ensure that the hori

zontal boundaries are far enough apart and do not experience any temperature 

rise during the time of interest. In the analyses, Hm was varied from 100 m 

to 200 m and then to 500 m to determine the appropriate height that separates

the horizontal boundaries. It was determined from the thermal response of the 

package region that Hm = 200 m (rm = 40.61 m) is appropriate. To preserve the 

volume of the room, the radius (rr) of the room was calculated as being

(IV-21)

For thermal analysis, all the exterior boundaries of the model were con

sidered adiabatic. For the two axial boundaries and for the radial boundary 

through the centerline of the canister and the room (Figure IV-6), adiabatic 

boundary conditions are justified because these boundaries represent symmetry 

boundaries. The thermal model Included the package, the disposal room, and 

the surrounding rock salt. It 1s important to note that the rock stratigraphy 

was assumed to be homogeneous salt for modeling simplification. The effect of 

such assumption on the calculated temperatures and pressures for the very near 

field is expected to be negligible. The thermal calculations were performed 

from the time of emplacement to 100 years. The temperature distributions were 

determined with and without crushed salt 1n the annulus between the package 

and the rock salt . Also, temperature distributions were determined with the 

disposal room opened throughout the 100 years, and with the rooms backfilled 

after 5 years. The Initial temperature was taken to be 27*C. The Interior of 

the package was modeled as a heat-generating waste form of SF with anisotropic 

thermal conductivity (see Table IV-2). The thermal conductivity of the 

crushed salt was assumed to be one-tenth the thermal conductivity of salt, and 

the density was assumed to be 70 percent the density of salt.

66



Adiabatic/No Normal Displacement

A
di

ab
at

ic
/N

o 
N

or
m

al
 D

is
pl

ac
em

en
t

A
diabatic/O

verburden

Figure IV-6. Ax1symmetric Model for Package Region Thermal 
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For the thermomechanical analyses, no normal displacement was allowed for 

both axial boundaries and for the radial boundary that runs through the pack

age and the disposal room centerlines. These boundaries represent symmetry 

boundaries. An equivalent overburden stress was applied to the second radial 

boundary (Figure IV-6). The initial lithostatic stress state was assumed to 

be uniform throughout the finite element model. The value of the initial 

vertical stress was calculated at repository level to be 17.65 MPa. The hori

zontal initial stresses were assumed to be equal to the initial vertical 

stress. The same finite element mesh was used for both thermal and thermo

mechanical analyses. The thermomechanical analyses were initiated by 

excavating the disposal room and the borehole. Then, to determine the 

pressure history on the waste package due to thermal expansion and creep, the 

overpack wall was restrained against normal displacement immediately after 

excavation of the room and the borehole. The restricted normal displacement 

of the overpack is equivalent to a rigid overpack that does not allow any 

deformation. This restriction is expected to produce higher radial stresses 

in the salt surrounding the overpack. The thermomechanical analyses of the 

package region were carried to 1 year only since, as will be shown in 

Section IV.5.1, the peak stresses occur within 1 year.

IV.4.2 Disposal Room Region Modeling Considerations

The disposal room region physical model, shown 1n Figure IV-7, was uced 

to evaluate the room closure under transient temperature conditions. Symmetry 

conditions were taken Into consideration by assuming an Infinite number of 

rooms in the repository; the vertical boundaries represent the centerlines of 

the disposal room and the pillar. The physical model included the strati

graphic salt and nonsalt layers. The same finite element discretization was 

used for both thermal and thermomechanical analyses. The upper and lower 

boundaries of the model are 125 m from the repository horizonru"The horizontal 

boundaries were chosen far enough apart to prevent any temperature and stress 

perturbation along the room periphery from the imposed thermal/thermomechani- 

cal model.
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For thermal analyses, the two vertical boundaries and the horizontal 

boundaries were assumed to be adiabatic. The SF waste packages were modeled 

as a heat-generating waste and were averaged Into an equivalent "smeared" 

heat-generating source in the out-of-plane dimension of the two-dimensional 

model approximation. The room was Instantaneously loaded with the heat

generating waste. The rooms were not ventilated or backfilled. The effect of 

backfilling the rooms after 5 years was determined to be insignificant. The 

initial temperature distribution in the finite element model was determined 

using a temperature gradient of 0.015’C/m. An equivalent thermal conductivity 

of 24 W/m’K was used for the air in the room region to approximate both ther

mal conduction and thermal radiation.

For thermomechanical analyses, a plane strain model was used with the 

lower horizontal boundary and the two vertical boundaries restrained against 

any normal displacement. The restriction along the two vertical boundaries 1s 

due to symmetry. The restriction along the lower horizontal boundary is jus

tified because it is thought that the horizontal boundary is sufficiently 

removed from the room floor and prevents any rigid body displacements. The 

upper horizontal boundary was subjected to a traction boundary condition 

equivalent to the overburden stress. An initial Hthostatic stress state was 

assumed to be equivalent to the overburden weight at the corresponding depth, 

where both horizontal stresses are assumed to be initially equal to the verti

cal stress. The temperature distributions determined from the transient ther

mal analyses were used in the subsequent uncoupled (with respect to deforma

tions) thermomechanical analyses. Excavation of the room was simulated by 

removing all the shear and normal forces from the room periphery. The 

disposal room was assumed to be opened throughout the thermomechanical 

analyses. As discussed in Section 2.2, the salt rock was assumed to be 

governed by the exponential time creep law and the nonsalt strata were assumed 

to be elastic.

The thermal analyses were carried to 100 years after waste emplacement. 

The thermomechanical analyses were carried to 10 years after excavation of 

the disposal room. Then, the effect of (1) thermal conductivity of salt, 

(2) backfilling disposal rooms after 5 years, and (3) variable thermal con

ductivity for anhydrite and dolomite, on the thermal response was determined.
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Also the influence of (1) nonlithostatic stress state (oh = 1.3 av), and 
(2) creep parameters on the thermomechanical (room closure) response was also 

evaluated.

IV.4.3 Repository Region Modeling Considerations

The model used for the repository region is shown in Figure IV-8. The 

repository heat load is modeled as a slab source of 1,675 m length and 5 m 

height. The global thermal loading was assumed to be equal to the local ther
mal loading of 10 W/m^. The dimensions of the model in the horizontal and 

vertical extent were taken far enough to eliminate any boundary influence on 

the thermal and thermomechanical response. In the repository region model, it 

was not necessary to model the room-and-p1llar geometry.

For the thermal analyses, the vertical boundaries were considered to be 

adiabatic. The horizontal boundaries were assigned a constant temperature 

(Isothermal boundaries) where the constant temperature at the upper horizontal 

boundary corresponded to the earth's average surface temperature of 15.6°C. 

The initial temperature distribution and the lower boundary constant temper

ature were determined from the estimated temperature gradient of 0.015°C/m. 

The transient thermal response of the repository region was examined through 

10,000 years after Instantaneous waste emplacement.

For the thermomechanical uncoupled (with respect to deformations) analy

ses, the vertical and lower horizontal boundaries are restrained 1n the normal 

direction. The upper boundary was assumed to be traction free. The initial 

stress state was assumed to be 1Ithostatic and directly related to the weight 

of the overburden. The thermomechanlcal analyses considered elastic material 

behavior only. However, a modulus reduction of 50 percent was used 1n the 

reference calculations to account for fractures and joints present tn the 

virgin rock mass. The thermoelastic analyses were carried to 10,000 years as 

well.
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The thermal and thermomechanical results for each of the three regions

were compared with the interim performance goals listed in Table IV-5. Also,

parametric analyses were done for various material parameters (e.g., thermal

conductivity and creep parameters) in order to evaluate their effects on the

calculated thermal/thermomechanical response.

IV.5 Results and Discussion

IV.5.1 Package Region Results

The package region temperatures obtained by SPECTROM-41 were used to 

evaluate the overall thermal response of the very-near-field region with 

respect to the following cases:

• Crushed salt between the waste package and the salt rock (refer

ence case)

• No crushed salt/no air gap between the waste package and the salt 
rock

• Thermal response due to increased and decreased thermal conducti

vity of salt _

• Comparison between temperatures calculated using MTEMPV9 and 

SPECTROM-41.

Figure IV-9 presents the predicted temperatures at the SF centerline, 

waste/package Interface, and at the borehole surface for the case where 

crushed salt 1s backfilled Instantaneously between the package and salt rock 

(reference case). The temperature at_the_center of-the SF assemblies package 

reached a maximum of 292*C at approximately 0.5 year. The temperature of the 

waste/package Interface and the borehole surface reached a maximum of 172’C 

and 123°C approximately 1 year after emplacement. Although the magnitude of 

the calculated temperatures differs, the general trend 1s approximately the 

same. The thermal gradient decreases with time as well as with the distance 

away from the centerline of the package.
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Figure IV-9. Package Region Maximum Temperatures for SF 
Waste With Crushed Salt Between the Package 
and the Rock Salt (Reference)
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If no crushed salt is backfilled between the package and the salt rock, 

the temperatures decrease sharply at the waste centerline and at the waste 

package interface (Figure IV-10). A maximum temperature of 257°C (compared 

with 292°C with crushed salt) and 131°C (compared with 172°C with crushed 

salt) was reached at the waste centerline and the waste/package interface, 

respectively. The temperature of the borehole surface was approximately 

125’C, which is 2°C higher than the case with crushed salt. The sharp 

increase in temperature in the package itself is due to the assumed low ther

mal conductivity of crushed salt; the crushed salt thermal conductivity was 
assumed to be one-tenth tne thermal conductivity of sa^t.

The effect of increasing and decreasing the thermal conductivity of salt 

is illustrated in Figure IV-11 for the borehole surface temperature. An 

increase in thermal conductivity of about 21 percent resulted 1n a decrease of 

temperature of about 17 percent for the borehole surface temperature rise. On 

the other hand, a 26 percent decrease 1n thermal conductivity resulted 1n a 

37 percent temperature rise at the borehole surface. Hence, the effect of 

decreasing/increasing the thermal conductivity of salt has a pronounced effect 

on these temperatures.

A comparison was made between the 2-dimensional axlsymmetrlc model used 

by SPECTROM-41 and the 3-d1mens1onal model used 1n MTEMPV9. The results are 

illustrated in Figure IV-12. The difference between the calculated tempera

tures at the borehole surface 1s less than the difference 1n the temperatures 

at the waste centerline. The difference 1n calculated temperatures diminishes 

as the distance away from the package Increases. It 1s important to note that 

neither MTEMPV9 nor SPECTROM-41 considered all the details of the waste pack

age. MTEMPV9 assumes the packages are line sources and does not consider the 

thermal properties of the package materials. The SPECTROM-41 calculations 

assumed that heat transfer within the interior of the package could be simu

lated by conduction using an equivalent conductivity to account for different 

materials, gas-f1lled spaces,end other pusslUlrtPaturessucTrasf 1ns. “While 
the MTEMPV9 and SPECTROM-41 results indicate temperatures will be below 

limiting values, future performance analyses must consider more accurate 

thermal models for the spent fuel region of the waste package.
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Finally it is noted that backfilling the disposal room after 5 years from 

waste emplacement did not significantly alter the temperature rise within the 

package region. The predicted temperature rise around the waste packages with 

backfilled rooms was 2°C to 4’C higher than the predicted temperature rise 

without backfilled rooms.

The thermoviscoelastlc analysis performed for the package region was 

simulated to determine the maximum salt pressure that will be exerted on the 

package due to salt creep and thermal expansion. The predicted radial pres

sure at the top, midheight, and bottom of the package 1s shown in Fig

ure IV-13. The maximum pressure at the top of the package reached a maximum 

compressive radial stress of approximately 23 MPa within 1 month after 

emplacement. The maximum pressures of 30 MPa and 45 MPa were obtained at the 

midhelght and bottom of the package within 2 weeks after waste emplacement.

It is noted that the calculated values for radial pressures are conserva

tive overestimates of the actual pressures exerted on the package for the fol

lowing reasons:

• No air gap was assumed between the package and the rock salt. 

These calculations Indicate that an air gap, or a gap filled with 
crushable material, 1s necessary to^^svent excess stresses on 

the waste package

• The package surface was restricted from normal (radial) movement. 

And hence, the package was assumed to~5e rigid, and higher pres

sures are expected

• High compressive stresses were observed at the bottom of the 

package-wMch tend-to push the package from the borehole to the 

room rib surface. Slip between the package and the salt rock 1s 

possible and would reduce exerted pressures on the package 

Itself. Numerical modeling did not allow any slippage between 

the package and the salt rock.
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Figure IV-14 presents the distribution of radial stress along the waste 

package at different times. As expected, the pressures exerted on the package 

decrease with time due to stress redistribution. It should be noted that the 

viscoplastic model material behavior predicted the same results as the visco

elastic exponential time law results.

With the considerations noted above, it is clearly seen from Figure IV-13 

that the waste package undergoes differential stresses along its length which 

are well above the lithostatic pressure of 17.65 MPa assumed. The SCP-CDR 

qualitatively noted that the waste package will be designed to sustain litho

static pressure only after the corrosion allowance is consumed. Similar 

analyses (Loken et al., 1987 and RE/SPEC Inc., 1987) and the present analysis 

predict pressures well above the lithostatic pressure which raise some concern 

about the structural performance of the designated package to resist thermal 

and creep stresses. These results Indicate the need for an air gap or a gap 

filled with crushed material. A preliminary calculation was made to estimate 

the effect of a 4 cm air gap between the container and the solid salt. This 

calculation Indicated that the salt would not contact the container prior to 

1 year after emplacement and Figure IV-14 shows that stresses are below 1Itho

static by that time. Consequently, this preliminary calculation Indicates 

that a 4 cm air gap may be sufficient to avoid the high stresses. However, a 

three-dimensional analysis should be performed to support the analyses above 

and predict better estimates of the pressures.exerted on the package.

Finally, 1t 1s important to note that tensile tangential stresses were 

developed at the top of the borehole and along the room ”1b. These tensile 

stresses result from the redistribution of stresses and thermal expansion. 

Maximum tensile stresses of about 7 MPa were reached approximately 2 weeks 

after waste emplacement. The presence of these tensile stresses might create 

cracking and fracture of the rock salt around the top of the borehole.
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IV.5.2 Room Region Results

Thermal and the thermomechanical analyses were performed for the room 

region to evaluate room closure. The room closure is important for room long

term stability considerations. Effect of creep parameters and nonlIthostatic 

state of stress on the creep response were also investigated.

The thermal response of the room region was evaluated with respect to the 

following cases:

• Thermal properties of the room region as summarized in Table IV-2 

(reference case)

• Increased and decreased thermal conductivity of rock salt

• Backfilled room with crushed salt after 5 years of waste 

emplacement

• Variable thermal conductivity for anhydrite and

1imestone/dolomlte.

The temperatures calculated at four locations within the disposal room 

region are presented In Figure IV-15. The temperatures at the roof centerline 

and floor centerline of the room were exactly the same due to symmetry con

ditions. The maximum temperature at the midheight of the room wall (rib) was 

approximately 67*C at 100 years. The room wall temperatures were slightly 

higher than the roof/floor temperatures. Figure IV-16 presents a comparison 

between the calculated temperatures at the wall midheight of the disposal room 

for the Increased, reference and decreased thermal conductivity of salt. The 

effect of Increasing or decreasing the thermal conductivity 1s small for the 

room region. Temperatures of 65-2°C, 66*7*Cr-and 69.7*€ at-the room wall at 

100 years were predicted for increased, reference, and decreased thermal con

ductivity of salt. In Figure IV-17, temperatures calculated at room wall are 

shown for the reference case, for disposal room backfilled after 5 years, and 

for variable thermal conductivity for both anhydrite and 1Imestone/dolomlte. 

The effect of backfilling the room or using variable thermal conductivity for 

anhydrite and limestone/dolomite is almost negligible.
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Figure IV-15. Predicted Temperatures Versus Time for the Room 
Region With SF Waste
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