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Request For Information / Sources Sought Notice 


Railcars for Transportation of High-Level Radioactive Material 


I. Introduction: 
 
This is a Request for Information (RFI) / Source Sought Notice.  The US Department of Energy 
(DOE), Office of Nuclear Energy (NE), is seeking information and sources for the following 
potential project:  Railcar Design, Testing, and Approval for Transportation of High-Level 
Radioactive Material (HLRM).  This notice is for businesses of all sizes. Both large and small 
businesses may submit responses; small businesses are particularly encouraged to respond.   
 
The purposes of this RFI / Sources Sought Notice are (1) to solicit ideas from all sources on how 
DOE should acquire the capability to transport casks of commercial used nuclear fuel, (2) to 
determine if any small businesses are available to perform the work contemplated by DOE and 
described herein, (3) to obtain feedback on the attached draft Statement of Work (SOW), and (4) 
to obtain industry feedback on the proposed acquisition strategy for this procurement.  
 
This RFI / Sources Sought Notice is for information and planning purposes only and is not to be 
construed as a commitment by the U.S. Government, nor will the U.S. Government pay for 
information solicited.  The information from this notice will help the DOE plan the acquisition 
strategy.  Background information on the contemplated acquisition is presented in the attached 
SOW. 
 
This contemplated acquisition includes railcar design, prototype fabrication, testing, and 
approval.  It does not anticipate the manufacturing of production railcars.  At some point, large 
scale fabrication of railcars may begin under a separate solicitation.  The contemplated 
acquisition is focused on the cask cars and buffer cars.  It does not include any work on any other 
types of rolling stock, e.g., escort cars or locomotives, or on any transport casks.   
 
PLEASE NOTE THAT THIS IS NOT A REQUEST FOR PROPOSALS; NO SOLICITATION 
EXISTS AT THIS TIME. 
 
II. Request for Information / Sources Sought 
 
Below are different sections, with specific questions under each.  Interested parties may respond 
to any or all of the specific questions.  When responding, please clearly indicate which question 
you are responding to. 
 


A. General Company Information 
 


QUESTION 1:  Please submit the following general company information: 


a) Name and address of company and or companies (if there is a teaming arrangement 
or joint venture, please specify) 


b) Point of Contact, Title, Phone, Email address 
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B. Ideas on How to Acquire the Capability to Transport the Casks 


 
The casks for transporting commercial used nuclear fuel are listed in Attachment A of the 
draft SOW attached to this RFI.   


 
QUESTION 2:  DOE is requesting ideas on how to acquire railcars to transport these 
casks.  Specifically, could DOE lease railcars for these shipments or should DOE plan to 
own and operate its own fleet of railcars?  Please provide supporting analysis(es) to 
support your recommendation. 


 
QUESTION 3:  Are there any other realistic contracting options?  Please provide any 
other ideas regarding how DOE should provide the capability to transport casks of 
commercial used nuclear fuel. 


 
C. Industry Feedback Regarding the Draft SOW  


 
A draft copy of the proposed Statement of Work is attached to this notice.  No previous 
contract exists for this SOW.  This SOW will be used in a formal solicitation only if DOE 
decides to own and operate a fleet of railcars for the purpose of transporting commercial used 
nuclear fuel.  This particular action will result in a prototype cask car designed to carry 
HLRM in casks to an as yet to be determined location.  This particular action will also result 
in a prototype buffer car design.  Each train shipment will consist of a number of cask cars, 
with one buffer car in front of the cask cars and another one behind the cask cars.  Once the 
two preliminary designs are approved by AAR, the railcars will be fabricated and tested at an 
approved AAR facility.  These two prototypes will be tested according to the requirements of 
AAR Standard S-2043.  


QUESTION 4:  Please provide any specific comments regarding the SOW, including (In 
your answer, please reference specific SOW paragraphs or sections.): 


a) Regarding the work to be done, whether it is correctly and adequately defined, 
whether the Phases are appropriate, the deliverables required, etc. 


b) Adequacy of the contemplated period of performance. 


c) The adequacy of Attachment A to the SOW.   


d) Any specific comments or suggestions regarding how the SOW could be changed to 
make it more complete or improved.   


e) Please provide specific feedback regarding SOW Section 2.1.  Section 2.1 of the SOW 
states that the railcars shall fit within AAR Plate B, so that they can be used in 
unrestricted interchange service.  DOE is concerned that this requirement may be 
difficult to achieve.  It could be relaxed, if potential bidders present reasons to do so. 


f) Section 2.1 of the SOW also presents DOE’s initial estimate of the number of cask-
carrying railcars that may be required (120 cask cars).  This estimate is based on 
industry inputs and studies over the past year, as well as similar studies from the 
early 2000’s.  Given all the uncertainties of how much used nuclear fuel might be 
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shipped or when the storage and/or disposal sites might become available, it would 
be difficult to make a better estimate with confidence.  Nevertheless, DOE is 
interested in any other estimates of the number of railcars that might be required. 


g) Section 2.1 of the SOW also states that the railcar will be required to support the 
weight of a cask as it is rotated from a vertical to a horizontal position on the cradle.  
DOE is concerned that this requirement may be difficult to achieve.  It could be 
relaxed if potential bidders present reasons to do so. 


h) Section 2.1 of the SOW also states that the railcar deck length must be long enough to 
attach the impact limiters to the cask after the cask is loaded on the railcar.  This 
length could be a critical dimension if the railcar design has a depressed deck.  DOE 
is interested in specific details from cask vendors about how much length is required 
to attach their impact limiters to their casks.  DOE wants to make sure that the 
railcar deck requirement is long enough. 


 
D. Small Business Availability and Company Capabilities 


 
If DOE determines that leasing the necessary railcars is not feasible, and that no other options 
are available, then DOE anticipates it will start the process to design, fabricate, and operate a 
fleet of railcars to provide the capability to transport the casks of commercial used nuclear 
fuel.  In this case, it will be necessary to determine the availability of qualified sources. 


 
The DOE, Nuclear Fuels Storage and Transportation Planning Project (NFST), is conducting 
this market survey to determine the availability and technical capability of qualified 
businesses, including large businesses, small businesses, small disadvantaged businesses 
(SDB), 8(a) small businesses, woman-owned small businesses (WOSB), veteran owned 
small businesses (VOSB), service-disabled veteran-owned small businesses (SDVOSB), and 
Historically Under-utilized Business Zone (HUBZone) small businesses capable of providing 
engineering and design services to develop a conceptual, preliminary, and final design of 
railcars, as well as prototype railcar fabrication, testing, and approval of various railcars 
consisting of a cask car and a buffer car.  Further information regarding the background and 
project objectives is provided below and in the SOW. 


 
The research completed by the DOE to date has indicated that any firm performing this work 
must have the preliminary design reviewed and approved by the Association of American 
Railroads (AAR).  The design will include computer modeling and testing in accordance with 
AAR Standard S-2043.  The associated fabrication after preliminary design approval must be 
performed by an AAR approved vendor.  A listing of the known current United States 
vendors holding AAR approvals is presented below.  The Buy American Act applies to this 
program.  The testing must also be conducted at an AAR-approved independent test facility 
or must be witnessed by an official AAR observer; the only known AAR-approved 
independent test facility is Transportation Technology Center, in Pueblo CO.  This RFI / 
Sources Sought Notice seeks to confirm this information, as well as to identify sources 
capable of doing this work, including any small businesses in the various small business 
categories listed above, that meet these requirements.   
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Table 1. – AAR Approved US Vendors  
 


Company Location 
American Railcar Industries Paragould, AR 
Ebenezer Railcar Services, Inc. Blasdell, NY 
Freight Car America Danville, IL 
Freight Car America Roanoke, VA 
Gunderson, LLC Portland, OR 
JK – CO LLC Findley, OH 
Kasgro Rail Corporation New Castle, PA 
Navistar Cherokee, AL 
Progress Rail Services Covington, KY 
Trinity Tank Car, Inc., Plant #192 Taginaw, TX 
Trinity Tank Car, Inc., Plant #18 Oklahoma City, OK 
TTX Company – Hamburg Division North Augusta, SC 
Union Tank Car Company Houston, TX 


 
All responding firms are requested to identify their firm's size and type of business to the 
anticipated North American Industrial Classification System (NAICS) code.  For this 
acquisition, the identified NAICS code is 541330 – Engineering Services, with a Small 
Business size standard of $14 million.  Teaming arrangements and joint ventures will be 
considered, including prime awards to small business concerns, provided the prime contract 
is awarded to an applicable small business that can comply with DOE and AAR 
requirements, and that the small business prime can comply with FAR 52.219-14, 
Limitations On Subcontracting (Nov 2011), i.e., that at least 50 percent of the cost of contract 
performance incurred for personnel shall be expended for employees of the small business 
concern.  


QUESTION 5:  Please identify your firm's size and type of business, under NAICS 
541330 – Engineering Services.   


QUESTION 6:  Please identify your firm’s qualifications to perform the work 
contemplated by the draft SOW (refer to the SOW Section 3 for qualifications, experience 
and technical expertise identified as being necessary to perform).  As part of your 
response, please include a company capability statement overview and how this 
capability relates to performing the work contemplated by the SOW.  Please include a 
brief overview of your technical and management expertise relevant to the requirements 
contemplated by this SOW.  The capability statement shall be in sufficient enough detail, 
but not exceed eight (8) pages TOTAL (8 ½ x 11 pages, with 1 inch margins, using 12 
point Times New Roman font), so that the Government can determine the experience and 
capability of your firm to provide the requirements above.  Please do not include 
promotional materials.  


E. Proposed Acquisition Strategy 
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DOE is developing its acquisition strategy for this procurement.  Industry input is requested 
regarding this strategy.  This strategy may include the following elements: 


1. Solicit competitive proposals from AAR approved companies as a small business set 
aside (assuming when there is a reasonable expectation that offers will be obtained 
from at least two responsible small business concerns offering the products of 
different small business concerns, and award can be made at fair market prices).  This 
will be done using Federal Acquisition Regulation procedures from FAR Part 15.  


2. Award a Firm Fixed price contract, to include options for different Phases.  
Alternatively, and if more appropriate, award a five-year Cost Plus Fixed Fee 
contract, that is incrementally funded with provisions for DOE approval to work on 
each Phase.   


3. Evaluate competitive proposals using the following Best Value Trade Off evaluation 
criteria: 


a. Company technical expertise and capabilities relevant to the requirement; note 
that whether a company is a AAR-certified design/manufacturing source is a 
mandatory pass/fail requirement; 


b. Technical and Management approach to accomplish SOW requirements;  


c. Relevant corporate experience and recent/relevant past performance; and 


d. Price 
 


QUESTION 7:  Please comment on the appropriateness of the proposed acquisition 
strategy and offer any suggestions regarding the strategy, including regarding the 
requirement for AAR certification, as well as the most appropriate contract type and the 
evaluation criteria.   
 
QUESTION 8:  Please comment on the ability to reasonably estimate the costs 
associated with each Phase of the SOW as part of a request for proposal, including a 
description of the constraints or risks that could prevent a contractor from being able to 
provide a fixed price for the proposed work scope and how DOE could remove or 
minimize the constraints or risks.  
 


F. Other Comments  
 


Interested parties are invited to provide other relevant feedback to DOE regarding this 
proposed acquisition. 
 


QUESTION 9:  If applicable, please provide any other comments, feedback or 
suggestions that were not otherwise specifically addressed in the other RFI questions. 
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III. Industry Exchange of Information with DOE 


DOE representatives may or may not choose to meet with potential offerors regarding this RFI. 
Such exchanges may be conducted to get further clarification/information of potential industry 
capability to meet the requirements. 
 
IV. Questions 
 
Questions regarding this announcement shall be submitted in writing by e-mail to the Contract 
Specialist, email address merrilhj@id.doe.gov.  Verbal or telephone questions or responses will 
not be accepted.  DOE does not intend to publically post questions related to this RFI.  However, 
DOE may, at its discretion, publically post questions and answers in response to this RFI; 
accordingly, questions shall not contain proprietary or classified information. 
 
V. RFI Submittal Requirements 
 
In addition to the 8-page limit on the company capability statement specified above, please note 
the following RFI response submittal requirements. 
 


1. Only written electronic copies of capability statements will be accepted.  The e-mail 
should contain the following subject line: Response to Sources Sought Notice – “Railcars 
for Transport of High-Level Radioactive Material”.  


2. Please submit all information to Heather Merrill at merrilhj@id.doe.gov by July 2, 2014, 
2014 by 5:00 p.m. Mountain Time.  
 


VI. Contracting Office Address  
 
U.S. Department of Energy – Idaho Operations Office 
1955 Fremont Avenue 
Idaho Falls, ID 83415 
 
Primary Point of Contact:  
Heather Merrill, Contract Specialist 
email: merrilhj@id.doe.gov 
 
VII. Summary 
 
THIS IS A REQUEST FOR INFORMATION (RFI) / SOURCES SOUGHT NOTICE ONLY to 
identify sources that can fulfill the Government’s requirements, as well as to obtain industry 
feedback regarding DOE’s proposed SOW and acquisition strategy.  The information provided in 
the RFI is subject to change and is not binding on the Government.  DOE has not made a 
commitment to procure any of the services/items discussed, and release of this RFI should not be 
construed as such a commitment or as authorization to incur cost for which reimbursement 
would be required or sought.  All submissions become Government property and will not be 
returned. 








Used Fuel Disposition Campaign  


Regional Geology 
Frank Perry 
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UFD Working Group Session 
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June 5, 2014 
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Topics 


 Status of Regional Geology GIS database - integration of geology 
and siting 


 Integration with other work packages 
 Geology of shale formations and rock properties bearing on potential 


repository performance and siting  
 Future Directions 
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Overview of Regional 
Geology Work Package 


 Purpose: Integrate available data for alternative host rocks and potential siting 
guidelines within the framework of a GIS database to support visualization and 
analysis of siting options  


 Summarize and convey large amounts of information through visualization 
 FY13/14 Milestones completed: 


– M2FT-13LA0807012, Regional Geology:  A GIS Database for Alternative Host Rocks 
and Potential Siting Guidelines 


– M4FT-14LB0814022, Inventory of Shale Formations in the US Including Geologic, 
Hydrological, and Mechanical Characteristics  


 Milestones due: 
– LANL M2 Milestone due 9/24/14 
– LBNL M4 Milestone due 8/22/14 
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Distribution and Depth of 
Salt Formations 
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Distribution and Depth of 
Shale Formations 
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Distribution of 
Crystalline Rocks 


6/5/14 2014 UFD Working Group 6 







Used 
Fuel  
Disposition  


Depth to Crystalline 
Basement 
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2012 UFD Working Group 
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 Most international programs use siting criteria consistent with IAEA guidelines 


(IAEA, 1994, 1997, 2003) 


– Geological and hydrogeological simplicity and predictability 


– Long-term tectonic stability, avoidance of faults and seismicity 


– Absence of mineral or energy resources that increase risk of 
human intrusion 


– Minimal topographic relief with low groundwater flux 


– Low population density 


– Suitable host rock geometry 


Siting Considerations 
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Crystalline Rocks, Siting Alternatives and the 
Crystalline Repository Reference Case 


Support to the Natural System 
component of the generic crystalline 
reference case 
 Extent of glaciation 
 Regional topographic slope (regional 


ground-water flow domains) 
 Water chemistry as function of depth 
 Multiple reference cases needed? 
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Data for Representative Siting Guidelines 
included in January Level-2 Milestone 


6.3 Data for Representative Siting Guidelines 
6.3.1 Population Distribution and Density  
6.3.2 Natural Resources (Oil and Natural Gas)  
6.3.3 Federal Lands  
6.3.4 Quaternary Faults and Plio-Quaternary Volcanism  
6.3.5 Seismic Ground Motion Hazard  
6.3.6 Topography and Smoothed Slope  
6.3.7 Crustal Stability versus Active Tectonics  
6.3.8 Depth to Crystalline Basement  
6.3.9 Structures within Crystalline Basement  
6.3.10 Horizontal Stress  
6.3.11 Temperature at Depth  
6.3.12 Geometry and Depth of Geologic Formations  
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Geologic data and data for potential siting guidelines are 
combined in GIS to provide information on siting options 
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Scenarios for Siting in Bedded Salt 


 Start with the reasonable assumption that a salt 
repository would likely be located at a depth of 1000 
meters or less – identify areas of bedded salt with top at 
less than 1000 meters 


 This assumption limits where a repository in bedded salt 
could be sited 


 Overlay additional data for potential siting guidelines 
including crustal stability, seismicity and population 
distribution 
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Salt Formations and Siting – Depth to Top of 
Salt and Likely Depth of Repository 


Top of salt bodies at  < 1000 meters depth 
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Smoothed topographic slope in degrees 


Distribution of Salt compared to areas of 
Active Tectonism and Uplift 


Areas of high topographic 
relief indicate areas of past 
uplift and faulting 
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Seismic hazard (contours for 2% probability of PGA 
exceeding 0.1g in 50 years) 


Salt and Seismic Hazard 


The existence of bedded 
salts indicate regions of 
long-term tectonic stability 


0.1g 


0.1g 
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Salt and Population Distribution 


Population Density and Distribution  
(>1000 persons/square mile)  
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Oil and gas production as indicator of potential 
for human intrusion 


Additional Data for Siting 
Guidelines – Human Intrusion 


Oil and gas production 
focused in major 
sedimentary basins 
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Pierre Shale and Drilling Activity 
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 Oil and gas exploration 
focused in basins 


 Formations with large 
lateral extent lie within 
and outside of major 
basins 


 Areas outside of major 
basins may be 
significantly less 
impacted by drilling 
activities 
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Support to Deep Borehole Disposal 


 3-5 km deep boreholes in 
crystalline basement rocks 


 Advantageous to site in shallow 
crystalline basement in stable 
and structurally simple crustal 
terranes 


From Brady et al. (2009) 18 
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Basement Depth Contours 
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5/16/12 2012 UFD Working Group 
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Areas of Shallow Crystalline Basement 
(<2 km depth) and Crustal Stability 
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Crystalline Basement Lithology 
and Structure 
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Interactive Web Maps 


 Provide an informational tool to enhance public awareness 
and education  


 Provide a tool that can be used for project purposes 
 Overlay information interactively to meet user needs 
 Allow comparison of the distribution and other key features 


(e.g., depth) of alternative repository host rocks 
 Provide visualization and understanding of potential siting 


issues for alternative host rocks 
 Complete an implementation plan for an fully interactive 


site using ArcGIS software by the end of FY14  
 More traditional informational web site by end of FY14 
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ArcGIS Web Tool and Viewer 
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Examples of Future Additions 
of Geologic Data to Database 


 Geologic Environments 
– Aquifers, aquitards 
– Formation water chemistry 


 Salt  
– Spatial distribution of dissolution features 
– Spatial relationship to underlying oil and gas targets 


 Shale 
– Total Organic Content as indicator or potential oil and gas targets 
– Thermal maturity 
– hydrologic properties 


 Granite/Crystalline Basement 
– Fracture zones/fracture density 
– Mineral resources 
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Geologic Environments of Basins 
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Antrim Shale 


Ordovician Shales 


halite 


halite 
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Salinity of pore waters - Cl content of shale 
pore waters as measure of salinity and 
criticality potential 
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Additional Formation Properties for 
Database – TOC of Shale 
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5/16/12 2012 UFD Working Group 


 Total Organic Content (TOC) 
of shale relevant to both 
human intrusion scenarios 
and geochemistry of 
potential repository 
environments 


 Other formation parameters 
of interest (where data is 
available) for shale, salt, 
granite 


Data Source: Broadhead and Gillard (2007)  


Depth in meters and total organic content in weight 
percent (brown contours show values > 3.0%) 


Barnett Shale 
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Where do we go from here? 


 Basic geologic formation data nearly complete (shale ongoing) 
 Development of an Interactive web application  
 Continued support to Deep Borehole Disposal, reference cases for 


crystalline rock, DPC criticality 
 Future focus on methods for capturing rock properties as they bear 


on repository performance and siting 
 Geologic environments related to specific formations within 


basins/crystalline terranes 
 Regional breakdown and synthesis of geology and siting data 
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Background 


 Considerable work has been done on 304SS to demonstrate 
that it is susceptible to chloride induced stress corrosion 
cracking 


 Work of particular relevance to interim storage relies on bend 
bars to provide the stress state 
– Is this representative? 
– What can these tell us and what are their limitations? 


 Recall – SCC requires three things 
– Environment (EPRI work, etc.) 
– Susceptible material – Mockup (sensitization) 
– Stress – Mockup (weld residual stress) 
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Goals for a Mock Container 


 Want to replicate fielded structures in order to assess the 
susceptibility stress corrosion cracking initiation and 
propagation 


 Welding parameters, joint designs, etc. are all held proprietary 
by the vendors 


 NEUP program (R. Ballinger) approached three vendors last 
year and received quotes from each of them. 


 We attempted to do the same with varying degrees of success 
– NAC – still waiting… 
– Holtec – no response. 
– Areva-TN - Ranor 
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General Info on the Mock-up 


 Wall material:  304 SS 
 Wall thickness, overall diameter, weld joint geometry:  standard 


geometry for NUHOMS 24P 
 Welds:   


– Specific design not specified by manufacturer.   
– Welds to be full penetration and inspected per ASME B&PVC Section III, 


Division 1, Subsection NB (full radiographic inspection) 
– Double-V joint design 
– Weld procedure: Submerged Arc 
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Mock-Up Design 


67
.2


5 
in


. 


48 in. 48 in. 


Two longitudinal 
welds, 180 degrees 
apart 


Circumferential weld 
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Mock-Up Design 
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in
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48 in. 48 in. 


Three 
longitudinal 
welds, 180 
degrees apart 


Two Circumferential welds 


48 in. 
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What do we want to do with the 
mockup? 


 Comments on the design – anything we should add/remove? 
– Baseplate? 
– Simulated repairs? 
– Stress mitigation? 
– Others? 


 
 What do we want to measure? 


– Weld residual stress state 
– Extent of sensitization 


 
 What samples do we want to make? 


– Subdividing the mock-up will impact the stress state – need to determine how much 
– Sample geometry that we need? 
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Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia Corporation, a wholly owned subsidiary of Lockheed Martin 
Corporation, for the United States Department of Energy’s National Nuclear Security Administration under contract DE-AC04-94AL85000.  SAND2014-4697P. 
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GDSA Work Package Participants 


 DOE 
– Mark Tynan (Prasad Nair, Bill Spezialetti) 


 SNL (Code Development, PA Model Implementation, Salt) 
– Geoff Freeze, Payton Gardner, Dave Sevougian, Glenn Hammond,  


Paul Mariner, Bob MacKinnon, Peter Lichtner, (Yifeng Wang, Carlos 
Jove-Colon) 


 LANL (Crystalline) 
– Scott Painter, Dylan Harp, Shaoping Chu, Frank Perry 


 LBNL (Argillite) 
– Liange Zheng, Jim Houseworth, Marco Bianchi, H.H. Liu  
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Outline 


 GDSA Overview 
– Scope and Methodology 
– PA Code Capabilities and 


Enhancements 


 Evolution of the Generic Salt 
Repository Reference Case 


 Generic Salt Repository           
PA Model Simulations 
– Implementation of expanded 


spatial domain with non-
symmetric boundary conditions 


– Effects of instant release fraction 
– Effects of thermal processes  


 Future Plans 
 Open Discussion  
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Performance Assessment (PA) Methodology 







Used Fuel Disposition Campaign  


Generic Disposal System Analysis (GDSA): 
Overview 
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GDSA Scope (WBS 1.02.08.08) 


 Refine generic repository reference cases 
– Update salt, granite, clay (with Crystalline and Argillite) 
– Develop waste form degradation (UNF) conceptual model (with WF) 
– Develop deep borehole (with Deep BH - FY15) 


 Integrate updated conceptual models and capabilities into the 
PFLOTRAN-based system model architecture 
– Refine source term and EBS evolution model 


• Waste form degradation, waste package degradation, solubility limits 
– Integrate process models and couplings 


• Gas generation and multi-phase flow 
• Thermal effects 
• Far-field flow and transport (salt, clay diffusion, granite fracture flow) 


 Perform simulations of selected reference cases 
– Demonstrate simulation and sensitivity analysis capabilities 
– Inform R&D planning (FY15?) 
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Used 
Fuel  
Disposition  


GDSA Methodology 


 Direct representation of important coupled multi-physics processes: 
– Minimize conservative assumptions, simplifications, and process abstractions  


• Enhances  transparency and confidence for stakeholders and technical peer 
community 


– Provide realistic spatial-temporal representation of geometry, features, events, 
and processes (FEPs), and uncertainty (i.e., 3D probabilistic simulation) 
• Spatial variability in degradation processes 
• Uncertainty quantification (UQ), both aleatory and epistemic, in parameters/processes 
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 High-performance computing (HPC) architecture 
– Facilitates reasonable probabilistic PA-model runtimes for science-based, 3D 


multi-physics 







Used 
Fuel  
Disposition  


GDSA Methodology 


 Use process-level understanding of repository evolution to 
inform the use of high-fidelity model components in PA code 


 Process-level detail necessary in a PA is a function of time-
scales and importance of underlying processes 
– e.g., salt creep closure and backfill reconsolidation (THM processes) are 


short time-scale processes that may need to be represented in PA 
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 Multi-physics-capable PA model will help determine the 
processes that are important to postclosure repository 
performance 
 


Porosity vs. time 







Used 
Fuel  
Disposition  


GDSA Repository Evolution –  
Feature, Event, and Process (FEP) Analysis 


 FEP analysis informs the 
reference case 
– Necessary properties and 


parameter values 
 FEP analysis supports PAs 


and safety cases 
– Development of system models 
– Prioritization of research 
– Licensing/safety case 


(completeness) 
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Generic Salt 
Repository  
Example 







Used 
Fuel  
Disposition  


GDSA Current Code Capabilities 
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Used 
Fuel  
Disposition  


DAKOTA Modeling Capabilities 


 Manages uncertainty quantification (UQ), sensitivity analyses 
(SA), optimization, and calibration  
– Generic interface to simulations 
– Extensive library of time-tested and advanced algorithms 
– Mixed deterministic / probabilistic analysis 
– Supports scalable parallel computations on clusters 
– Object-oriented code; modern software quality practices 
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Used 
Fuel  
Disposition  


PFLOTRAN Multi-Physics Models 


 Flow 
– Multiphase gas-liquid 
– Interchangeable constitutive models and 


equations of state 


  Energy 
– Thermal conduction and convection 


  Multi-Component Transport 
– Advection, hydrodynamic dispersion 
– Multiple interacting continua 


 Geochemical Reaction 
– Aqueous speciation (with activity models) 
– Mineral precipitation-dissolution 
– Surface complexation, ion exchange, 


isotherm-based sorption 
– Radioactive decay with daughter products 
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Hammond and Lichtner, WRR, 2010 







Used 
Fuel  
Disposition  


PFLOTRAN Computational Capabilities 


 High-Performance Computing 
– Mechanistic process models 
– Highly-refined 3D discretizations 
– Massive probabilistic runs 


 Open Source Collaboration 
– Leverages a diverse scientific community 
– Shared among multi-lab subject matter 


experts and stakeholders  


 Modern Fortran (2003/2008) 
– Domain scientists remain engaged 
– Modular framework for customization 


 Leverages Existing Capabilities 
– Meshing, visualization, HPC solvers, etc. 
– Configuration management and QA 
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Used 
Fuel  
Disposition  


PFLOTRAN Support Infrastructure 


 Mercurial: distributed source control management tool 
 Bitbucket: online PFLOTRAN repository 


– hg clone https://bitbucket.org/pflotran/pflotran-dev 
– Source tree 
– Commit logs 
– Wiki 


• Installation Instructions 
• Quick Guide 
• FAQ (entries motivated by                                                        


questions on mailing list) 
– Change Requests 
– Issue Tracker 


 Google Analytics: tracks behavior on Bitbucket 
 Buildbot: automated building and testing 
 Google Groups: pflotran-users and pflotran-dev mailing lists 
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Hits on PFLOTRAN  
Bitbucket site over past year 







Used 
Fuel  
Disposition  


PFLOTRAN WIPP Verification 


 Test Cases for WIPP codes 
(BRAGFLO and NUTS) set 
up and executed with 
PFLOTRAN 
– e.g., BRAGFLO Case #8   


“Well production at specified 
bottom hole pressure” 


• PFLOTRAN results compared 
to BRAGFLO, NUTS and 
WIPP version of TOUGH2 
(TOUGH28W) 
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HeeHo Park, SNL 6211, Carlsbad, NM 


Test Case #8 







Used 
Fuel  
Disposition  


Source Term and EBS Evolution Processes – 
Currently Implemented 
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Used 
Fuel  
Disposition  


Source Term –  
UNF Waste Form Degradation 
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– Waste form degradation processes and dependencies 
– Example of PA and Process Model coupling 







Used Fuel Disposition Campaign  


Generic Disposal System Analysis (GDSA): 
Salt Repository Reference Case 


 
 







Used 
Fuel  
Disposition  


Generic Repository Reference Case 


 Reference Case is a surrogate for site- and design-specific  
information 
– Documents information and assumptions needed for generic disposal 


system models 
– Helps ensure consistency across analyses (e.g., process modeling, PA, 


uncertainty and sensitivity analysis) 
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Used 
Fuel  
Disposition  


Generic Salt Reference Case –  
Disposal Concept and Concept of Operations 


 Disposal Concept 
– Waste capacity of 70,000 MTHM 
– Repository located in a relatively pure, 


vertically and laterally extensive bedded 
salt (halite) formation, with clay and/or 
anhydrite interbeds   


 Concept of Operations 
– Horizontal end-to-end emplacement of 


waste packages in drifts separated by 
intact salt “pillars”  


– Drifts and access hallways backfilled with 
crushed salt immediately after package 
emplacement  
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– Shafts are used for construction, operation (e.g., 
waste handling), and ventilation.  Shaft dimension 
and sealing similar to WIPP   


– Excavation and ground support methods similar 
to WIPP. Ground support consists only of rock 
bolts (i.e., no liners)   


(only the portions of six pairs of emplacement drifts 
closest to the central access hallway are shown) 







Used 
Fuel  
Disposition  


Generic Salt Reference Case –  
Inventory 


 “No replacement nuclear generation” scenario (Carter et al. 2012) 
– Commercial UNF (PWR and BWR) reaches 140,000 MTHM by 2055 
– Only PWR considered in reference case, with a conservative burn-up of 60 GWd/MT 


(i.e., use 25% of the total inventory to represent all PWR UNF) 
– 30-year OoR decay storage, initial enrichment of 4.73% 
– 450 isotopes with a total mass of total mass of 1.44×106 g/MTHM and a total decay 


heat of 1.44 kW/MT 
 Smaller set of radionuclides for current PA model development: 


– Neptunium series alpha-decay chain:   (241Am → 237Np → 233Pa → 233U → 229Th) 
– Uranium series alpha-decay chain:  (242Pu → 238U → 234U → 230Th → 226Ra → 222Rn) 
– 129I, a non-sorbing radionuclide with a long half-life 
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Isotope Waste inventory mass 


(g/MTHM) 
Mass fraction 


(g / g UNF) Half-Life (yrs) 
238U 9.10 x 105 6.32 x 10-1 4,470,000,000 


237Np 1.24 x 103 8.61 x 10-4 2,140,000 
241Am 1.25 x 103 8.68 x 10-4 432.7 
242Pu 8.17 x 102 5.68 x 10-4 375,000 


129I 3.13 x 102 2.17 x 10-4 15,700,000 
234U 3.06 x 102 2.13 x 10-4 246,000 


230Th 2.28 x 10-2 1.58 x 10-8 75,400 
233U 1.40 x 10-2 9.73 x 10-9 159,300 


229Th 6.37 x 10-6 4.43 x 10-12 7,300 
226Ra 3.18 x 10-6 2.21 x 10-12 1,599 
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Fuel  
Disposition  


Generic Salt Reference Case –  
Inventory 
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 Decay heat 







Used 
Fuel  
Disposition  


Generic Salt Reference Case –  
Repository Layout 


 Number, dimensions, and spacing of drifts determined by total inventory, 
waste package size, and thermal and mechanical design considerations 


– 12-PWR UNF waste packages 
• 5.225 MTHM / WP, 7.5 kW / WP 


– ~ 13,400 waste package for 70,000 MTHM repository 
– 200°C WP surface temperature constraint 
– No ventilation 
– Semi-analytical heat conduction calculation to determine WP and drift temperatures: 


• 20-m drift spacing and 10-m waste package spacing, requiring OoR aging from 50-70 years 
 


Parameters Value 
Waste Package  WP center-to-center spacing in-drift (m) 10.0 


Approx. number of WPs for 70,000 MTHM 13,397 
Emplacement Drift  Drift height (m) 4.0 


Drift width (m) 6.0 
Drift center-to-center spacing (m)  20.0 
Number of WPs per drift 80 
Drift length, including seals (m) 805.0 


Repository  Number of drift pairs (rounded up) 84 
Repository length (m) 1,618.0 
Repository width (m) 1,666.0 
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84 pairs of 805-m long emplacement drifts 
80 WPs per drift 







Used 
Fuel  
Disposition  


Generic Salt Reference Case – 
Geologic Disposal System  
EBS: Waste Form 


 Waste Form 
– PWR assemblies composed mainly of UO2 and zircaloy 


• solid volume = 0.057 m3 per assembly 


– Instant release fraction for I129  
• triangular: most likely = 0.11, min = 0.02, max = 0.27 (SNL 2008 – YMP)  


– Fractional waste form degradation rate [M = M0 exp(−λt)]  
• from Gorleben salt dome with bromide-containing brines (Keinzler et al. 2012) 
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Case λ (d−1) λ (yr−1) Time for 50% 
Degrad (yrs) 


Time for 99% 
Degrad (yrs) 


Deterministic 10−6 3.6525×10−4 ~ 1,900 ~ 12,500 


Probabilistic – 
Lower 10−8 3.6525×10−6 ~ 190,000 ~ 1,250,000 


Probabilistic – 
Upper 10−5 3.6525×10−3 ~ 190 ~ 1,250 


 * Uniform distribution 
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Generic Salt Reference Case – 
Geologic Disposal System  
EBS: Waste Package 
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 Waste Package 
– Stainless steel canister sealed at point of origin, enclosed in a low-alloy carbon steel 


overpack for handling and emplacement 
• Retrievable for a minimum of 50 years 


– Currently using 12 PWR waste package loading, based on thermal and repository 
layout considerations 


• length = 5.0 m, diameter = 1.29 m, overpack thickness = 5 cm (Hardin et al. 2012) 
• volume = 6.53 m3  


– Volume of UNF waste (12 PWR) = 0.68 m3; Volume of internals and overpack = 2.6 m3 


• Initial void fraction = 0.5 
• Waste form volume fraction = 0.104 


– Thermal output:  5.225 MTHM / WP (30 yr OoR) → 7.5 kW / WP 
– Currently assume instantaneous degradation (i.e., no barrier function) 
– Future iterations to consider gas generation from carbon steel overpack, if appropriate 
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Disposition  


Generic Salt Reference Case –  
Geologic Disposal System 
EBS: Backfill and Shaft Seals 


 Backfill 
– waste packages emplaced on the floor and covered with ROM crushed salt 
– properties of crushed salt backfill based on the pre-consolidated lower crushed salt 


portion of the WIPP “simplified” shaft seal (CRA 2009) 
– porosity = 0.113 (min = 0.01, max = 0.20) 
– log permeability (m2): mean = -18.0 (1.0×10-18 m2); range = -20.0 to -16.5 
– tortuosity = [porosity](1/3) = 0.48 


 Shaft Seals 
– multi-component barrier of clay, asphalt, concrete, and crushed salt 
– properties of shaft seals based on consolidated WIPP “simplified” shaft seal (CRA 2009)  
– porosity = 0.113 (min = 0.01, max = 0.20) 
– log permeability (m2): mean = -19.8 (1.6×10-20 m2); range = -22.5 to -18.0 
– tortuosity = [porosity](1/3) = 0.48 
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Generic Salt Reference Case –  
Geologic Disposal System  
NBS: Stratigraphy 


 Stratigraphy - uses information and 
characteristics representative of five 
major bedded salt basins in the U.S. 
– Laterally extensive bedded salt formation 


with clay and/or anhydrite interbeds 
– Depth to top of host rock layer is 450 m 


(with range of 300 to 1100 m) 
– Areal extent: ∼135 km2 
– Salt host rock is 495 m thick (range of 75 


to 550 m), as an alternating sequence of 
halite and anhydrite  
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– Repository in a 28-m-thick halite unit 
at a depth of 680 m (to its center) 


– 1-m-thick anhydrite beds above and 
beneath the 28-m halite unit 


– 15-m-thick aquifer directly above salt 
host rock 


– 435-m thickness of sediments from 
ground surface to top of aquifer  
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Fuel  
Disposition  


Generic Salt Reference Case –  
Geologic Disposal System 
NBS: DRZ, Halite, and Interbeds 


 Halite 
– 28-m thick repository zone is relative pure halite (> 50%) 
– porosity = 0.0182 (min = 0.001, max = 0.0519) (WIPP CRA 2009) 
– log permeability (m2): mean = -22.5 (3.2×10-23 m2);                   


range = -24 to -21 (CRA 2009) 
– tortuosity = 0.01 


 Disturbed Rock Zone (DRZ) 
– 12-m thick on all sides of excavation (from heat/excavation effects) 
– porosity = 0.0129 (CRA 2009) (min = 0.001, max = 0.10) 
– log permeability (m2): mean of -15.95 (1.1×10-16 m2);                


range = -19.4 to -12.5 (CRA 2009) 
– tortuosity = [porosity](1/3) = 0.23 


 Interbeds 
– 1-m thick anhydrite layers above and below DRZ 
– porosity = 0.011 (CRA 2009) 
– log permeability (m2): mean = -18.9 (1.3×10-19 m2);                    


range = -21.0 to -17.1 (CRA 2009) 
– tortuosity = [porosity](1/3) = 0.22 
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Generic Salt Reference Case – 
Geologic Disposal System  
NBS: Aquifer and Sediments 


 Aquifer 
(from CRA 2009 and Freeze and Cherry 1979) 
– 15-m thick dolomite with brackish water 
– 5 km lateral extent from repository edge to a pumping well 
– hydraulic gradient = 0.0013 
– porosity = 0.15 (min = 0.10, max = 0.20) 
– log permeability (m2): mean = -13 (1×10-13 m2);           


range = -14 to -12 
– tortuosity = [porosity](1/3) = 0.53 


 Sediments 
– 435-m thick sediments and alluvium  
– porosity = 0.20 
– log permeability (m2): mean = -15 (1×10-15 m2);           


range = -21.0 to -17.1 
– tortuosity = [porosity](1/3) = 0.58 
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Fuel  
Disposition  


Generic Salt Reference Case – 
Geologic Disposal System  
Brine Chemistry 


 Reference brine composition 
– Use Michigan Devonian brine because it falls about 


in the middle of the range of the studied basins 
• (Wilson and Long 1993) 


– Near-field brine chemically reducing (after ~600 yrs) 
– Far-field brine less reducing or slightly oxidizing 
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Characteristic Reference Values1 
[Na+] 12,400 - 103,000 mg/l 


[Mg2+] 3,540 - 14,600 mg/l 


[K+] 440 - 19,300 mg/l 


[Ca2]+ 7,390 - 107,000 mg/l 


[SO4
2-] 0 - 1,130 mg/l 


[Cl-] 120,000 - 251,000 mg/l 


pH 3.5 - 6.2 
Specific Gravity 1.136 - 1.295 


Density (kg/m3) 1220.02 
 


Element Uncertainty Distribution (mol/L) Deterministic Value (mol/L) 


U 
Triangular 


Min: 4.89×10-8; Max: 2.57×10-7; Mode: 1.12×10-7 1.12×10-7 


Np 
Triangular 


Min: 4.79×10-10; Max: 4.79×10-9; Mode: 1.51×10-9 1.51×10-9 


Am 
Triangular 


Min: 1.85×10-7; Max: 1.85×10-6; Mode: 5.85×10-7 5.85×10-7 


Pu 
Triangular 


Min: 1.40×10-6; Max: 1.53×10-5; Mode: 4.62×10-6 4.62×10-6 


I No Distribution Unlimited 


Th 
Triangular 


Min: 2.00×10-3; Max: 7.97×10-3; Mode: 4.00×10-3 4.00×10-3 


Ra No Distribution Unlimited 
 


 Radionuclide solubilities 
– For concentrated brine at 25°C, representative of chemically reducing conditions 


• (Clayton et al. 2011) 
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Generic Salt Reference Case –  
Geologic Disposal System  
Sorption 
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 Distribution coefficients (Kd)  
– For sorption onto anhydrite in a bedded salt formation (Clayton et al. 2011) 
– Assumed representative of all salt regions in reference case 


Element Uncertainty Distribution (ml/g) Deterministic Value (ml/g) 


U Uniform 
Min: 0.2; Max: 1.0 0.6 


Np Uniform 
Min: 1.0; Max: 10.0 5.5 


Am Uniform 
Min: 25; Max: 100 62.5 


Pu Uniform 
Min: 70; Max: 100 85.0 


I No Distribution 0.0 


Th Uniform 
Min: 100; Max: 1000 550.0 


Ra Uniform 
Min: 1; Max: 80 40.5 
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Generic Salt Reference Case –  
Geologic Disposal System 
NBS Properties 
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Model Region Permeability  
(m2) Porosity Tortuosity1 


Effective 
Diffusion 


Coefficient2  
(m2/s) 


Longitudinal 
Dispersivity  


(m) 


Thermal 
Conductivity3 


(W/m·°K) 


Specific Heat 
Capacity4  
(J/kg·°K) 


Waste 
Package 1.00 x 10-13 0.300 1.00 6.90 x 10-10 0.5 16.7 466 


Backfill 1.00 x 10-18 0.113 0.48 1.24 x 10-10 0.2 2.5 927 


Shaft (sealed) 1.58 x 10-20 0.113 0.48 1.24 x 10-10 20.0 2.5 927 


DRZ 1.12 x 10-16 0.0129 0.23 6.82 x 10-12 1.0 4.9 927 


Halite 3.16 x 10-23 0.0182 0.01 4.19 x 10-13 50.0 4.9 927 


Interbed 
(anhydrite) 1.26 x 10-19 0.011 0.22 5.57 x 10-12 50.0 4.9 927 


Aquifer 1.00 x 10-13 0.150 0.53 1.83 x 10-10 50.0 1.5 959 


Sediments5,6 1.00 x 10-15 0.20 0.58 2.67 x 10-10 50.0 1.5 959 


1 Tortuosity = [porosity](1/3) , except for WP and halite 
2 Effective diffusion coefficient = (free water diffusion coefficient) 
    x (tortuosity) x (porosity) 
3 Hardin et al. 2012, Tables D-1, D-2, and D-5 
 
  
 


4 Hardin et al. 2012, Table D-3 
5 Freeze and Cherry 1979, Tables 2.2 and 2.4 
6 Hardin et al. 2012, Tables D-1, D-3, and D-5 (alluvium) 
 
  
  
 







Used Fuel Disposition Campaign  


Generic Disposal System Analysis (GDSA): 
Salt Repository PA Model Implementation 
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Generic Salt Repository PA Model 


 Salt repository reference case summary  
 PA demonstration case simulation results 


– 3D, single-phase, isothermal, HC (radionuclide source term, flow and 
transport) 


– 1,000,000 years  
• Deterministic 
• Probabilistic 


 Thermal simulation results 
– 3D THC 
– 100,000 years 
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Generic Salt Repository Reference Case 


 Generic NBS characteristics are 
representative of major bedded salt  
basins in the United States 
– Stratigraphy – e.g., depth, thickness, extent 
– Formation properties – e.g., hydraulic 


gradient, permeability, porosity,     
diffusivity, sorption  


– Fluid (brine) chemistry 
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 Generic EBS layout and properties 
– Waste Inventory – 70,000 MTHM 
– ~ 13,400 WPs of UNF (12 PWR assemblies/WP) 


• 60 GWd/MT burnup, 30-yr aging OoR, 7.5 kW/WP  
– Geometry – layout of waste emplacement drifts/tunnels 


and shafts 
• Drift spacing and WP loading based on 200°thermal limit 


for salt 
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Generic Salt Repository Reference Case 


 Generic NBS 
– Halite host rock 
– Anhydrite interbeds 
– Disturbed rock zone (DRZ) 
– Overlying aquifer and 


sediments 
– 5,000 m to receptor well 
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 Generic EBS 
– 84 pairs of 800-m emplacement drifts 


• 20-m spacing between drifts 
• 80 WPs/drift with 10-m spacing 


– Crushed salt backfill in drifts 
– Sealed shafts  


 







Used 
Fuel  
Disposition  


Generic Salt Repository Reference Case –  
Properties 
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Model Region Permeability  
(m2) Porosity Tortuosity1 


Effective 
Diffusion 


Coefficient2  
(m2/s) 


Longitudinal 
Dispersivity  


(m) 


Thermal 
Conductivity3 


(W/m·°K) 


Specific Heat 
Capacity4  
(J/kg·°K) 


Waste 
Package 1.00 x 10-13 0.300 1.00 6.90 x 10-10 0.5 16.7 466 


Backfill 1.00 x 10-18 0.113 0.48 1.24 x 10-10 0.2 2.5 927 


Shaft (sealed) 1.58 x 10-20 0.113 0.48 1.24 x 10-10 20.0 2.5 927 


DRZ 1.12 x 10-16 0.0129 0.23 6.82 x 10-12 1.0 4.9 927 


Halite 3.16 x 10-23 0.0182 0.01 4.19 x 10-13 50.0 4.9 927 


Interbed 
(anhydrite) 1.26 x 10-19 0.011 0.22 5.57 x 10-12 50.0 4.9 927 


Aquifer 1.00 x 10-13 0.150 0.53 1.83 x 10-10 50.0 1.5 959 


Sediments5,6 1.00 x 10-15 0.20 0.58 2.67 x 10-10 50.0 1.5 959 


1 Tortuosity = [porosity](1/3) , except for WP and halite 
2 Effective diffusion coefficient = (free water diffusion coefficient) 
    x (tortuosity) x (porosity) 
3 Hardin et al. 2012, Tables D-1, D-2, and D-5 
 
  
 


4 Hardin et al. 2012, Table D-3 
5 Freeze and Cherry 1979, Tables 2.2 and 2.4 
6 Hardin et al. 2012, Tables D-1, D-3, and D-5 (alluvium) 
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Generic Salt Repository Reference Case – 
Properties 
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Radionuclide 
Elemental 
Solubility 


(mol/L) 


Radionuclide 
Solubility Limit 


(mol/L) 


Sorption (Kd) 
(ml/g) 


241Am 5.85 x 10-7 4.80 x 10-7 62.5 


237Np 1.51 x 10-9 1.51 x 10-9 5.5 


233U 1.12 x 10-7 1.70 x 10-15 0.6 


229Th 4.00 x 10-3 8.76 x 10-7 550.0 


129I unlimited unlimited 0.0 
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Generic Salt Repository PA Model –  
Scenario Summary  


 Undisturbed scenario only (i.e., no human intrusion)   
 EBS: Source term 


– 5 radionuclides: 129I, 241Am, 237Np, 233U, 229Th  
– Waste form (UNF) degradation includes: 


• Instant release fraction of gap and grain boundary radionuclides 
• Complete degradation of matrix in approx. 7,000 years 
• Thermal load of 7.5 kW / WP (30 year OoR) 


– Solubility Limits 
• Dissolved radionuclides that reach solubility precipitate 


 NBS: 3D fluid (brine) flow and radionuclide transport 
– Diffusion through DRZ, bedded salt, and shaft 
– Advection (horizontal) through aquifer 
– Diffusion (vertical) and advection (horizontal) through sediments  


 Uncertainty quantification with DAKOTA 
– Latin Hypercube sampling (LHS) of input parameter distributions 
– Sensitivity Analysis 
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Generic Salt Repository PA Model –  
Simulation Summary 


 DAKOTA / PFLOTRAN simulations: 
– Deterministic PA simulation with mean 


values 
– 100-realization probabilistic simulation 


with 10 sampled parameters 
– Deterministic thermal simulation 


 Run on SNL Red Sky HPC cluster 
– Nested parallelism 
– Many concurrent realizations 
– Each realization distributed across many 


processors 
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• Total nodes: 2,816 nodes / 22,528 cores 
• 505 TeraFlops peak 
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Generic Salt Repository PA Model –  
3D Model Domain 
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NX     =    455 
NY     =        5 
NZ     =      92 
Cells = 209,300   


1 of 2 drifts shown 
8 of 160 waste packages shown 


X    = 11,618 m 
Y    =        20 m 
Z    =      945 m 


 Simulation domain 
– 3D vertical slice 
– 20-m wide pillar to pillar 
– 1 drift pair (2 800-m long drifts) 


• 160 waste packages and backfill 
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Generic Salt Repository PA Model –  
Deterministic Simulation Results 


 Horizontal Darcy velocity (m/yr)  
– Diffusion through DRZ, bedded salt, and shaft 
– Advection (horizontal) through aquifer 
– Diffusion (vertical) and advection (horizontal) through sediments  
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Sh
af


t Sediments 
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Generic Salt Repository PA Model –  
Deterministic Simulation Results 


 129I dissolved concentration at 10 years, showing drift detail 
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– Non-sorbing 
– No solubility limit 


 


(bottom view) 
19 of 160 waste packages shown 
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Generic Salt Repository PA Model –  
Deterministic Simulation Results 


 129I dissolved concentration at 1,000 years 
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– Non-sorbing 
– No solubility limit 
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Generic Salt Repository PA Model –  
Deterministic Simulation Results 


 129I dissolved concentration at 10,000 years 
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– Non-sorbing 
– No solubility limit 
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Generic Salt Repository PA Model –  
Deterministic Simulation Results 


 129I dissolved concentration at 50,000 years 
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– Non-sorbing 
– No solubility limit 
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Generic Salt Repository PA Model –  
Deterministic Simulation Results 


 129I dissolved concentration at 200,000 years 
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– Non-sorbing 
– No solubility limit 
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Generic Salt Repository PA Model –  
Deterministic Simulation Results 


 129I dissolved concentration at 1,000,000 years 
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– Non-sorbing 
– No solubility limit 
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Generic Salt Repository PA Model –  
Deterministic Simulation Results 


 237Np dissolved concentration at 1,000,000 years 
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– Moderately sorbing 
– Solubility limited 
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Generic Salt Repository PA Model –  
Deterministic Simulation Results 
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 129I dissolved concentration time history 
Repository domain ∼ 3,000 m 
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Generic Salt Repository PA Model –  
Probabilistic Simulations 


 100 realizations with 10 sampled (Monte Carlo) parameters  
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Model Parameter Deterministic 
Value Probability Range Distribution Type 


Waste Form Degradation Rate  
(time for 99% degradation) (yrs) 7,000 700 – 700,000 Log uniform 
129I Kd


P (ml/g)  0.0 0.0 – 1.0 Uniform 
237Np Kd


P (ml/g)  5.5 1.0 – 10.0 Uniform 
Waste Package Porosity 0.30 0.05 – 0.50 Uniform 
Backfill Porosity 0.113 0.010 – 0.200 Uniform 
Shaft Porosity 0.113 0.010 – 0.200 Uniform 
DRZ Porosity 0.0129 0.0010 – 0.1000 Uniform 
Halite Porosity 0.0182 0.0010 – 0.0519 Uniform 
Interbed Permeability (m2) 1.26×10-19 1.00×10-21 - 1.00×10-17 Log uniform 
Aquifer Permeability (m2) 1.00×10-13  1.00×10-14 - 1.00×10-12 Log uniform 
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Generic Salt Repository PA Model –  
Probabilistic Simulations 


 Sensitivity analysis (partial rank correlation) at 10 locations  
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x = 5,821 m (mid-point of drift pair) 
x = 6,200 m (approx. mid-point of drift) 


x = 7,500 m (downstream from drift) 


“near” location (5) 
- sediment 
- aquifer 
- halite 
- anhydrite 
- waste package 


“midx” location (4) 
- sediment 
- aquifer 
- halite 
- anhydrite 


“well” location (1) 
- aquifer 
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Generic Salt Repository PA Model –  
Multi-Realization Analysis 
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 129I dissolved concentration vs. time  
– (DAKOTA probabilistic output of 100 realizations) 
 


aquifer midx 


aquifer near 


halite near 
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Generic Salt Repository PA Model –  
Multi-Realization Analysis 
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aquifer near 


halite near 


 Partial rank correlation  
– Peak 129I concentration vs. time 
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Generic Salt Repository PA Model –  
Multi-Realization Analysis 
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 DAKOTA scatterplot analysis  
– Max 129I concentration at “aquifer near” at 100,000 years versus shaft porosity 
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Generic Salt Repository PA Model –  
Thermal Simulation Results 


 Thermal results - temperature field time history 
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Generic Salt Repository PA Model –  
Thermal Simulation Results 


 Thermal results – fluid darcy velocity time history 
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Generic Disposal System Analysis (GDSA): 
Future Plans 
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GDSA Future Plans –  
FY14 Deliverables 


 Nov 2013: Enhancements to Generic Disposal System Modeling 
Capabilities (FCRD-UFD-2014-000062) 


 
 Sep 2014: M3FT-14SN0808032 PA Modeling and Sensitivity 


Analysis of Generic Disposal System Concepts 
– Updated Reference Cases 
– Updated PA Model Implementation 
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GDSA Future Plans –  
Generic Reference Case Development 


 Salt  
– EBS: Update properties for thermal/temperature-dependence, salt 


creep, gas generation 
– EBS: Develop processes/properties for WP degradation 
– NBS: Update flow and transport properties (diffusion through bedded 


salt, advection through aquifer, advection/diffusion in sediments)  
 Crystalline/granite  


– EBS: Develop source term 
– NBS: Update flow and transport properties (through fractured granite) 


 Argillite/clay 
– EBS: Develop source term 
– EBS/NBS: Update flow and transport processes/properties (diffusion 


through clay) 
 Deep Borehole – FY15? 
 Large Capacity Dual Purpose Canisters (DPCs) – FY15? 
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GDSA Future Plans – 
Model and Code Development and Integration 


 Source term model development 
– Waste form degradation 


• More explicit representation of THC couplings (mixed potential model, in-
package chemistry, solubility limits)    


– Waste package degradation 
– Gas generation 


 Design-specific and geology-specific capabilities 
– e.g., salt creep, clay diffusion, granite fracture flow 
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GDSA Future Plans – 
PA Model Application 


 Updated salt, argillite, and crystalline PA models 
 Support Salt R&D Work Package 


– Use Salt PA model results to provide quantitative guidance/insights to 
the safety case 


• as a management tool to guide Salt R&D activities 
• as an information tool to communicate with stakeholders.   


 Support Deep Borehole and DPC Work Packages 
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Used Fuel Disposition Campaign  


Generic Disposal System Analysis (GDSA): 
Open Discussion 


 
 
 







Used Fuel Disposition Campaign  


Backup Sides 
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Role of RD&D in Evolution of the Safety Case 


 Iteration of Safety Assessment and Site Characterization/Design 
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– Safety case provides a structured 
framework to assist in prioritizing 
the technical work in the next 
phase, to reduce uncertainties and 
enhance confidence 


– Safety understanding and the 
associated technical bases evolve 
with phases of repository 
development, via RD&D 


 
 


Safety Case Evolution 
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GDSA Repository Evolution –  
Temporal Processes 
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Generic Clay 
Repository  
Example 
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Hammond and Lichtner, WRR, 2010 


Major Projects Leveraging PFLOTRAN 


 Nuclear Waste Disposal 
– Waste Isolation Pilot Plant (WIPP)  
– SKB Forsmark Spent Fuel Nuclear Waste Repository 


 Climate (CLM-PFLOTRAN) 
– Next Generation Ecosystem Experiments (NGEE) 


Arctic 
– DOE Earth System Modeling (ESM) Program 


 Fate and Transport of Contaminants 
– PNNL SBR Science Focus Area (Hanford 300 Area) 
– ASCEM (i.e. PFLOTRAN geochemistry) 


 CO2 Sequestration 
– DOE Fossil Energy: Optimal Model Complexity in 


Geological Carbon Sequestration (U. Wyoming) 
– DOE Geothermal Technologies: Interactions between 


Supercritical CO2, Fluid and Rock in EGS Reservoirs 
 June 5, 2014 66 







Used 
Fuel  
Disposition  


Source Term –  
Radionuclide Mobilization and Transport 
Coupled Processes 


– Waste Form Degradation (IRF and matrix dissolution)  
– Transport (advection, diffusion, linear sorption (Kd)) 
– Decay and Ingrowth 
– Precipitation/Dissolution 
– Fluid Chemistry and                                           


Temperature  
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Time-dependent processes 


Equilibrium processes 
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Source Term –  
Radionuclide Mobilization and Transport 
Implementation in PFLOTRAN 


 Calculation of concentration in each cell, 𝑪𝒊,𝒋,𝒌(𝒕 + ∆𝒕) 
– 𝑖 = isotope, 𝑗 = element, 𝑘 = phase 
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Generic Crystalline Reference Case 


 3D NBS flow only (Amanzi) 
– Fractured granite 
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Generic Crystalline Reference Case 


 Generic granite repository demonstration problem 
• Collaborative with UFD Natural Systems 


– Undisturbed scenario 
– 2D  and 3D representations 


• Unstructured grid places spatial resolution only where needed  
– Flow and transport only 


• Simplified source term 
• MARFA particle tracking 
• No biosphere (dose) 


– Uncertainty quantification with PEST and DAKOTA 
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Generic Argillite Reference Case 


 2D NBS and DRZ  
flow and transport 
(TOUGH2) 
– Unit source term 
– Diffusion through clay 
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Generic Argillite Reference Case 


 Large Canister (32 PWR) Sensitivity Analysis 
– GoldSim (1D) source term and transport 
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How Can Monitoring Help With the 
Potential Dry Storage Canister 
SCC Problem? 


 Detect if Corrosion Has Occurred 
 Detect if the Environments for Corrosion are Present 
 Obtain Data to Inform and Validate Models to Predict the Future 
 
Models are being developed to answer 3 questions: 
1. Will the environment for SCC exist during the storage period? 
2. Do the stresses needed for SCC exist? 
3. Will the SCC propagation rate be slow enough so that 


penetration will not occur in the storage period? 
 


In-situ monitoring can help with all these except the stress 
measurements 
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Environment on Canister Surface 


 For as many locations on a canister, for as many canisters, and 
for as many sites as possible, an integrated data set would 
inform or validate the models.  


 To Include Site Data: 
1. Air Acid Gas Concentrations 
2. Aerosol Concentration, Composition, and Particle Sizes 
3. Ambient Temperatures and Absolute Humidities (Dew Points) 


 To Include Canister Data – All Five at Many Locations: 
1. Surface Temperature 
2. Deposit Composition 
3. Deposit Particle Sizes 
4. Deposit or Chloride Mass per Area (see next slide) 
5. Evidence of Corrosion (Rusting, Pitting, SCC) 


 These are all being done or are planned, but not yet integrated 
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Environment on Canister Surface 


 Chloride Mass per Area 
– The idea of a practical chloride threshold for SCC is controversial 
– If deposits are not uniform, such as with large salt particles, it is 


the local conditions that are important 
– The only measurement method to date is the SaltSmart wet pad 


system, but it can not be used above 80°C and the sample size is 
small - limiting its use in measuring low salt concentrations. 


 The “Barnacles” Being Developed  under  NEUP 
– Boxes to measure conditions including: T, RH, salt load, 


deliquescence, and corrosion 
– Good Idea, but conditions across canister are highly variable, so 


would need many per canister.  Locations of most interest are 
those that are cool enough to support SCC, within the heat 
affected zones of welds. 
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SCC Propagation Rates 


If SCC is Detected, then the Following Information Will 
Inform or Validate the Model  
 
 Crack Geometry - Especially Depth 


 
 As Much of a History of the Environment as Close to the Crack 


as Possible 
– Surface Temperature 
– Surface RH 
– Deposit Composition 
– Chloride Mass per Area 
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EPRI Is Doing Significant Work 


 Used Fuel Dry Storage Stainless Steel Canister Stress 
Corrosion Cracking Susceptibility Assessment: R&D Roadmap 
Leading to Identification of Canisters Potentially Susceptible to 
Stress-Corrosion Cracking.  Rev.1.  Submitted to NRC 4/7/2104 


 Failure Modes and Effects Analysis (FMEA) of Welded 
Stainless Steel Canisters for Dry Cask Storage Systems. 
Report Number 3002000815.  


 Flaw Growth and Flaw Tolerance Assessment for Dry Cask 
Storage Canisters  (late 2014) 


 SCC Susceptibility Assessment Criteria  (mid 2015)    
 EPRI project to develop NDE technologies for SCC detection 


(through 2017)  
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Modeling Approach – 
Geomechanics with Fracture Damage 


• Rigid-Body-Spring Network 
(RBSN) 
• Unstructured mesh based on 


Delaunay/Voronoi discretization 
• Rigid constraints connect cell 


nodes with a mechanical spring 
set at common cell boundary 


• Fracture modeling 
• Vectorial stress calculation 


• Mohr-Coulomb limiting surface 
• Fracture represented by eliminating 


or damaging elemental springs with 
violation of fracture criteria 


normal direction rotationtangential direction


• Cells may separate or 
interpenetrate by translation and 
rotation 
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6/4/2014 UFD working group meeting, Las Vegas , NV 3 


Modeling Approach – 
Coupling of TH and Mechanical Models 


• TOUGH2 for thermal-hydrological modeling 
• Multi-phase flow and heat transport 
• Applicable with unstructured mesh geometry 


• Coupling TOUGH2 and RBSN 
• Sharing the same unstructured Voronoi grid 
• Coupled variables are updated sequentially in a calculation cycle 


• Coupling modules link the variables through constitutive models 


matrix-matrix facet 
matrix-matrix connection 


matrix node  
fractured facet 
matrix-fracture connection 


fracture node  


Ordinary matrix nodes and connections Additional fracture nodes and connections 







Used 
Fuel  
Disposition  


6/4/2014 UFD working group meeting, Las Vegas , NV 4 


TOUGH-RBSN Application – 
Desiccation Induced Cracking 


• Linear hygral-mechanical constitutive model 


Fracture development Patch isolation Enlarged patches 


• Crack spacing dependent on specimen thickness  
• Comparisons between experimental a) and numerical, b) results 


Asahina et al., “Hydro-mechanical model for wetting/drying and fracture development in geomaterials”,Computers & Geosciences, 65:13-23, 2014. 


Drying from top surface of porous material 
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TOUGH-RBSN Application – 
Hydraulic Fracturing 


• Mechanical BCs: roller supports and external loading 
• Hydraulic BCs: constant pressure at the borehole 


• 2D computational domain [5 x 5m] with a borehole 


Far-field stress 


Vertical fracture Inclined fracture 


• Cracking with a pre-existing discrete fracture 


• Fracture propagation 
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Ordinary arrangement of spring sets 


6/4/2014 UFD working group meeting, Las Vegas , NV 6 


Representation of Mechanical Anisotropy 


• Spring sets typically aligned to  
relative to facet orientation 


 


Variation of bulk elastic modulus 


• Uniaxial compression 
 tests 
• β = 0, 15, 30, 45, 60, 


75, 90° 
• En=9.5 GPa;  


Ep=15.5GPa 
• Weaker strength  


between bedding  
planes 


Deformed shape in failure 


• Strength assigned by angle  
of facet-normal vector  
relative to bedding 
 


• Principal direction of anisotropy  
to assign spring constants;  
then rotated 
 Normal to facet 
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Analysis of the HG-A Test – Initial Damage  


• EDZ affected by bedding planes and other features 
• Observed damage found to be more severe where 


bedding planes are subparallel to drift wall  
 • Model shows damage around drift is directionally  
sensitive and focused along areas where bedding is 
subparallel to the drift wall 
 deformation magnified by 100 
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Conclusions 


• The TOUGH-RBSN model has been used to couple geomechanics, fracture 
damage, and thermal-hydrological processes 
 


 
 
 


• Next steps include increasing the computational efficiency of the method 
and application to the HG-A injection tests 


 
 
 


• The RBSN geomechanical and fracture damage model is capable of 
representing complex fracture damage and is relatively easy to extend into 
three dimensions, although computational efficiency is still an issue 


 
 
 


• The method has many advantages for coupling gemechanics, fracture 
damage, and TH processes 


 
 
 


• The weakness of the method is in representing elastic and anisotropic 
geomechanical character, which requires approximations in some cases 
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 Develop model to calculate the dissolution rate of used fuel (g/m2/years) 
based on the corrosion potential established at the fuel/solution interface  
– Accounts for interfacial redox reaction kinetics, radiolytic oxidants (H2O2), 


catalysis on noble metal particles (NMP), key solution reactions, and diffusion  
– Accounts for burnup, evolution of waste package T, in-package chemistry 
– Defines fractional fuel degradation rate for PA Source Term 


 


      Objective:  
Mixed Potential Model (MPM) 







Used 
Fuel  
Disposition  


Corroding Steel  


Key Processes Quantified in MPM 


Fuel 


H2 2H+ 


2e- 


Decrease in corrosion 
potential due to H2 oxidation 


U(IV) 


Chemical 
dissolution 


FY2014 
• MPM sensitivity 
  runs: H2 Effect  
• Integrate MPM  
  and RM 
• Fortran version:  
  test case for PA link 


NMP 


H2 


Fe(II) 


2H2O 


Fe 


Poisoning 
of NMP 


FY2015 
• H2 Source: link MPM  
  with steel corrosion  
• Interface with PA and  
   canister corrosion  
• Poisoning/alteration of  
   NMP (experimental) 
 


α 


UO2
 2+  


U(IV) U(VI) 


2OH- 


FY2013 
• Surface reactions kinetics 
• Corrosion products 
• NMP domain (placeholder) 
• Experimental technique 


H2O2 
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 MPM V.2 (FY14): 
– Added  [H2] Effect - catalysis of redox reactions on noble metal particles (NMP) 
– Added analytical description of Radiolysis Model: conditional GH2O2, [H2], [O2] 
– Translated MPM to Fortran 2003 (ongoing) 
– Completed a series of sensitivity runs to determine relative impact of effects 
– Milestones: M4 Argillite (July 14), M4 Crystalline  (August 15) 


 


 MPM V.3 (FY15):   
– Issue Fortran 2003 version of MPM to link with PA 
– Add [H2] source kinetics: corrosion of steel canister shell and internal structure 


in collaboration with canister corrosion work package 
– Measure and model processes that counter [H2] effect: poisoning NMP, effects 


of halides, SO4
2- (Requires experimental data)  


– Replace estimated parameter values with experimentally determined values 
(H2 effect, T dependence) – quantify uncertainties(Requires experimental data) 
 


Status and Future Work 
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Summary of FY2014 MPM V.2 Sensitivity Runs 


Chemical dissolution of fuel  


Baseline: [25oC] [1 Rad/s] [1 GH2O2] [no CO3] [nm O2] [pH 9]  
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Electrochemical Experiments: 
argillite and crystalline solutions 


6 


Experimental set-up 


Pot 
St. 1 


Pot 
St. 2 


6 


NMP 
electrode 


Measure: 
• Uranium in solution 
  (dissolution rate) 
• Corrosion potentials  
• Corrosion currents 
• Characterization of surface 
   alteration (UO2 and NMP) 
   for relevant solutions  
• Poisoning of NMP surface 
  (change in electrochemical 
  properties in the presence 
  of halides, etc.) 
 
Model: 
• Fuel dissolution rate 
• Corrosion Potential 
• Corrosion currents 
• Corrosion layer thickness 
• Diffusive transport of key  
  species near interface 
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 Link MPM with PA 
 


Couple MPM with H2 source kinetics: corrosion of waste 
package steel shell and internal structures 


 


Measure and model processes that counter H2 effect on fuel 
dissolution (poisoning of surfaces, NMP alteration) 
 


Replace parameter placeholders with experimentally 
determined values (H2 effect, T dependence) – Quantify 
uncertainties 


FY-2015 Priorities 
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Discussion Slides 
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Parameter values database 


Fuel Degradation Model 
Interfaces with PA 


Performance 
Assessment: 


Argillite & Crystalline 


Solution Chemistry: 
 pH [H2] [O2] [CO3


2-] [SO4
2-]…  


 


Fuel inventory and dose rate 
Temperature 


 


Mixed Potential Model  
for matrix degradation 


(with radiolysis, catalysis, and container corrosion modules) 
 +  Instant Release Fraction Model 


• Steel corrosion kinetics (new in FY 2015) 
 


• Fuel corrosion kinetics 
 


• Interfacial redox chemistry at fuel surface 
 


• Heterogeneous catalysis on NMP including 
poisoning of catalyst 
 


• Complexation effects 
 


• Temperature dependences 
 


• Appropriate corrosion product phases 
(saturation) 


 


• Radiolytic effects 
 


• Solution diffusion coefficients 


Radionuclide release rates 
(yr-1) 
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Carbon Steel 
Structures  
(fuel basket tubes, 
structural guides) 


Mixed Potential Model Context:  
Simplified Cross Section Through Generic Canister 


Drift wall 


Fuel Rods 
(cladding 
shown as 
yellow) 


Stainless Steel 
Structures 
(shell, lid) 


Neutron 
Absorbing Steel 
(borated steel, 
interlocking plates) 
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 Variables 
– Dose rate 
– Temperature 
– [O2], [CO3


2-], [H2], [Fe2+] 
 


Mixed Potential Module: 
Initial settings 


 Parameters 
– Alpha-particle penetration depth 
– GH2O2  (moles/J) 
– Rate constants (fT) 
– Charge transfer coefficients 
– Standard potentials (fT) 
– Diffusion coefficients (fT) 
– Saturation concentrations U(VI) (fT) 
– Activation energies for T dep. 
– Porosity of U(VI) layer 
– Tortuosity of U(VI) layer 
– Resistance between NMP - UO2 


 
 


 User determined inputs 
– Length of diffusion cell 
– Number of calc. points in cell 
– Duration of simulation 
– Surface coverage of NMP 
 


 Calculated by model (output) 
– Corrosion potential 
– Surf. reaction current densities 
– Surface fluxes 
– Con. all species at each calc. point 
– Corrosion layer thickness 
 


 Constant (not explicit in model) 
– pH  
– Pressure 
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Mass-Balance 
Species Con: Ci (mol/cm3) Saturated con: 


Csat
i (mol/cm3) 


T dependence 
of Csat


i: ∆Hsat
i 


(J/mol) 


Diffusion coeff: 
Di (cm2/s) 


Activation 
energy for Di: 
∆HDi  (J/mol) 


UO2
2+ MPM Output 3.20E-08 6.E+04 5.00E-06 15000 


UO2(CO3)2
2- MPM Output 5.12[CO3]1.34 6.E+04 5.00E-06 15000 


U(IV) MPM Output ---- ---- ---- ---- 


CO3
2- Environmental 


Input (link to IPC) ---- ---- 1.70E-05 15000 


O2 
Environmental 


Input (link to IPC) ---- ---- 1.70E-05 15000 


H2O2 
Radiolysis Model 


(PNNL) ---- ---- 1.70E-05 15000 


Fe2+ Environmental 
Input (link to IPC) 1.00E-08 6.E+04 5.00E-06 15000 


H2 
Environmental 


Input (link to IPC) ---- ---- Literature Literature 


UO3∙2H2O MPM Output See Sat. Con. ---- ---- ---- 


MPM Parameter Database 


12 
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 Anodic reactions on fuel surface Rate Constant  
at 25oC 


Activation 
energy (J/mol) 


Charge 
Transfer 


Coefficient 


Standard 
Potential 


  UO2 → UO2
2+ + 2e- pH dependence 


[Power law exponent] 
6.0E+04 
(estimate) 0.96 0.169 


  UO2 + 2CO3
2- → UO2(CO3)2


2- + 2e- Concentration and  
pH dependence 


6.0E+04 
(estimate) 0.82 -0.173 


  H2O2 → O2 + 2H+ + 2e- 7.40E-06 
(literature) 


6.0E+04 
(estimate) 0.41 -0.121 


  H2 → 2H+ + 2e- Estimate Estimate Estimate Literature 


 Cathodic reactions on fuel surface 


  H2O2 + 2e- →  2OH- 1.20E-10 6.0E+04 
(estimate) 0.41 -0.973 


  O2 + 2H2O + 4e- → 4OH- 1.40E-10 6.0E+04 
(estimate) 0.5 -0.426 


 Precipitation of corrosion product 


UO2
2+ + 2H2O → UO3:2H2O + 2H+ 


 
1.0E-3 


(estimate) 
6.0E+04 
(estimate) ---- ---- 


UO2(CO3)2
2- + 2H2O → UO3:H2O + 
2CO3


2- + 2H+ 
6.0E+04 
(estimate) ---- ---- 


MPM Parameter Database:  
Argillite and Crystalline Environments 
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Glass Corrosion Modeling Tool 


 Integrated Tools for Evaluation of Corrosion Models Versus 


Experimental Data Bases 


– CFD Thermal/Chemical Transport, Mechanical Stress 


– Phreeqc Chemical Thermodynamics and Kinetics  


– PEST Statistical Fitting 


– MatLab Database access, GUI & Package Integration 


 Rapidly analyze a wide range of dissolution/transport models 


against measured glass degradation data. 


 Handle large dissolution datasets and newer depth profile data 


 Elucidate and Validate primary processes that should be 


included in models for PA. 


 


 


June 4th 2014 Glass degradation modeling tool 2 







Used 


Fuel  


Disposition  


Models & Databases 


 Models 
– Aagaard-Helgeson & residual rate term 


– Grambow-Mueller 


– Glass Reactivity with Allowance for the Alteration Layer (GRAAL) 


 Databases 
– ALTGLASS – Compilation of glass dissolution data 


– PNNL simulated LAW glass 
• Single Pass Flow Through (SPFT) & Product Consistency Tests 


– French “SON68” glass 
•  SPFT 


– PNNL isotope enriched “SON68” glass 
• SPFT 


• TOFSIMS 


• APT 


 Many databases report “processed” values that imply assumption 
of a certain model of dissolution. 


 


 


June 4th 2014 Glass degradation modeling tool 3 







Used 


Fuel  


Disposition  


Example: Quantitative Comparison of 


a new glass dissolution data against 


TOFSIMS data 


 B, Na, Li leach rapidly as expected 


 Si and Al appear correlated – Formation of a aluminosilicate? 


 A surface layer forms -  Improve boundary conditions to reflect experiment? 


 Li depleted further into glass – Include ionic species and diffusion? 


June 4th 2014 Glass degradation modeling tool 4 
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Summary of Glass Modeling Tool 


 Off-The-Shelf computational tools integrated through a 
MatLab interface 


 


 Utilize any Database or Mix of Data Types. 


 


 Quantitatively Compare Validity of Existing Models 


 


 Key Tool for Development of New Glass Alteration Models. 
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UFD Utility: Validate a simplified model for 


PA source term based upon models 


incorporating fundamental physics and 


chemistry of glass dissolution. 
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Metal Corrosion Mechanisms 


 Research Goal:  
– 99Tc has a half life of 2.1x105 years. Tc release rate is an essential input into any repository 


model. Therefore, corrosion rate and mechanisms must be characterized. 
– The current plan is to alloy Tc into complex alloys, producing a many-phase microstructure. 


As an initial step, we have examined Tc – Fe and Tc – Mo binary alloys.  
 


 Piecing together the fundamental science of alloy waste form corrosion across 
multi-physics, -time and -length scales 


June 5, 2014 UFD Working Group Meeting, Las Vegas, NV 2 


Oxides 
Oxide 


Dissolution 
Localized 
Corrosion 


Electrolyte 


Surface Chemistry: 
• Dissolution 
• Repassivation 
• Complexation 
• Precipitation 


Mass Transport 


Transport thru Oxide 


T, local environment, 
stress 


Bulk Processes: 
• Dealloying 
• Grain-boundary processes 
(transport, IGCC) 
• Multiphases 


Metal/Metal-oxide 
interface 
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Modeling of Metallic Waste Forms 
from First-Principles 


 Tc incorporation and transport in oxide 
corrosion films using DFT 


– Provides scenarios for Tc incorporation into alloy 
– Focused on Tc in spinel iron oxides (vis a vis magnetite 


Fe3O4) 
– AB2O4 systems in cubic, orthorhombic, and 


rhombohedral lattices are investigated 
– Cubic lattice  


• most energetically favorable at Tc < 50% 
• least favorable at Tc > ~ 50% 


June 5, 2014 UFD Working Group Meeting, Las Vegas, NV 3 


TcFe2O4 


FeTc2O4 


Fe3O4 


 Passive film modeling via kinetic Monte Carlo and molecular dynamics simulations 
– Kinetic Monte Carlo models show differences in dissolution behavior of Fe, Mo, Ni as matrix for 


Tc solutes  
– Developing reactive force fields modeling of Tc transport between metal alloys and oxides 


Tc 10pct in 
Fe 


Tc 10pct in Mo Tc 10pct in Ni 
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Electrochemical Characterization 
of Binary Alloy Waste Forms 


 Pure Tc 
– Tc corrosion and passivity in pH 3 H2SO4 has been investigated using electrochemical tests  
– Presence of non-passive film is observed 


• Surface-enhanced Raman spectroscopy is being carried out 
– However, overall corrosion rates are low in selected environments 
– Work across a wide range of environments (pH) is ongoing 


 Binary Tc alloys 
– Binary Tc alloys (Tc – Fe, Tc – Mo) yield complex behavior  
– 50-50 concentrations tend to produce increased corrosion resistance 


June 5, 2014 UFD Working Group Meeting, Las Vegas, NV 4 
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Summary and Plan 


 The metallic waste form degradation program utilizes a first-principles approach to enable 
predictive corrosion modeling of alloy waste forms, through validation with high-resolution 
characterizations. 


 Passive film modeling via kinetic Monte Carlo and molecular dynamics simulations 
– Accomplished: Kinetic Monte Carlo models show differences in dissolution behavior of Fe, Mo, Ni as matrix for Tc 


solutes  
– Being worked on: Development of a pair potential for TcO2 oxide  
– Planned: Development of reactive force fields in Tc-O and Fe-Tc-O, to study oxidation and defects migration 


across metal/oxide interfaces 
 First-principles density functional theory (DFT) simulations  


– Accomplished: Tc in spinel Fe oxides (vis a vis magnetite Fe3O4) 
– Being worked on: Study of the strong electron correlation effect on these Tc containing Fe oxides 
– Planned: Kinetic barriers for Tc and point defects transport in Fe and Fe-Mo oxides; comparative studies of 


different Fe oxides (FeO, Fe2O3, Fe3O4, and Fe4O5).  
 Electrochemical characterization experiments 


– Accomplished: Electrochemical corrosion test on pure Tc in pH 3 H2SO4, and binary Tc alloys (Tc – Fe, Tc – Mo) 
– Being worked on: Explore nature of the non-passive film formed on pure Tc under electrochemical test  
– Planned: Electrochemical tests work across a wide range of environments (pH values); complete work with Tc 


binaries (likely alloying additions include Fe, Cr, Ni and Mo) 
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Work Package Goal  


• Document the distribution of alternative host rocks, their 
regional geologic and tectonic environments, and siting factors 
that could potentially impact site screening, site selection, and 
site characterization 


• Develop GIS-based system to spatially compare data 
• Characterize key rock properties (Jim Houseworth’s talk) 
• Three main rock types considered 


• Shales (LBNL focus) 
• Salts 
• Granites/Basement rocks 


• Next report (M4) due August 22, 2014 
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Previous DOE Studies for Potential 
Sites and Host Rocks (1957-2009) 


June 5, 2014 Assessment of Shale Distribution in the U.S. using GIS 3 
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Shale Formations 


• Found in all major 
sedimentary basins 


• Often occur as 
organic-rich source 
rocks for 
hydrocarbons 


• Serve as aquitards 
• Wide range of geologic 


ages 
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Maquoketa Shale, Illinois Basin 
Starting Data 
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Structure map     Isopach map 


Bristol & 
Buschbach, 1973; 
Willman et al., 
1975 
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Maquoketa Shale, Illinois Basin 
Final GIS Data 
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Current Shale GIS Coverage  


• Appalachian Basin 
• Utica Shale 
• Marcellus Shale 


• Illinois Basin 
• Maquoketa Shale 
• New Albany Shale 


• Michigan Basin 
• Coldwater Shale 


• Anadarko Basin 
• Woodford Shale 
• Kiowa Shale 
• Graneros Shale 


• Ardmore Basin 
• Woodford Shale 


 
 
 


• Arkoma Basin 
• Woodford Shale 
• Fayetteville Shale 


• Gulf Coast Basin 
• Eagle Ford Shale 
• Haynesville Shale 


• Fort Worth Basin 
• Barnett Shale 


• Permian Basin 
• Woodford Shale 
• Barnett Shale 


• Williston Basin 
• Bakken Shale 
• Pierre Shale 


• Denver Basin 
• Pierre Shale 


 


• Powder River Basin 
• Pierre Shale 
• Lebo Shale 


• San Juan Basin 
• Mancos Shale 


• Green River Basin 
• Green River Fmn. 


• Piceance Basin 
• Green River Fmn. 


• Uinta Basin 
• Green River Fmn. 


• Cuyama Basin 
• Monterey Fmn. 


• Santa Maria Basin 
• Monterey Fmn. 
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GIS Data – Depth to Top of Shale 
Formations 


June 5, 2014 Assessment of Shale Distribution in the U.S. using GIS 8 
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Pending Shale GIS Coverage  


• Appalachian Basin 
• Olentangy Shale 
• Ohio Shale 


• Black Warrior Basin 
• Chattanooga Shale 


• Michigan Basin 
• Eau Claire Fmn. 
• Antrim Shale 


• Anadarko Basin 
• Sylvan Shale 


• Arkoma Basin 
• Sylvan Shale 
• Chattanooga Shale 


• Gulf Coast Basin 
• Wilcox Fmn. 
• Smackover Fmn. 


• Williston Basin 
• Big Snowy Group 


• Powder River Basin 
• Lance Fmn. 


• San Joaquin Basin 
• Monterey Fmn. 
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Regional Rock Property Data 


• Data needs to have 
extensive areal 
coverage 


• Rock properties need to 
impact potential 
performance or impact 
future human intrusion 


•  Two initial data types 
identified: 
• Total organic carbon (TOC) 
• Thermal maturity (Ro %) 


• Shales with TOC > 2% 
considered prospective 
source rocks for 
hydrocarbons 


• Thermal maturity levels 
• Ro = 0.4 – top of oil window 
• Ro = 1.2 – top of gas 


window 
• Ro ≥ 2.0 – develop 


maturation jointing 
(Engelder, 2011) 


• TAI, CAI also used to 
denote maturity  


June 5, 2014 Assessment of Shale Distribution in the U.S. using GIS 10 
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Utica Shale - Appalachian Basin 
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Depth   Thickness   TOC 


GIS data from Patchen et al., 2006 Engelder, 2011 
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New Albany Shale - Illinois Basin 
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Depth   Thickness  Maturity 


GIS data from Hasenmueller and Comer, 2000 


Mastalerz et al., 2013 
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Barnett Shale - Permian Basin 
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Depth   Thickness         TOC 


GIS data from Broadhead and Gillard, 2007 
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Pending Shale TOC and Thermal 
Maturity data  


• Appalachian Basin 
• Utica Shale 


• Illinois Basin 
• New Albany Shale 


• Arkoma Basin 
• Fayetteville Shale 
• Chattanooga Shale 


• Permian Basin 
• Barnett Shale 


• San Joaquin Basin 
• Monterey Fmn. 
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DOE expectations for International 
Activities in Disposal R&D 


 Advantages 
 - wider participation in R&D among international  
 researchers in a cost effective manner 
 - opportunity for peer review of selected UFD research in 
 technically difficult topics 
 - a means for developing, applying, testing and validating 
 data and models for disposal research , and achieving 
 technical consensus 
 - provide assurance on the technical merits of UFD 
 disposal research to waste management stakeholders 
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DOE expectations for International 
Activities in Disposal R&D 


 Challenges & Opportunities 
 - staying focused on disposal research priorities 
 - determining extent of research activities to be performed 
 for any given topic to satisfy disposal safety needs 
 - providing integration among topics addressed by 
 multiple international research projects 
 - developing US researchers to be leaders in technical 
 areas related to waste management 
 - enhance international credibility for UFD supported 
 research   
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Metal Corrosion Mechanisms 


Research areas and team members: 
 
 


 LANL:  Metallic Waste Form / Oxide Interfaces  
– Xiang-Yang (Ben) Liu, Matthew Rossi, and Christopher D. Taylor (OSU) 


 


 LANL:  Electrochemical studies and surface characterization  
– Dave Kolman and Dave Moore 


 


 UNLV:  Tc incorporation into oxide corrosion films   
– Eunja Kim 
 


 PNNL:  Tc stability at the oxide / environment interface   
– Frannie (Skomurski) Smith – with focus on iron oxyhydroxides 
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Technetium requires special attention 
during reprocessing, vitrification, and long-
term storage of high-level nuclear waste 


 Previous research investigated the stability of Tc-Fe waste forms 
using atomistic methods 
– Tc affinity for surface versus bulk in Tc-Fe waste forms (Taylor, 2011a) 
– Tc behavior in presence of surface oxygen and water (Taylor, 2011b) 


 
 
 
 
 


 


3 


   = Tc 
   = Fe 


 This research focuses on the behavior of Tc in waste form corrosion 
products using atomistic methods 
– Goethite (α-FeOOH) is a common iron oxyhydroxide corrosion product 


• Forms during the corrosion of steel and in natural environments 
– Goethite itself is considered as a possible waste form for Tc 


• Recent studies: Um et al., JNM, 2011; UM et al., ES&T, 2012 
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Atomic-scale modeling is used to 
investigate mechanisms for Tc 
incorporation into goethite  
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Question under investigation here: 
 
What is the most energetically favorable mechanism for 
Tc4+ incorporation into goethite? 


Method:  Hartree Fock –
Density Functional Theory 
approach to studying localized 
charge in crystalline solids. 
 
Successes modeling: 
 


• Tc 4+/Tc7+ in hematite 
(Skomurski et al., Environ. 
Sci. & Technol., 2010) 


• Fe2+/Fe3+ in magnetite 
(Skomurski et al., 
Geochim. Cosmochim. 
Acta, 2010) 


Oxygen and hydroxyl-terminated 
goethite (101) surface. 


Adsorbate effects will ultimately 
be explored. 


= Tc4+ 
 


= Fe2+ 


= H1+ 
 


= O2- 


= Fe3+ 


 
Assumption: Tc is incorporated as the Tc4+ cation rather than 
the pertechnetate anion (TcO4


-) based on experimental data 
(Um et al., ES&T, 2011). 
 


Approach:  At least four different Tc4+ incorporation 
methods are being evaluated using the general approach: 
 


 
 
 
• Incorporation energy (Einc) = Eproducts – Ereactants 
 


• Example of charge-neutral  Tc(IV)  Fe (III) in 
goethite 
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What information does this research 
contribute to Metallic Waste Form 
research needs? 


Date Date 
( ) ( ) ( ) ( )RNTDClPpHTEhBRNTFR ,,,, ××= −


Bare surface oxidation rate     moderated by passivation     and dissolution affinity  
 


Fractional 
Release 
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PNNL (FCRD): Tc stability at the 
oxide / environment interface  
 


• Evaluation of bulk incorporation 
mechanisms 


• Determination of Tc preference for 
surface vs. bulk environments 


• Interaction of adsorbates (O2, H2O) 
with Tc vs. Fe in surface environments 


• Oxidation rate and dissolution 
preference information for Tc in iron 
oxyhydroxides  


 


Note: α-FeOOH is a possible corrosion 
product as well as potential Tc waste form 


LANL and UNLV (FCRD): 
 


• Metallic Waste Form / Oxide Interfaces  
 
• Electrochemical studies and surface 


characterization 
 


• Tc incorporation into oxide corrosion films 
(bulk study on suite of iron oxides)   
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What information does this research 
contribute to Used Fuel Disposition 
research needs? 


6 Freeze et al. (2013) FCRD-UFD-2014-000062 





		Technetium incorporation into iron oxyhydroxides

		Metal Corrosion Mechanisms

		Technetium requires special attention during reprocessing, vitrification, and long-term storage of high-level nuclear waste

		Atomic-scale modeling is used to investigate mechanisms for Tc incorporation into goethite 

		What information does this research contribute to Metallic Waste Form research needs?

		What information does this research contribute to Used Fuel Disposition research needs?






Used Fuel Disposition Campaign  


FRACTURED CONTINUUM MODEL (FCM) FOR 
FLOW AND TRANSPORT IN  


CRYSTALLINE ROCKS 


Teklu Hadgu and Yifeng Wang 
Sandia National Laboratories 


 
 
 
 


UFD Working Group Meeting 
June 4-6, 2014 


 







Used 
Fuel  
Disposition  


Introduction 


Approach to stochastic modeling of fracture 
permeability (McKenna and Reeves, 2005 and 
Kalinina et al. 2012) 


Based on the discrete fracture network and effective 
continuum approaches 


Fracture sets mapped onto uniform grids 
Fracture orientation, length, frequency from 


boreholes and observation 
Fine-scale grid discretization  
  Provides a realistic representation of fractures in 


granite rock 
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FCM Capabilities 


The Fractured Continuum Model 
(FCM)  incorporates fully three-
dimensional representations of 
multiple independent fracture sets 
with arbitrary fracture dips and 
orientations.  


 FCM capabilities in generating different types of fracture 
settings: 
 Multiple sets of natural and induced fractures with 


different dips and orientations.  
 Different fracture spacing and aperture in different 


fracture sets.  
 Different fracture density with depth (a sequence of 


intervals with high and low fracture densities is very 
common). 
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FCM Approach 


Fracture sets defined using distributions of strike, 
dip, aperture and spacing of parallel fractures in a 
system 


Uses method developed by Chen et al. (1999) to 
compute permeability tensors as a function of 
fracture parameters 


Sequential Gaussian Simulation (Deutsh and Journel, 
1998) used to generate a multi Gaussian field of 
spatially correlated random numbers  
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FCM METHOD: Mapping Permeability of 
Discrete Fractures onto a Regular Grid  


5 


 Permeability Tensor (Chen, 1999) 


( ) ( )
( ) ( )


( ) ( ) 
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d - fracture spacing 
α - fracture plunge (900 - dip)  
ω - fracture trend (strike - 900) 


Kxx, Kyy, Kzz 







Used 
Fuel  
Disposition  


FCM Extension to Multiple Fracture Sets 
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kij
m is permeability tensor of fracture set m  


Assumption: The summation assumes that the total porosity within a grid-cell changes 
very little.  
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Generating FCM Permeability Fields   
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Assigning Fracture Parameter Values to a Grid Cell: 


Fracture Set 1 


Method 1: No spatial correlation 
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Generating FCM Permeability Fields, Contd.   
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Assigning Fracture Parameter Values to a Grid Cell: 


Fracture Set 1 


Sequential Gaussian Simulation 
(SGSIM): 
 Correlation Ranges in x, y, z  
 Correlation angles in x, y, z  


Method 2: with spatial correlation 
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Example of FCM Inputs 


 FCM incorporates 3-D multiple independent 
fracture sets with arbitrary fracture dips and 
orientations as observed in the field.   


9 


Fracture Strike, Sets 1 and 2 


Fracture Parameters (PDFs)   
 Fracture Strike  
 Fracture spacing  
 Fracture Dip  
 Fracture Aperture 


FCM Inputs for  
Each Fracture Set 


Fracture Spacing, Set 1 Fracture Spacing, Set 2 Fracture Dip, Sets 1 and 2 


Stripa, Sweden 
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Application of FCM to Enhanced Geothermal 
Systems: Permeability Distribution 


FCM input data: 
– Elements/Nodes: 332,021/349,920 
– Spacing: Exponential distribution, mean 2.5 m, 


min 1 m, max 25 m 
– Aperture: Normal distribution, mean .12 mm, 


standard deviation 0.03 mm 
– Strike: normal distribution, mean 800, st.dev. 30 
– Dip: normal distribution, mean 750, st.dev. 30 


 


10 
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Application of FCM to Enhanced Geothermal 
Systems: Temperature Distribution 


 Simulation input data: 
– Initial reservoir temperature: 2000C 
– Injection temperature: 800C 
– Injection rate: 50 kg/s 
– Injection Duration: 30 years 
– Depth to reservoir center: 4000 m 
– Distance between wells: 495 m 
– Injection/production interval: 250 m 


 


11 
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Objective


Identify the reactions that 


govern the radiolytic


generation of H2O2


Define a solvable reduced 


analytical model of H2O2


generation.


Demonstrate that the 


analytical model 


replicates the full RM


Present two analytical 


alternatives
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Radiolysis of Water


 Radiolytically produced species are reactive - UO2 may be oxidized to more soluble U(VI). 


 High H2 concentrations will be achieved by anaeorbic corrosion of Fe-based materials.


– 3Fe(s) + 4H2O(l) →Fe3O4(s) + 4H2(g)


 Radiolysis experiments indicate that molecular H2 inhibits UO2 matrix corrosion.


Leaching Tests at JRC-ITU, 


Germany(2013)



http://ituwebpage.fzk.de/index.php?eID=tx_cms_showpic&file=uploads/pics/hotCell_spentFuel_meth_leach2.jpg&md5=ad690e4ece318406802b7f6113685c44c881ab1b&parameters[0]=YTo0OntzOjU6IndpZHRoIjtzOjQ6IjgwMG0iO3M6NjoiaGVpZ2h0IjtzOjQ6IjYw&parameters[1]=MG0iO3M6NzoiYm9keVRhZyI7czoyMjoiPGJvZHkgYmdjb2xvcj0iYmxhY2siPiI7&parameters[2]=czo0OiJ3cmFwIjtzOjM3OiI8YSBocmVmPSJqYXZhc2NyaXB0OmNsb3NlKCk7Ij4g&parameters[3]=fCA8L2E+Ijt9

http://ituwebpage.fzk.de/index.php?eID=tx_cms_showpic&file=uploads/pics/hotCell_spentFuel_meth_leach2.jpg&md5=ad690e4ece318406802b7f6113685c44c881ab1b&parameters[0]=YTo0OntzOjU6IndpZHRoIjtzOjQ6IjgwMG0iO3M6NjoiaGVpZ2h0IjtzOjQ6IjYw&parameters[1]=MG0iO3M6NzoiYm9keVRhZyI7czoyMjoiPGJvZHkgYmdjb2xvcj0iYmxhY2siPiI7&parameters[2]=czo0OiJ3cmFwIjtzOjM3OiI8YSBocmVmPSJqYXZhc2NyaXB0OmNsb3NlKCk7Ij4g&parameters[3]=fCA8L2E+Ijt9
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Summary for Model Coupling


 The G-value for H2O2 production (Gcond) to be used in the Mixed Potential Model 


(MPM) 


– H2O2 is the only radiolytic product presently included but others will be added as appropriate
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The effect of small amounts of O2


 For a (O2, H2) region, the closed system 


has two analytical solutions: 


– a steady-state high & low [H2O2] solution


– this may explain reported inconsistencies


– with diffusion only a single solution exists, but the 


sensitivity of [H2O2] to [O2] persists
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Conclusions


 Mechanism to couple RM and 


MPM has been established.


– The first attempts to retain the 


effect of both O2 and H2 on the 


reaction kinetics.  


– The second keeps the of O2


dependence, but treats the H2


dependence empirically through 


adjusting the G-values for H and 


OH radicals.  


 Both seem to give 


reasonable approximations 


to the full RM for the pure 


water system. 


June 6, 2014 6


Accelerator Facility


RM model indicates 


Geff-value for H2O2


to be ~1


New Conditions: 


Chloride, Bromide
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BACKUP SLIDES
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Representation of the RM for the 


MPM/RM interface


 Two analytical alternatives for MPM (with diffusion): 


– an explicit solution of significant reactions with minimal simplification. 


– a simplified model with empirical aspects that is easily evaluated.


Definition of conditional G-value to be passed to the MPM:


Comparison of GC Full RM with the simplified model (2 above) 
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6/5/14 Sorption and Diffusion in Clays and Compacted 
Bentonite 


2 


Research Motivation 


The long-term management of nuclear waste repositories requires reliable 
predictions of radionuclide transport through engineered barrier systems (EBS). 


 Compacted bentonite 
(montmorillonite) is the proposed 
backfill material in EBS. 


 
 Diffusion will be the dominant 


transport mechanism in EBS that 
contributes to radionuclide dose in 
the environment. 


 
 Gradients of chemical solution 


conditions are expected over time 
and across EBS. Ca, carbonates


Goal: Decrease the uncertainty in actinide sorption / diffusion submodels 
that are within performance assessment models for waste repositories. 
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CaBr2 diffusion experiment: Experimental setup 


Sorption and Diffusion in Clays and Compacted 
Bentonite 


Solution conditions: 
• pH=7, I=0.1 M NaCl 
• Solute: 1 mM CaBr2 


Clay characteristics: 
• Pretreated Na-montmorillonite 
• Dry density: 0.758 g/cm3 


Diffusion cell and setup: 
• PEEK cell, stainless-steel filters 
• D=1.0 cm, L=0.5 cm  
• High and low-conc. reservoirs 
• Flow-rate: 0.7 ml/min 


Experimental steps: 
• Saturation of dry, packed clay:  


~ 4 ½ weeks 
• Through-diffusion of CaBr2: 


≥ 6 weeks 
• Through- and out-diffusion of HTO 
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CaBr2 diffusion experiment: Flux data  


Sorption and Diffusion in Clays and Compacted 
Bentonite 


Normalized flux: 
Br < HTO < Ca 


Br 


6/5/14 


HTO 
Ca 
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CaBr2 diffusion experiment: Transport modeling  


Sorption and Diffusion in Clays and Compacted 
Bentonite 


Simple analytical formula cannot reproduce the 
effects of the exact geometry of the system on the 
diffusion results (e.g. presence of filters, uneven 
sampling schedule, etc.) 


  Porosity value is constrained by experimental conditions 
 
 The modeling approach enables an accurate estimation of 
the sample tortuosity parameter  


The effects of system geometry and 
sampling schedule are well reproduced by 
reactive transport modeling 


HTO 
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6/5/14 6 


CaBr2 diffusion experiment: Transport modeling  


Sorption and Diffusion in Clays and Compacted 
Bentonite 


  Br- does not have access to the same porosity volume that HTO does 
 
  Anion exclusion due to the electrostatic properties of clay mineral surfaces 


Br 
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6/5/14 7 Sorption and Diffusion in Clays and Compacted 
Bentonite 


CaBr2 diffusion experiment: Transport modeling  


Rock capacity factor = 
   The Ca rock capacity factor exceeds the porosity value due to Ca2+ sorption on the negatively 
charged clay surfaces. 


Ca 
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6/5/14 8 Sorption and Diffusion in Clays and Compacted 
Bentonite 


CaBr2 diffusion experiment: Transport modeling  


Modeling Ca diffusion results with a « micro/nanoscopic » 
description of the pore volume (Donnan EDL model) 


 


The solution is not unique: It is possible to reproduce these data with different coupled values 
of f and 1/G.  For more accurate modeling, we need additional constraints at the pore scale.   


Ca 
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6/5/14 


MD Modeling of the CaBr2 Diffusion Experiment 


Sorption and Diffusion in Clays and Compacted 
Bentonite 


Pore width of 3.15 nm 


The pore contains 
• 9000 H2O 
• 116 Na+ 
• 4 Ca2+ 
• 3 Cl- 
• 1 Br- 


9.3 × 9.0 × 4.1 nm3 simulation 
cell, 20 ns of simulation.  


0.00


0.10


0.20


0 10 20 30 40


Br
Cl


Density profile of 
Ca, Cl, and Br 


across the pore 


Na+ Ca2+ Cl- Br- 


3.471 9.460 0.376 0.382 


 Simulations based on our tested MD simulation 
methodology (Holmboe & Bourg, 2014). 


 Simulation cell designed to mimic the conditions 
of the CaBr2 diffusion experiment: 
 similar montmorillonite unit cell formula 
 similar clay-water ratio 
 interlayer chemistry selected to model a 


pore in equilibrium with ~0.1 M NaCl + 
minor amount of CaBr2. 


Cpore/Cbulk 
predicted 
by MD 
simulation 


Anion-accessible porosity ~ 40% 
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6/5/14 10 Sorption and Diffusion in Clays and Compacted 
Bentonite 


Upcoming experimental studies of the 
reactive diffusive transport of U(VI) in 


montmorillonite 


Goals: 
 Investigate chemical solution effects on U(VI) sorption and diffusion 


behavior in montmorillonite, compacted bentonite, and “cooked” bentonite. 
 Provide input parameters for U(VI) diffusion models. 
  Replace Kd modeling approach with a more robust surface complexation 


model that is predictive for variable chemical conditions 


Research approach: 
• Uranium(VI) sorption experiments: 
 Kd values as function of chemical conditions 
 Development of surface complexation model 


• Diffusion experiments: 
 Diffusion rates and coefficients 
 Development of diffusion model  
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Uranium(VI) surface complexation model: 
 new EDL approach 


Sorption and Diffusion in Clays and Compacted 
Bentonite 





		Sorption and Diffusion in Clays and Compacted Bentonite

		Research Motivation

		CaBr2 diffusion experiment: Experimental setup

		CaBr2 diffusion experiment: Flux data 

		CaBr2 diffusion experiment: Transport modeling 

		CaBr2 diffusion experiment: Transport modeling 

		Slide Number 7

		Slide Number 8

		MD Modeling of the CaBr2 Diffusion Experiment

		Upcoming experimental studies of the reactive diffusive transport of U(VI) in montmorillonite

		Uranium(VI) surface complexation model:� new EDL approach
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First-principles calculations for 
glass dissolution rates 


6/5/2014 UFD WG Meeting 2 


Computational Approach 


• First principles calculations 
using density functional theory 
for reaction barriers  


• Kinetic Monte Carlo for overall 
dissolution rate 


• Experimental validation and 
sensitivity  analysis 


 
 


• Determine effective activities and 
activation energies from kinetic 
modeling based on elementary 
steps. 


• Provide limits on applicability of 
analytical expression in terms of pH 
and temperature (FY13-14), glass 
composition (FY14-15). 











 −
••= +


RT
exp)(0


a
H


Eakrateforward η


Goal: Provide scientific basis for dependencies 
on glass composition, pH, and temperature 
terms in constitutive model for glass degradation 
rate 


pH 


orthoclase 
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Reaction Schematic for 
elementary steps 
 


6/5/2014 UFD WG Meeting 3 


Neutral site 


Protonated site 


Deprotonated site 


SiOH 


SiOH2
+ 


SiO- 


Calculated Geometries for different sites 
on Borosilicate glass for Protonated sites 


IS FS TS 
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Activation Energies and 
Comparison to Experiments  


Incongruent at low pH : Ea (Si) >> Ea(B)  
Congruent at high pH : Ea (Si) ~ Ea(B) 


Ea (kJ/mol) Si B 
pH 4.2 85.5 36.5 
pH 11.3 32.1 32.9 


Experiments with 
SBN14 (S. Gin) 











 −
••= +


RT
exp)(0


a
H


Eakrateforward η


Calculations for glass containing Al in progress. 


B at high pH 
Si at high pH 
Si at low pH 
 
 


B at low pH 
 
  


Calculated energy barriers for breaking T-O 
bonds glass SBN14  


Ea
 (k


J/
m


ol
) 


Calculated barriers for  B-O (FY13) and Si-O 
(FY14) are being used in kinetic modeling to 
determine effective parameter values. 


6/5/2014 UFD WG Meeting 
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First Principles Calculations for 
Recondensation Reactions 


5 


A cycle of dissolution/recondensation reactions play important role in gel (and PRI) formation. 
 


Kinetics of gel/PRI formation affect glass dissolution rate. 
 


Energy barriers for recondensation reactions were calculated using first-principles methods. 
 


These barriers will be used to model processes responsible for Stage 2 behavior. 


Calculated Recondensation Barriers 


Ea
 (k


J/
m


ol
) 
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Predictive Capability Maturity Model 
(PCMM) 


15 


n  PCMM is a communication tool we will be using for informing the 
overall project and stakeholders of the level of maturity of the various 
model capabilities. Namely the thermal profile and SCC models. 
–  It is a multidimensional, qualitative metric 


•  Determine readiness for UFDC UQ issues 
•  Identify gaps in credibility of the various models 
•  Measure progress of integrated simulation effort 


–  Six dimensions for the PCMM matrix 
•  Geometric fidelity (e.g. crack profile representation) 
•  Physics fidelity (corrosion physics?) 
•  Code verification (linearization? bug free?) 
•  Solution verification 
•  Model validation 
•  Uncertainty Quantification (Uncertainty on inputs parameters? Uncertainty on physical 


mechanisms?) 


[W.L. Oberkampf et al., SAND2007-5948] 


We will use PCMM as a qualitative measure of credibility in our modeling and simulation effort  


06/05/2014 UQ methodology development Spring meeting 
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PCMM is a Framework for measuring and 
communicating progress in predictive capability 


16 06/05/2014 UQ methodology development Spring meeting 
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How much is enough? Graded approach from a 
computational simulation perspective 


17 06/05/2014 UQ methodology development Spring meeting 


Level 0: Low consequence; minimal M&S impact (e.g. scoping studies) 
 
Level 1: Moderate consequence; some M&S impact (e.g. design support or qualification test 
support) 
 
Level 2: High consequence, high M&S impact (qualification support) 
 
Level 3: High consequence; decision making based predominantly on M&S (dominant basis for 
qualification or certification)  
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PCMM measures and communicates the maturity 
of our simulation and model effort support the UQ 
methodology 


18 06/05/2014 UQ methodology development Spring meeting 
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PCMM measures and communicates the maturity 
of our simulation and model effort support the UQ 
methodology 


19 06/05/2014 UQ methodology development Spring meeting 
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1.  Identify performance characteristics. 
 


2.  Understand performance threshold and requirements and frame it into 
a mathematical framework. 
 


3.  Analysis of the composition of available data: experimental and 
numerical. 
See Charles Bryan’s presentation. 


4.  Perform preliminary decision making analysis. 
 


5.  Identify performance characteristics with insufficient data. 
 


20 


Work scope plan 


06/05/2014 UQ methodology development Spring meeting 
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3. Analysis of the composition of 
available data 


21 


n  Identifying source of the data and models describing each degradation 
mechanism. 


–  Composition of data will be collected from both experimental and numerical data available in 
the literature or being currently developed within UFDC. 


n  For each degradation mechanism, identify applicable models and 
characterize them based on their maturity: 


–  1. Models directly available and applicable to storage and transport. 
–  2. Abstraction/simplified models or discrepancy in model characterization. 
–  3. Models yet to be developed based on theoretical understanding. 
–  4. No model available but correlation between input and output available. 
–  5. No model available (missing physics) requiring expert solicitation. 


n  Data source will be categorized into four levels based on 
appropriateness and confidence level: 


–  1. Data directly applicable to transportation and storage (see discussion this afternoon). 
–  2. Data from experiments and numerical models (upscaling/extrapolation of the data). 
–  3. No data available (expert solicitation). 
–  4. Categorical (no quantifiable data). 


n  Identify and compile available data and quantify associated uncertainty. 
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Quantification of the uncertainty… 


22 


n  Applicable models: 
–  1. Models directly available and applicable to storage and transport. 
–  2. Abstraction/simplified models or discrepancy in model characterization. 
–  3. Models yet to be developed based on theoretical understanding. 
–  4. No model available but correlation between input and output available. 
–  5. No model available (missing physics) requiring expert solicitation. 
 


n  Data source: 
–  1. Data directly applicable to transportation and storage. 
–  2. Data from experiments and numerical models. 
–  3. No data available (expert solicitation). 
–  4. Categorical (no quantifiable data). 
 


n  Inclusion of uncertainty: 
–  In the form additional parameters represented with distribution functions based on the state 


of knowledge on a specific data (neither pessimistic nor optimistic). 
–  Importance of uncertainty increases as knowledge decreases. 
–  The Predictive Capability Maturity Model (PCMM) will be used to ascertain credibility with 


this task and the overall UQ methodology. 


Increasing uncertainty 
(decrease in knowledge) 


Increasing uncertainty 
(decrease in knowledge) 


06/05/2014 UQ methodology development Spring meeting 
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1.  Identify performance characteristics. 
 


2.  Understand performance threshold and requirements and frame it into 
a mathematical framework. 
 


3.  Analysis of the composition of available data: experimental and 
numerical [more discussions this afternoon]. 
 


4.  Perform preliminary decision making analysis. 
 


5.  Identify performance characteristics with insufficient data. 
 


23 


Work scope plan 


06/05/2014 UQ methodology development Spring meeting 







Used 
Fuel  
Disposition  


4. Perform preliminary decision 
making analysis 


24 


n  Performing uncertainty characterization and propagation analysis 
throughout the system. 


–  Uncertainty characterization using probabilistic approaches. 
–  Uncertainty propagation will be based on Monte-Carlo techniques. 
–  Sensitivity results using scatterplots, correlation analysis, regression analysis, partial 


correlation analysis, rank transformation, rank correlation coefficient test, etc… 


06/05/2014 UQ methodology development Spring meeting 
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1.  Identify performance characteristics. 
 


2.  Understand performance threshold and requirements and frame it into 
a mathematical framework. 
 


3.  Analysis of the composition of available data: experimental and 
numerical [more discussions this afternoon]. 
 


4.  Perform preliminary decision making analysis. 
 


5.  Identify performance characteristics with insufficient data. 
 


25 


Work scope plan 
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5. Identify performance characteristics 
with insufficient data 


26 


n  Ranking degradation mechanisms and quantifying how much the data 
uncertainty affects the ranking. 


–  Define of importance of each mechanism based on numerical results. 
–  Inform on potential variations of importance and associated potential change in ranking of 


degradation mechanisms. 
–  Define which of the data and/or model uncertainties are responsible for variability and how 


to reduce uncertainty. 
–  Identify gaps that need further investigation. 


06/05/2014 UQ methodology development Spring meeting 
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Discussion on how to use existing 
experiments results and numerical 


models 
 


All participants 


Uncertainty Quantification Spring meeting 
Las Vegas, NV 
June 5, 2014 
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H2 effects: H embrittlement 
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n  Influencing parameters 
–  Temperature. 
–  H diffusion / H concentration. 
–  Crystallography / microstructure 


morphology. 
–  Defect density (irradiation, work 


hardening, etc..). 
–  Stress level. 
–  TSSP solvus, solution solvus. Solubility 


limit of the material (composition). 


n  Quantifiable measures 
–  Volume fraction of radial hydride vs. 


time at different stress levels. 
–  Volume fraction of radial hydride vs. 


cooling rate. 
–  Hydride connectivity and length. 


n  Models/Experiments available 
–  Terminal Solid Solubility (TSS): 


Differential scanning calorimetry 
experiments. 


–  Microscopy quantification of 
precipitation morphology (Arborelius, 
Billone, Chung, Motta) for various 
configurations. 


–  In-situ xRD. 
–  Continuum, FEM, mesoscale models. 


06/05/2014 UQ methodology development Spring meeting 
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H2 effects: delayed hydride cracking 


29 


n  Influencing parameters 
–  Hydride length and connectivity. 
–  Volume fraction of hydride / orientation. 
–  Elasto-plastic properties of Zr and 


hydride phases. 
–  Temperature. 
–  Loading mode. 
–  Crystallography / microstructure 


morphology. 
–  Irradiation. 


n  Quantifiable measures 
–  Constitutive behavior (stress vs strain). 
–  Ductile-to-Brittle transition (DBT). 
–  Fracture criteria. 


n  Models/Experiments available 
–  Tensile/Bend tests ring compression 


tests of hydrided specimen (Billone, 
Wang). 


–  Ring tensile test, burst tests. 
–  H.P. Robinson data with 72 GWD and 


63 GWD burnup with a known neutron 
fluence. 


–  Continuum, FEM models. 


06/05/2014 UQ methodology development Spring meeting 
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Creep 


30 


n  Influencing parameters 
–  Stress level. 
–  Burn-up/Fluence. 
–  Temperature. 
–  Elastic properties. 
–  Crystallography / microstructure 


morphology. 


n  Quantifiable measures 
–  Creep behavior. 
–  Fracture behavior. 
–  Hydride connectivity and length. 


n  Models/Experiments available 
–  Creep tests. 
–  Creep rupture tests. 
–  Limited experiments. 
–  Continuum, FEM models. 


06/05/2014 UQ methodology development Spring meeting 
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Oxidation 


31 


n  Influencing parameters 
–  Temperature. 
–  H diffusion. 
–  H concentration. 
–  Stress level. 
–  Oxide misfit strain. 
–  Volume dilatation. 


n  Quantifiable measures 
–  Rate of oxidation. 
–  Thickness of oxide layer. 
–  Mechanical properties of oxide layers. 


n  Models/Experiments available 
–  Delamination tests. 
–  Oxidation experiments. 
–  Ring compression tests and 


mechanical tests on oxidized cladding. 
–  SEM, TEM measurements. 
–  Continuum, FEM models. 


06/05/2014 UQ methodology development Spring meeting 







Used 
Fuel  
Disposition  


Thermo-mechanical fatigue 


32 
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Cycles	  to	  Failure,	  N


O'Donnell	  Irradiated	  Data Soniak	  CAP	  irradiated	  data


Soniak	  PWR	  Irradiated	  Data Irradiated	  Fatigue	  Design	  Curve


Wisner	  Irradiated	  Data


[Geelhood, Beyer, 2013] 


n  Influencing parameters 
–  Temperature. 
–  Stress level /Loading mode. 
–  Number of cycles. 
–  Burn-up/Fluence. 
–  Elastic properties. 
–  H content. 
–  Pellet-clad interaction. 
–  Geometry. 
–  Crystallography / microstructure 


morphology. 


n  Quantifiable measures 
–  S-N curves. 
–  Fracture toughness. 


n  Models/Experiments available 
–  Fatigue pressure tests. 
–  Continuum, FEM models. 
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Annealing of radiation damage 


33 


n  Influencing parameters 
–  Temperature. 
–  Stress level /Loading mode. 
–  Burn-up/Fluence. 
–  Composition. 


n  Quantifiable measures 
–  Ductility. 
–  Hardness. 


n  Models/Experiments available 
–  Hardness tests vs. annealing T (Ito, 


2004). 
–  Mechanical tests. 
–  Continuum, FEM models. 
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Thermal aging 
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n  Influencing parameters 
–  Temperature. 
–  Stress level /Loading mode. 
–  Composition. 
–  Burn-up/Fluence. 
–  Elastic properties. 
–  H content. 


n  Quantifiable measures 
–  Constitutive behavior (stress vs strain). 
–  Ductile-to-Brittle transition (DBT). 
–  Fracture criteria. 


n  Models/Experiments available 
–  Tensile/Bend tests ring compression 


tests of hydrided specimen (Billone, 
Wang). 


–  Continuum, FEM models. 
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Rationale for  
Nano-Continuum (KnC) Model              


Develop a mechanistic kinetic nano-continuum 
model for borosilicate glass corrosion without 
a priori assumptions about rate-limiting 
steps/mechanisms 
Apply the nano-continuum model to 26 year 


corrosion experiment conducted by French 
(Guittoneau et al, 2011; Gin et al, 2013) 
Develop model that can be upscaled and 


abstracted to the geological repository scale 
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Components of Kinetic  
Nano-Continuum (KnC) Model 


 Diffusion of water through the pristine glass and its alteration 
products 


 Ion exchange between water and the cations in the glass 
 Kinetically controlled hydrolysis reactions resulting in breaking 


of glass network bonds, with dependence of the rate on other 
dissolved or sorbed species 


 Multicomponent diffusion of ions through the glass corrosion 
products 


 Kinetically controlled ripening and/or densification reactions 
that can modify the porosity and/or pore connectivity of the 
corrosion products 


 Precipitation reactions for amorphous and/or crystalline phases 
 Flow and diffusion in the aqueous phase adjacent to the glass 


surface 
 4 
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Experimental and Simulation 
Schematic for 26 Year French Glass 


June 5, 2014 
 


Nano-Continuum Modeling of Nuclear Glass Corrosion 5 


Simulate initially as a 1D system 


Guittoneau et al, 2011 
• Observed rate of 


corrosion front advance 
is linear, not parabolic 


• Simulated using a 
threshold diffusion model 


• Use higher order 
dependence in rate law to 
separate Na-B and Li-H 
fronts  


3
5 1 am silica


corr H hydrated
am silica


QR ka
K


−
−


−


 
= − 


 


Dglass = 5 x 10-23 m2/s 


Dgel = 1 x 10-12 m2/s 
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Simulation of Atom Probe 
Tomography 


6 


Gin et al, 2013 


2


II
klDa
D


=


• Corrosion rate primarily 
diffusion-controlled, but 
hydrolysis rate influences 
as well 


• Damkӧhler effect 
apparent in width of 
reaction front 


Damkӧhler 
number 
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Summary 


Rate limiting step is primarily the slow diffusion rate 
into pristine glass, which results in diffusion-
controlled hydration of glass layer (Li+ exchanged for 
H+)—linear rate of advance averaging 1 µm/year 


Steep corrosion fronts indicate high rates of 
hydrolysis (driven by hydration) relative to slow 
diffusion rate 


Based on modeling SON68 26 year corrosion 
experiment, gel densification does not result in 
slowing of rate—”PRI” has no effect 


Separation of B-Na front from Li-H interdiffusion 
front requires nonlinear rate law 


June 5, 2014 Nano-Continuum Modeling of Nuclear Glass Corrosion 7 
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Plan of the presentation 


 Uncertainty – Concept and purpose 
  Application to this project 
  Separation of problem into three steps 


– Consequence 


– Likelihood 


– Model 


 Cross-cutting gap 
 Conclusion 
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 Inclusion of uncertainty in GAPs to better understand their influence and 
compare them to each other.  


Global Concept 


3 June 4-6, 2014 
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Consequence 


 
Likelihood 


Uncertainty 


New score 


GAP 
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Purpose of uncertainty 


 Uncertainty does not intend to make user’s life harder 
 


 It gives a framework to characterize the unknown 
 


 If you’re not sure of something, it’s hard to give a value and it’s taking the risk 
of being wrong. A range of value is a way to tell “I’m not sure what value would 
be the most appropriate” 
 


 Defining bounds may not be as hard a setting a value. A approach can be to try 
to answer the following questions: 


– What could be the worse case ? 
– What could be the best condition if it still occurs 


 
 If there is a reason to have more preference in a certain value within the range, 


it’s OK to indicate so. If not, it’s OK not to 


4 June 4-6, 2014 
Las Vegas (NV) 


UFD Working Group 







Used 
Fuel  
Disposition  


Project’s approach 


 Existing information: 
 


– Gap Analysis to Support Extended Storage of Used Nuclear Fuel (FCRD-USED-2011-000136 Rev. 0 
PNNL-20509) 
“This report documents the initial gap analysis performed to identify data and modeling needs to develop the 
desired technical bases to enable the extended storage of UNF” 
 


– Used Nuclear Fuel Storage and Transportation Data Gap Prioritization (FCRD-USED-2012-000109 
PNNL-21360) 
“The primary purpose of this report is to document the methodology and results of a more quantitative 
analysis used to prioritize the Medium and High priority data gaps from the initial Gap Analysis” 
 


– Review of Used Nuclear Fuel Storage and Transportation Technical Gap Analyses (FCRD-
USED-2012-000215 PNNL-21596) 
“In order to verify that the UFDC identified all of the technical gaps and properly prioritized them, this report 
was commissioned to compare the UFDC Gap Analysis and UFDC Gap Prioritization reports to those 
recently published by others…” 
 


 We do not plan to redo everything but build on what’s existing to develop new 
insights 


 The purpose is NOT to criticize previous work  


5 June 4-6, 2014 
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Information that will be used from 
the existing reports 


GAP prioritization report 
 
 Scoring of gaps for consequence 
 Scoring of gaps for likelihood 
 Rationale for the scoring 
 


6 


GAP comparison 
 
 Range in the importance of the 


GAP (help building uncertainty over 
gaps consequence and likelihood) 
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GAP Analysis 
 
 Selection of the gap of interest 
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Dissociating the different steps 


Consequence and model are not the same: the model estimates a physical output. 
The consequence reflects how serious an output may be 
 
Likelihood represents the likelihood to have the necessary conditions such as the 
gap may occur. The model will be run conditional on this assumption. 
 


7 June 4-6, 2014 
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In this analysis, each gap is 
representing via three separate 
elements, each of them having 
potentially its own uncertainty : 
 
 Consequence 


 
 Likelihood 


 
 Model 
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Consequence (1/3) - structure 


 Consequence will be set on a scale of 1 to 10. 
 


 Why changing from 1-4 ? 
– First because  usually people can relate better with a scale of 1 to 10 and have a better idea 


of what a number means within this scale 
– Furthermore, it will be easier to set up a range to represent uncertainty (short or large) 


 
 Nominal value will be based on GAP prioritization (for specific gaps) by simple 


scaling 
 


 An example of approach could be as follow : 
– Value of 1. default range [1-2.5] – nominal value 1.25 
– Value of 2 . Default range [2.5-5] – nominal value 3.75 
– Value of 3 . Default range [5-7.5] – nominal value 6.25 
– Value of 4. Default range [7.5-10] – nominal value 8.75 
– This is just a proposed approach. We can use another one if one seems more appropriate 


8 June 4-6, 2014 
Las Vegas (NV) 


UFD Working Group 







Used 
Fuel  
Disposition  


Consequence (2/3) - rationale 


 One question people may ask : Choosing a number (e.g., 3 out of 4) may look 
easy sometimes than representing a full range. Especially we may not be able 
to say one gap is [1-1.5] and another [1.5-2]. 
 


 We could reply to this question with another one. How confident are we when 
we set a value of 3 ? 
 


 The purpose at this stage is not to go into neaty greaty details and spend hours 
discussing whether a gap is slightly more serious than another one (although if 
we could, it would be nice).  
 


 One can simply use the range proposed in the previous slide and see if he/she 
is happy with this range. The purpose is to make you feel comfortable with the 
range of consequence that this gap may produce 
 


 AND, it is easy to change the range to work on a “what-if” scenario. This is one 
advantage of dissociating results and consequences. 
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Consequence (3/3)  
Example for welded canister atmospheric 
conditions 


 Reported consequence score : 4 
A breach of the canister results in a loss of the primary confinement.  This could result in ingress of air and 
water and release of radionuclides, potentially exposing workers and the public.   


 
 Information from gap comparison document: 


– The description of atmospheric corrosion is consistent in all the gap reports that discuss it. 
– All organizations that prioritize, and all countries that use welded canisters for long-term 


storage, assign a high priority to additional research 
 
 


 How to interpret these results: 
– All analyses agree that this gap is highly important and could have serious consequence. It 


would then make sense to set the maximum score a value of 10. 
– The minimum score depends on how serious could be considered the lowest results of the 


analysis. An approach could be to decide the lower bound once the model results are 
available 


– For the purpose of illustration, we will set the minimum value with a score of 6 
 Example of possible range 
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Note: Here an analysis of each document to 
understand how the consequence are 
evaluated would be more appropriate 
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Likelihood (1/2) - Approach 


 Distinction between likelihood of certain consequences and likelihood of 
conditions to have a gap 
 


 We are only interested here in checking that the conditions are met for a gap to 
be considered 
 


– Because it makes the models more efficient, concentrating on conditional gap (we know that 
the conditions are met) 
 


– Furthermore the likelihood of seriousness will be included in the model (when uncertainty is 
included) and it should not be counted twice 
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Likelihood (2/2) 
Example for welded canister atmospheric 
conditions 


 Reported likelihood score (near term) : 4 
If conditions on the surface of the container are sufficiently aggressive to support the initiation of atmospheric corrosion, 
there is the potential for SCC of the container closure weld region.  Data from Shirai et al (2011a) suggest that salt 
deposition in marine environments is sufficient to cause SCC.  Industrial pollutants, including concentrates from power 
plant cooling towers, may also deposit and result in SCC.  Based on the results of Shirai et al. (2011a), the likelihood of 
sufficient salt deposition is very high, even over short times. 
  


 More details will be given in follow-up presentation (Charles Bryan). 
 


 Conclusion is this will be site specific, going from very unlikely (p=10-4  per 
canister?) for inland sites, to almost certain (p~1.0 per canister) for a western 
coast site such as Diablo’s Canyon 
 


 Separation of likelihood of condition to modelization (conditional) has the 
advantage to reduce the problem to one conditional analysis on which the 
likelihood will be changed depending on the site. 
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Performance Requirement  - linking model 
output to consequence 
(work performed by C. Stockman) 


 Requirements outlined in 10 CFR 72 
“Confinement systems means those systems, including ventilation, that act as barriers between areas containing 
radioactive substances and the environment.” 
“Specifications must be provided for the spent fuel to be stored in the spent fuel storage cask, such as, .......the inerting 
atmosphere requirements.”  


 Regulatory guidance is provided in NUREG-1536 and NUREG-1567. 
The application should specify the maximum allowed leakage rates for the total primary confinement boundary and 
redundant seals... the allowable leakage rate must be evaluated for its radiological consequences and its effect on 
maintaining an inert atmosphere within the cask.  However, the analyses discussed below are unnecessary for storage 
casks including its closure lid that are designed and tested to be “leak tight” as defined in … ANSI N14.5-1997.” 
 


  Welded storage canisters are designed and tested to be “leak tight”, with all of 
the newer canisters using the ANSI N14.5-1997 definition of “leak tight” (leak 
rate ≤1.0 x 10-7 reference cm3/s).  
 


  A SCC crack in a canister could result in a leak rate significantly higher than 
the 1.0 x 10-7 reference cm3/s or 1.0 x 10-4 atm·cm3/s limits 
 


 Conclusion: if a through-wall stress corrosion crack is detected in a canister, 
the leak rate limit licensing condition cannot be assured and action is required.  
The canister must be returned to a safe analyzed condition.  
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Model 


 To be consistent with the concepts presented for consequence and likelihood, 
the model needs 


– To be conditional on the right conditions to be met for the gap to be considered 
– To arrive with a result that can be interpreted in term of consequences. For instance the 


consequence range for the SCC specific gap is set to [xxx,xxx]. The outputs of the model 
should be mapped to this range (simple linear map or more complex) 


 
 Furthermore, the model should  


– Include any input uncertainty 
– Include model uncertainty with parameter uncertainty and/or several models 
– Not being conservative or optimistic if possible. 


 
 Example of model presented by Charles Bryan for SCC 
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Cross Cutting Gap (1/3) 


 Question : How can we apply this approach to cross-cutting gap while they are 
only intermediate results ? 
 


 By default, they will be considered as important if they are mandatory to the 
specific gap calculations 
 


 However sensitivity analysis can be used to estimate their effect and rank them  
 


 Example follows for Thermal maps  
 


 Because of time and budget constraints – the thermal maps approach will be 
simplified in this pilot study. 
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Cross cutting gap (2/3) 
Thermal Profile graphical representation 


16 


*: illustration. It may not necessarily be the maximum over 
time 
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Cross cutting gap (3/3)  
Thermal profiles example 


 Uncertainty is applied to the thermal profiles 
 


 Each result is propagated to the specific gap 
 


 Sensitivity Analysis will tell us how much the uncertainty in the thermal profile 
affect the uncertainty in the output result.  
 


 Furthermore, each result for specific gap using the cross cutting gap can be 
associated with a consequence value. As a result, for each cross cutting gap 
result, a maximum effect amongst the gaps can be estimated. This can then be 
translated to see the cross cutting gap importance distribution. 
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Conclusion 


 Purpose of uncertainty : represent our current state of knowledge and allow to 
mathematically characterize the lack of information 
 


 Problem separated into three parts : Consequence, Likelihood and model. Such 
approach should reduce computational cost and allow to test different 
scenarios (“what if” approach) 
 


 Method developed mainly with Specific gaps in mind, but sensitivity analysis 
can be used to extend it to cross cutting gap. 
 
 


 Methodology can only be applied if some knowledge is available. Which means 
we need (1) the information gathered in the different gap reports and (2) the 
help from the authors of these reports to benefit from their experience. 
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CURIE is a website for sharing and 
accessing documents and data 


Mission 
To provide flexible, intuitive, and  
consolidated document and data  
access to support the Department of  
Energy’s radioactive waste and spent                
nuclear fuel management programs          
and activities 
Location 
curie.ornl.gov 
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CURIE fills NFST project needs 


UFD WG Meeting, June 5, 2014 


Many of the original 
document management 
and sharing tools 
designed for spent nuclear 
fuel (SNF) communities 
are no longer accessible 
• RES 
• LSN 


The SNF resources are 
spread out geographically 
and organizationally 
• Must have the ability to 


share information across 
multiple systems 
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CURIE builds upon previously 
developed DOE capabilities 


Many of CURIE’s features were developed from DOE’s 
Bioenergy Science Center on Knowledge Discovery Framework 
(https://www.bioenergykdf.net) 
• Drupal 7 (content management system) 
• Apache Solr (search algorithms) 
• PostgreSQL (database) 


 
 
 
 
 
 


CURIE expanded a number of those features, including 
advanced search algorithms and search results refinement 
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CURIE has been developed with many 
capabilities 


Advanced search functionality 
Public and private 


collaboration environments 
Up-to-date, permissions-


based event calendar 
 Image galleries 
Automated, live news feed 
Map-based visualization of 


reactor- and site-specific 
storage information 


Siting Experience Database 


UFD WG Meeting, June 5, 2014 
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How would I use CURIE? 


DEMO 


UFD WG Meeting, June 5, 2014 
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What’s on CURIE right now? 


UFD WG Meeting, June 5, 2014 
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CURIE has over a hundred images 
related to used fuel and nuclear sites 
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Casks 
Canisters 
SNF movements 
General models 
Heavy hauls  
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CURIE hosts the BRC-recommended 
Siting Experience Database 
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Objective  Process Results 
• Complete the Blue Ribbon 


Commission near-term 
recommendation: 


 To ensure that future siting 
efforts are informed by past 
experience, DOE should 
build a database of the 
experience that has been 
gained and relevant 
documentation produced in 
efforts to site nuclear waste 
facilities, in the United 
States and abroad.  


• Sandia found and 
consolidated documents 
related to eight siting 
efforts and four 
international programs 


• ORNL integrated Sandia’s 
database of documents 
into the CURIE website  


 


• Publicly available siting experience 
database with 700+ searchable 
documents to satisfy the BRC 
recommendation  


http://curie.ornl.gov/SED/pages/sed-
homepage 


 



http://curie.ornl.gov/SED/pages/sed-homepage

http://curie.ornl.gov/SED/pages/sed-homepage
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CURIE maintains detailed, map-based 
visualizations of reactor information 


UFD WG Meeting, June 5, 2014 


Location and basic 
information for active and 
shutdown nuclear reactors 
• Owner 
• Operation Dates 
• Capacity 


Estimated assemblies in                  
wet storage 


Detailed dry storage 
information 
• Vendor, System, and Model 
• Number of canisters and 


assemblies 
• Link to Certificate of 


Compliance 
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CURIE has multiple levels of 
information 
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CURIE hosts a broad range of 
documents and content 
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Over 2000 documents related to SNF, most 
of which are accessible to the general 
public 
• SNF and cask inventory data 
• Technical reports related to 


– SNF characteristics (burnup, criticality,                  
and thermal analyses) 


– SNF and cask transportation 
– Interim storage of SNF 
– Nuclear waste management system analyses 


• Court rulings, requests, filings, etc., related to 
spent fuel in the United States 


• Links to pertinent NRC NUREGs, BRC 
recommendations, OECD NEA Assay Data for 
SNF, and collaborator and sponsor websites 
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Go to curie.ornl.gov, register, and 
start sharing documents 


CURIE provides  
• Access to spent fuel documents and information 


– map based and searchable 
• BRC-recommended Siting Experience Database 
• Private community document distribution and version control 


The more people who use, register, and upload documents to 
CURIE, the better it will be. 
 
 
 
 


CURIE’s infrastructure and functionality may be useful to other 
projects 
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Outline 


Background on why standardization is being pursued 
FY14 Standardization Assessment overview 
Specific NFST-related data needs associated with Assessment 
NFST/UFD integration possibilities 


• What does Standardization Assessment need for FY15? 
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Background 


Waste management system does not integrate storage, 
transportation, and disposal 


Used fuel inventory and storage systems are diverse 
Generally, dual purpose canisters (DPCs) are not immediately 


transportable and may not be disposable 
Repackaging is challenging 


• increased operations, cost, and dose 
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The current dry storage inventory is 
diverse 


NRC has licensed 26 designs 
• 5 storage-only casks 
• 21 storage and transportation  


dual purpose canisters (DPCs) 
Many different canister sizes 


• Length: 122.5 to 196 inches  
• Weight: 55,000 to 105,000 pounds 
• Storage may be horizontal or vertical 
• Maximum Capacities:  


– 7 to 37 PWR assemblies 
– 52 to 89 BWR assemblies 


 


Three main vendors (each with own designs) 
• NAC (12%), Transnuclear (38%), and Holtec (46%) 
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Schematic of a Canister 


Vertical storage 


Horizontal storage 
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The current dry storage inventory is 
diverse because there is no integrated 
waste management system 


Each utility makes site-specific dry storage decisions 
• Dependent on cost, dose, and operations at each site 


There is no recognition of disposal in our current system 
• As a result, the utilities are optimizing on storage (not transportation or 


disposal) 
• This has resulted in larger and larger DPCs 


UFD WG Meeting, June 5, 2014 







6  


Large canisters are not immediately 
transportable 


Due to decreased heat transfer in transportation overpacks, 
maximum heat loads during transportation are lower than 
storage  
• There is a potential to load                


a canister into storage and           
then have to wait decades         
before transportation is              
achievable 
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Examples of actual casks loaded at Sequoyah 
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Large canisters may not be directly 
disposable 


 It is not clear that these large canisters will be directly 
disposable 
• Some repository concepts        


cannot handle large heat         
loads without extensive                
(hundreds of years) storage 


• The handling of large canisters               
is technically challenging 


• Postclosure criticality                         
requirements may be a                
challenge 
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Repackaging has drawbacks as well 


Regardless of location 
• Increases total fuel-handling operations  


– ~206K BWR and ~277K PWR assemblies 
• Increases worker doses 
• Generates significant low level waste (including old canister) 


– $150K-$300K per canister 


At reactor repackaging 
• Complicates pool operations 
• Requires development, licensing, and deployment of capability 


– Wet repackaging is currently not an option at all sites 


Standalone repackaging (at an ISF or repository) 
• More flexibility, but 
• Can all canisters can be moved to an ISF without repackaging? 
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Diversity is a detriment to operational 
efficiency of a centralized facility 


Diverse storage systems create higher costs and more 
operational challenges at an ISF or repository 


Each system would need unique 
• ancillary equipment 
• operations (including training and planning) 
• steps to satisfy regulations 
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Standardized canister system could 
mitigate these problems 


Waste management system would be integrated 
Future Storage systems would no longer be diverse 
Standardized canister systems would be designed to be storable 


and transportable (and with disposal in mind) 
• Most likely will be smaller than current DPCs 


Reduce the amount of repackaging 
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Standardization has potential 
drawbacks too 


Currently, utilities have small windows (~few weeks a year) 
devoted to dry-cask loading campaigns 


Using current procedures, small canisters will take almost as 
long to load as larger canisters 


 Impacting those windows could impact reactor operations 
Because of this, utilities have shown general opposition to 


smaller canisters 
• They want larger canisters not smaller ones! 
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Standardization has potential 
drawbacks too 


How do know the “right” size without knowing the disposal 
requirements?  
• Smallest (4 PWR) 


– Most flexible 
• Avoid repackaging in all? scenarios 


– Potentially most expensive (but how much?) 
– Most challenging from a system operations perspective (lots of cans to load 


and move); potentially large assembly throughput impacts 
• Medium (9-12 PWR) 


– Somewhat flexible 
• Avoid repackaging in a lot of scenarios (maybe all with expensive engineering) 


– Middle ground for cost and operational impact 
• Large (21-24 PWR) 


– Least flexible 
• Repackaging required in numerous repository media (lots of extra costs) 


– Smallest operational impacts (note that industry supported TADs) 
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Goal of this Standardization 
Assessment 


Quantifying how standardized canister systems could impact 
the waste management system 
• Understand the cost/dose/operational impacts of differently sized 


canisters from a systems perspective 
• Understand the “what if we are wrong scenarios” 
• Understand how the assumptions and data impacts the system 


performance and response to change 
Lay the groundwork for providing the basis for future policy 


decisions in regards to standardization and integration in the 
waste management system 
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Standardization Assessment is about “Should we do this?” not “Can we do this?” 
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Assumptions 


Standardized canister systems will be loaded at-reactors 
Re-packaging occurs at the repository 
Multi-canister cask will be used to simplify storage, transportation, 


and disposal operations for small canisters 
• 24 1-PWR (storage, transportation) 
• 6 4-PWR (storage, transportation) 
• 3 12-PWR (storage) 


Single canister overpacks for larger canisters 
• 1 12-PWR (transportation) 
• 1 21-PWR and 1 32-PWR (storage, transportation)  


 ISF storage is similar to current dry storage systems 
• Some cases will have no ISF 


No bare fuel cases in FY14 assessment 
No repository surface or sub-surface costs in FY14 assessment 
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Potential scenarios in this assessment 
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Selected Scenarios 


Status Quo (no standardization) 
Status Quo with ISF (no standardization) 
Status Quo with at-reactor loading of WPs once repository is 


known 
Status Quo with at-reactor loading of WPs once repository is 


known with ISF 
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Selected Scenarios 


Standardization with STADs in 2020, a full ISF in 2025, WP in 2036 
• Base standardization case 


Standardization with STADs in 2020, a full ISF in 2030, WP in 2036 
• Delayed ISF case 


Standardization with STADs in 2020, no ISF, WP in 2036 
• No ISF case 


Standardization with STADs in 2025, a full ISF in 2030, WP in 2036 
• Delayed STAD case 


Standardization with STADs in 2020, a full ISF in 2025, WP in 2030 
• Early repository case 


Standardization with STADs in 2020, a full ISF in 2025, WP in 2040 
• Delayed repository case 
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Quantitative Metrics for comparisons 


System capital costs 
• At-reactor (ISFSI, canisters, casks) 
• Transportation (overpacks, fleet) 
• ISF (Facilities – receiving, sending, storage) 
• Repackaging (receiving, equipment, etc.) 


System operational costs 
• At-reactor (ISFSI, Pool, Loading operations) 
• Transportation (shipments) 
• ISF (receiving, sending, storage, security, etc.) 
• Repackaging (small -> big cans, big -> small cans) 


Number and distance of SNF shipments 
Time from reactor site shutdown to last SNF shipment offsite 
LLW generated 
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Qualitative Metrics for comparisons 


R&D costs (waste handling complexity) 
SNF loading times 
Heavy-load handling operations (at-reactor, ISF, re-packaging) 
Organizational impacts (management size and staff size) 
Worker dose (at-reactor, transportation, ISF, repackaging) 
Site boundary dose (ISF, at-reactor)? 
Licensing complexity 
System performance uncertainties and risk 
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We need more information related to 
certain areas 


At-reactor processing of smaller canisters 
• Can they be loaded faster: 


– design changes? 
– operational changes? 
– processing changes? 


• What are costs, doses, and operational times for this improved loading? 
Complete canister system for smaller canisters 


• How many canisters can the cask hold? 
– Transportation Overpack 
– Storage Overpack 


• What are costs, doses, and operational times for the complete system? 
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So how can UFD help?  


Repository Information 
• Cost estimates based on canister size? 


 
 
 
 
 
 


• Cost estimate of WP material as function of geology 
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Salt Clay Others? 
4 PWR $W0/canister $W1/canister $X2/canister 
12 PWR $Xo/canister $X1/canister $X2/canister 
21 PWR $Y0/canister $Y1/canister $Y2/canister 
32 PWR $Z0/canister $Z1/canister $Z2/canister 


Salt Clay Others? 
WP Material $XX/m3 $YY/m3 $ZZ/m3 
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Material compatibility issues are 
currently being looked at 


Can the standard canister internals be specified to survive any 
environment? 
• How does Borated Stainless Steel behave in reducing vs oxidizing 


environments? 
• What about other materials should we look at? 
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How do we integrate direct disposal 
work with standardization? 


When does the DPC disposability study move from “can we?” to 
“should we?”?   


What is the next step? 
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 Overview and Purpose 
– The International Disposal R&D work package coordinates international international collaboration 


in disposal research, with particular focus on active R&D associated with URLs 
– This session briefly summarized status of ongoing work and new opportunities for international 


disposal R&D. Participants then took stock of the international collaboration activities conducted so 
far, elaborated as to how they have benefitted the campaign, and discussed whether any changes 
in scope/direction are intended in the future. 


 Taking stock of current activities 
– Participants agreed that international collaboration is extremely beneficial to DOE and a very cost-


effective way of improving our knowledge base for different disposal environments 
– A dedicated follow-up workshop was suggested to discuss in detail the future international portfolio 


with regards to technical merit, key research gaps, and relevance to safety case 


 Going forward 
– Participant expressed concern about budget constraints, both in terms of technical work and travel 


support, that limits engagement in promising international activities (too little support for too many 
opportunities) 


– Participants discussed whether DOE should move to using international URLs more actively (plan 
own experiments, organize and lead own modeling tasks) 


– Several suggestions were made to allow for better dissemination of information (e.g., designated 
file sharing web space for group, email listserv,…) 
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LBNL’s role in regional geology 


 LBNL is focused on shale rock types for mined geologic disposal and has 
provided information for LANL’s GIS data base 


 In addition to general formation geometrical characteristics, we are also 
interested in estimating hydrological and mechanical properties of these 
formations  
– Have been estimated through the relationship between many hydrological 


and mechanical properties with the seismic p-wave (sonic) velocity 
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Sources of Data 


 Correlations have been developed using data from international nuclear 
waste disposal reports and literature, petroleum literature, and 
universities. 
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− Data were also obtained from Horsrud (2001) who developed correlations 
between sonic velocity and porosity, uniaxial compressive strength, 
Young’s modulus, and shear modulus, for 14 clay formations, different 
from those investigated by Boisson (2005). Data were also provided on 
formation depth and clay content. 


− Data on 13 formations were available from the NEA Clay Club document 
“Clay Club Catalogue of Characteristics of Argillaceous Rocks” (Boisson, 
2005), including sonic velocity, depth, maximum burial depth, porosity, 
permeability, uniaxial compressive strength, and clay content. 


− Further data on 10 of the 13 formations were identified from numerous 
additional sources for bulk density, Young’s modulus, shear modulus, 
Poisson’s ratio, tensile strength, cohesive strength, and friction angle. 
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Relationship between Seismic P-Wave 
Velocity and Other Properties 


 Sonic velocity is related to Young’s 
modulus, Poisson’s ratio and bulk density 


– inherently heterogeneous nature of geomaterials and 
anisotropic behavior found in many clay formations,  


– a lack of theoretical relationships for some of the 
properties found to have a strong correlation with the p-
wave velocity 


 
 


 


 For directional properties (permeability, 
Young’s modulus), the correlation 
developed for normal direction is scaled by 
an anisotropy factor for parallel direction 
 


 Wylie et al. (1958) found a relationship 
between porosity and the mean p-wave 
velocity 


 Because of bedding structure, shales are 
typically transversely isotropic, i.e., sonic 
velocity and several other properties differ 
parallel and normal to bedding 
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Seismic Velocity Ratio 


 Because of a lack of data, the seismic velocity ratio for velocity 
parallel to bedding divided by the velocity normal to bedding 
was developed as a correlation with the normal seismic velocity 
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Correlation with Porosity 


 Sonic velocity was found to have a strong correlation with 
porosity, also found by Wyllie et al., (1958) and Horsrud (2001) 
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Correlation with Clay Content 


 Clay content is needed for correlations that can be used to link 
sonic velocity to permeability and maximum effective stress. 
However, the correlation with sonic velocity only provides a 
rough approximation for clay content. 


6/5/2014 UFD working group meeting, Las Vegas , NV 7 







Used 
Fuel  
Disposition  


Correlation with Permeability 


 A correlation for permeability from Yang and Aplin (2010) 
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*RMSE for log m2 – only for laboratory data with known orientation 
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Correlation with Uniaxial 
Compressive Strength (UCS) 


 The seismic velocity correlates reasonably well with the UCS, 
which can then be used to determine the overconsolidation 
ratio and pore pressure 
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Connection with Overconsolidation 
Ratio and Pore Pressure 


 The brittleness index (BRI) proposed by Ingram and Urai (1999) is 
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 Yang and Aplin (2004) derive a correlation between the maximum 
effective stress, porosity, and clay content making it possible to 
evaluate the maximum effective stress from the seismic velocity             


 Nygård et al. (2006) related BRI to the overconsolidation ratio 
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Correlation with Young’s Modulus  


 Reasonably good correlation is obtained 
for Young’s Modulus 
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 Additional correlations with shear 
modulus, Poisson’s ratio, tensile 
strength, cohesive strength, and friction 
angle 
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Application to US Shale Formations 


 The correlations 
presented have been 
applied to 10 US Shale 
Formations 
– Pierre (at two depths) 
– Barnett, Haynesville, 


New Albany, Antrim, 
Eagle Ford, Marcellus, 
Woodford, Monterey 
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Example: Pierre Shale 


 Correlations applied to the Pierre Shale for 2 depths  
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Parameters 
Pierre Shale 
(1) 


Pierre Shale 
(2) 


Inputs (from Table 4)   
𝑽𝑽𝒑𝒑𝒑𝒑 (m/s) 2164 3140 
𝑽𝑽𝒑𝒑𝒑𝒑  (m/s) 2243 NA 
𝑫𝑫(m) 152 1524 
Outputs   
𝑽𝑽𝒑𝒑𝒑𝒑  (m/s)  2530 3975 
𝝓𝝓 0.36 0.13 
𝒆𝒆 0.56 0.15 
𝝆𝝆𝒃𝒃 (kg/m3)  2220 2530 
𝝆𝝆𝒃𝒃𝒃𝒃 (kg/m3)  1860 2400 
𝝆𝝆𝒈𝒈 (kg/m3) 2410 2550 
𝑿𝑿 (fraction)  0.60 0.52 
𝒌𝒌𝒑𝒑(m2)  7.4E-20 2.9E-21 
𝒌𝒌𝒑𝒑(m2) 8.6E-20 8.8E-21 
𝐔𝐔𝐔𝐔𝐔𝐔 (MPa)  5.9 22 
𝑬𝑬𝒑𝒑 (GPa)  0.70 4.3 
𝑬𝑬𝒑𝒑 (GPa)  0.81 12.8 
𝑮𝑮 (GPa)  0.29 1.7 
𝝊𝝊 0.39 0.22 
𝒄𝒄𝒑𝒑 (MPa)  0.66 3.4 
𝒄𝒄𝒑𝒑 (MPa)  0.7 8.8 
𝝋𝝋 (degrees)  21 23 
𝝉𝝉𝒑𝒑 (MPa)  0.24 1.2 
𝝉𝝉𝒑𝒑 (MPa)  0.27 2.9 


 


Parameters 
Pierre Shale 
(1) 


Pierre Shale 
(2) 


𝝈𝝈𝒗𝒗′  (MPa)  9.3 33 
 𝝈𝝈𝑵𝑵𝑵𝑵 (MPa)  1.8 23 
𝐔𝐔𝐔𝐔𝐔𝐔𝐍𝐍𝐔𝐔 (MPa)  0.9 11 
𝐁𝐁𝐁𝐁𝐁𝐁 6.5 1.9 
𝐎𝐎𝐔𝐔𝐁𝐁 3.7 1.6 
𝝈𝝈𝒑𝒑𝒃𝒃 (MPa)  2.5 21 
𝒑𝒑 (MPa)  0.79 17 
𝒑𝒑𝒉𝒉𝒉𝒉 (MPa)  1.5 15 
𝒑𝒑𝒐𝒐𝒑𝒑 (MPa)  -0.70 2.0 
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Conclusions 


 Correlations for formation properties and in-situ conditions in 
shales from sonic velocities have been developed  
– Using data on shale formations that lie outside the United States.  
– Have been applied to several large shale formations in the United States. 
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 The advantage of using correlations based on sonic velocity is that 
properties can be estimated from geophysical logs  
– Often more readily available and in greater quantity than other measurements  
– Continuous readout better suited for identifying spatial variability in properties.  


 Correlations developed for porosity, uniaxial compressive strength, 
Young’s modulus, and shear modulus are reasonably consistent 
with other correlations documented in the scientific literature 
− extended to include: bulk density, clay content, permeability, Poisson’s ratio, 


cohesive strength, friction angle, and tensile strength   
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Conclusons (continued) 


 A method to account for anisotropy in the property correlations 
has been developed 
– Permeability, Young’s modulus, cohesive strength, and tensile strength.  
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 All of the correlations require additional development and 
verification  
– Poisson’s ratio, cohesive strength, friction angle, and tensile strength 


need to be checked with additional data 
 


 A method for the estimation of in-situ effective stress and pore-
fluid pressure has also been developed  
– Combination of previously developed correlations 


  Correlations for the bedding-parallel sonic velocity and for clay 
content are relatively weak 
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Next Steps 


 Desirable to develop better method to characterize clay content 
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 Several factors have not been investigated here, including 
confining stress, fluid saturation conditions, and organic 
content of shale   


 Extending the correlations to thermal properties (thermal 
conductivity and heat capacity) should be considered  


 Further application and verification for estimating properties of  
US shales  
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Backup Slides 
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Correlation with Bulk Density 


 Given the strong correlation with porosity, it is not surprising 
that there is also a strong correlation with bulk density 
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Correlation with Shear Modulus 


 Similar quality correlation found for shear modulus 
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Correlation with Poisson’s Ratio 


 Somewhat limited data available for Poisson’s ratio -  
approaches a value of 0.5 (water) as seismic velocity decreases 
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Correlation with Cohesive Strength 


 Correlation with cohesive 
strength is data limited, but did 
provide information on 
anisotropic effects 
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Correlation with Friction Angle 


 Limited data available for correlation with friction angle 
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Correlation with Tensile Strength 


 Very limited data, but 
some information on 
anisotropy effects 
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Thermochemical Database Project (TDB) 
 


Joint project of the NEA Data Bank and Radioactive Waste Management Committee 
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Thermochemical Database Project - TDB 
o Initiation in 1984 


o Objective: 


o International reference database of thermodynamic values of 
elements present in radioactive waste management 


o Meet modelling requirements for safety assessments of 
radioactive waste disposal systems. 


 
Thermodynamic Data 


• Formation data:  


• Reaction data: 


• No sorption, kinetic or diffusion data 
included  
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• Elements of interest for RW 
disposal 


• All aqueous and solid species of 
elements 


• Original experimental data 
• Critical review of literature 
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Organisation of the TDB project 


Management Board: 
12 Countries, 


15 Participating Organisations 


Executive Group 


Review Teams 


Independent Peer Review 


Reviews Selected Values Data Base 


G
ui


de
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es
 


NEA Project  
Coordinator 


ONDRAF/NIRAS (Belgium) 
OPG (Canada) 
RAWRA (Czech Republic) 
POSIVA (Finland) 
ANDRA, CEA (France) 
KIT/FZK (Germany) 
JAEA (Japan) 
ENRESA (Spain) 
SKB (Sweden) 
ENSI, NAGRA, PSI 
(Switzerland) 
NDA (UK) 
DoE (USA) 
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1984 Phase I 


1992 Uranium Review 


1995 Americium Review 


1998 Phase II 


1999 Technetium Review 


2001 Neptunium and Plutonium Review 
TDB Workshop “Thermodynamic Data Bases in Performance Assessment” 


2003 Update Review 
TDB III 


2004 Reprints of the Uranium and Americium Reviews 


2005 Nickel, Selenium, Zirconium and Organic Ligands Reviews 


2007 Solid solutions state-of-the-art report 


2008 TDB IV 


2009 Thorium Review 


2010 Joint TDB-Sorption Symposium “From Thermodynamics to the Safety Case” 


2013 Tin and Iron reviews 


2014 TDB-5 


Achievements of the TDB Project 
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Current Projects 
Phase 5 


Mo Ancillary  
Data Cements 


High-Ionic  
Strength  
Systems 


 
 
 
 


Fe (2nd part) 
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Fe (1st part) 
 
 


Fe (2nd part) 
 
 
 
 
 


1st part: Published in 2013 
 
2nd part: 
Will focus on: 
o  Solid phosphates and arsenates 


o Solid and aqueous nitrates and nitrites 


o Solid and aqueous sulfides, selenates and selenites 


o Solid solutions in the iron-oxide and iron-sulfide systems. 


Progress:   


o Started in 2010 
o Completion of peer-review draft planned for 2014 
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Mo 
 
 
 
 
 


Will focus on:  


Mo compounds and species: 


o For which reliable thermodynamic data are 
available 


o Important in molybdenum chemistry 


o Important in waste storage conditions 


Progress:    


o Started in 2010 


o Most contributions at very advanced stage 


o 1st draft to be completed by summer 2014 


o Peer-review process planned in late 2014 


Current Projects 


Mo Ancilliary  
Data Cements High-Ionic Strength  


Systems 
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Ancillary  
Data 


 
 
 
 
 


Will focus on: 
o  Aqueous species and solids formed from binary             
combinations of: 


•  Al3+, Ca2+, Mg2+ with O2–, OH–, Cl–, CO3
2–, 


SO4
2–, PO4


3–,  
• and H+, Na+, K+, Sr2+, Ba2+ with O2–/OH–, Cl–, 


CO3
2–; 


o  Selected B, Al, Si, Mg and Ca minerals.  
 
Progress:   
o  Started in 2010 
o  Peer review scheduled for 2014 
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Cements 
 
 
 
 
 


Objective: 
o To establish what chemical thermodynamic 


data, models and numerical implementation 
tools are available for the thermodynamic 
treatment of cement systems.   


Progress: 
o   Initiation report completed - autumn 2013 
o   Preparation of review started – beginning 
2014 
 


Current Projects 


Mo Ancilliary  
Data Cements High-Ionic Strength  


Systems 


 
 
 
 


Fe 
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High-Ionic 
Strength 
Systems 


 
 
 
 
 


Objectives: 
o Review literature on Pitzer parameters for key 


brine elements, actinides and radionuclides of 
importance to high ionic-strength systems in a 
nuclear repository. 


o Evaluate application of Pitzer model in repository 
science 


Progress 
o Initiation report expected by April 2014 
o Preparation of the report to start in 2014 


Current Projects 


Mo Ancilliary  
Data Cements High-Ionic Strength  


Systems 
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Project guidelines describe review procedure 
 


o Sufficient experimental details in the publication? 


o  Evaluation of experimental method followed 
o  Corrections (experimental, to standard conditions): 


•  all made by authors? 
•  all details contained to allow reviewer to make 
 corrections? 
•  use procedures detailed in guidelines; if not possible 
consult TDB EG through the NEA co-ordinator 


o  Line of reasoning used: “Appendix A” in TDB books 
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Critical review of existing 
literature from expert teams: 


Initiation report 


Draft: Single-author 
contributions and 


synopses of reviewed 
sources 


Compilation of 
contributions -   


‘’Peer-review’’ Draft 
Peer review 


Published Report – 
TDB Book 


NEA-TDB Selected 
Values Database 
available online 


Review Process 


Timescale:  
~2.5 years 


Timescale: 
~1 year 
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“The fascination of any growing science lies in the work 
of the pioneers at the very borderland of the unknown. 
But to reach that frontier one must pass over well-
traveled roads. One of the safest and surest is the 
broad highway of thermodynamics.” 
 


G. N. Lewis and Merle Randall (1923) 
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Additional Details 
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TDB in the NEA Framework 
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The role of the NEA 
 


– Operational control of the project 
– Repository for documentation, codes and data 
– Liaison with MB and EG 
– Liaison with other Review Teams or experts to interact with for 


activities within the scope of the Expert Team 
– Access to literature sources 
– Format of drafts to the TDB style 
– Database Maintenance 
– Arrangement of Peer Review process 
– Questions related to mailing lists, web pages and file repositories 
– Reports to MB on PoW and Financial 
 


 







© 2013 Organisation for Economic Co-operation and Development 


NEA TDB Guidelines 


• Available on-line: http://www.oecd-nea.org/dbtdb/guidelines/ 


– TDB-0: The NEA Thermochemical Data Base Project 


– TDB-1: Guidelines for the review procedure and data selection 


– TDB-2: Guidelines for the extrapolation to zero ionic strength 


– TDB-3: Guidelines for the Assignment of Uncertainties 


– TDB-4: Temperature corrections to thermodynamic data and 
enthalpy calculations 


– TDB-5: Standards and conventions for TDB publications 


– TDB-6: Guidelines for the Independent Peer Review of TDB 
Reports 


 


 



http://www.oecd-nea.org/dbtdb/guidelines/
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Information contained in a TDB Book 


What data were selected? Selected Value Tables 


How data were selected? Chapters for each type of system 


Why data were selected? “Appendix A” with critical reviews of 
most relevant literature sources 


From what sources? Bibliography 


Internal consistency Work down to formation properties 
wherever possible 


What were the selection 
procedures? 


Common chapters and appendices: 
TDB Guidelines 


Who did the data selection? Authorship and Peer Reviewer 
names 
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Internal mechanics of the Reviews 
• Reviewers should not assess their own papers. However, internal 


discussion on topics of their work is encouraged 
 
• TDB Reviews are reviews of existing literature: papers submitted, 


results of on-going experiments or recourse to new experiments are 
outside the scope of the Project  


 
• Intermediate publication of results (e. g. Conferences) is discouraged 
 
• The contents of the on-going TDB Reviews or other TDB documents 


should not be cited in the literature 
 
• Only Experts approved by the Management Board will be reflected as 


authors of the publications 
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Overview of Waste Form 


Degradation Modeling 


 Introduction to Waste Form Degradation Activities 


– Integration of Used Fuel Disposition Campaign Activities 


• Disposal Research Engineered Materials Performance (1.02.08.04) 


– Separations (Materials Recovery) and Waste Forms Activities Overview 


 Used Fuel Degradation Modeling Activities 


– Radiolysis Model – Buck (PNNL) 


– Mixed Potential Model – Jerden (ANL) 


• Argillite/Crystalline (1.02.08.06/1.02.08.07) 


 Glass Waste Form Degradation Modeling Activities 


– First Principles Modeling – Zapol (ANL) 


– Micro-continuum Modeling – Steefel (LBNL) 


– Glass Degradation Modeling Tool – Rieke (PNNL) 


 Metallic Waste Form Degradation Modeling Activities 


– Metallic Tc Waste Form Studies – Liu (LANL) 


– Investigation of Tc in Fe-oxyhydroxides – Smith (PNNL) 


June 5, 2014 SAND2014-4496P Used Fuel Disposition Working Group Meeting  2 
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Models Integration Summary 
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Metallic Waste Form Activities and 


Models Integration Summary 
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Chloride in the Pore Waters of 
Shales and Crystalline Rocks  


Frank Perry 
Los Alamos National Laboratory 
 
UFD Working Group Meeting 
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Presentation or Meeting Title 2 


Cl Concentration in Granite Groundwater 
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Presentation or Meeting Title 3 


Cl Concentration in Shale Groundwater 
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Stratigraphy of the Michigan Basin 
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Distribution and Depth of Salt in US 


Presentation or Meeting Title 5 
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Conceptual Description of Integrating Waste 
Form Degradation Models with PA Model 


groundwater  
penetrations,  
composition, 
and flux 


 
 
Backfill 


Seepage and  
container breach models              Waste Form source term models                     near field model 


RN RN 


                            Host Rock 


Waste 
Package 
(can) 


 
 
 


Waste 
forms 


waste 
form 


surface 
layer 


in-package 
solution 


WF & can 
alteration 
phases 


can       backfill 


mass fraction/year 


Evolution of solution composition within 
the container due to WF corrosion can 
be modelled independent of PA 
groundwater. 
 


Model coupling between WF and 
canister/container degradation. 


Modular PA approach provides the 
flexibility to optimize the WF models: 


Working Group Meeting 
UNLV 


June 5, 2014 


Standardizing input/output interfaces 
between WF and PA models  
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WF Degradation Model Development 


3 


Scientific Basis Source Term Model 


Individual process  
tests and models 


 


Coupled process  
tests and models 


 


Simulation tests  
and models 


 


Mechanistic description 
and model 


Semi-empirical  
analytical expression 


 


Lumped parameters 
 


Empirical values 
 


Bounding values 
 


Interface with PA 


UO2:     solution redox establishes surface potential and fuel dissolution rate 
 


Glass:   surface alteration layers may limit transport and attenuate glass dissolution, but  
             secondary phase formation (Stage 3) may increase glass dissolution 
  


Alloy:    passivation attenuates oxidation reactions and waste form degradation  


UO2:    solution redox sets surface potential and fuel dissolution rate 
glass:  secondary phase formation (Stage 3) may accelerate glass dissolution 
alloy:   passivation attenuates oxidation  


Key effects 


Working Group Meeting 
UNLV 


June 5, 2014 
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Glass Waste Form Degradation Model 


 Analytical Glass Dissolution Model 
– Several ion-exchange and hydrolysis reactions coupled through solution composition 
– Mass transport and reaction affinity affect glass dissolution rate 
– Secondary phase precipitation kinetics couple with glass dissolution kinetics through 


solution composition 
 


       Si-O hydrolysis rate increases with temperature and reaction catalyzed by H+, OH- and solutes, but 


 
 
 
 


         dissolution is attenuated by transport limits and thermodynamic reaction affinity (solution composition) 
 


 
 Supporting activities to understand contributing processes and develop 


expressions quantifying short- and long-term effects 
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Activities Supporting Development and 
Scientific Bases of Analytical Model 


ANL (UFD): 1st principles 
calculations of reaction 
energetics for pH and T effects 
and non-stoichiometry of 
hydrolysis reactions  
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PNNL (MRWF) and Alfred U 
(NEUP):  Quantify effects of 
transport through and 
exchange reactions within 
surface alteration layers 


SRNL (UFD) and PSU 
(NEUP):  Effect of glass 
composition on impact of 
secondary phase 
formation  


UNT (NEUP) and PNNL 
(MRWF):  Molecular dynamic 
modeling of evolving surface 
structure 


WSU (NEUP): 
Interactions with 
metals & minerals  


ANL and SRNL (MRWF): 
scaling experiments to 
field scale 


ANL (MRWF): Tests 
and model for effects 
of secondary phase 
precipitation 


PNNL (UFD):  Evaluating 
consistency of models with 
experimental data sets using 
“model testing toolbox” 


LBNL (UFD):  Reactive 
transport modeling of 
experimental results to 
assess process model 
formulations and parameters 


Collaborative activities with 
Belgium, France, Germany, 
Japan, UK, et al. Working Group Meeting 


UNLV 
June 5, 2014 
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Alloy Waste Form Analytical 
Degradation Model 


 Abstracted Oxidative-Dissolution Model 
– Metallic constituents in multi-phase alloy composite are oxidized by reaction with 


groundwater 
– Oxides form surface layers that dissolve according to solubilities and release RNs 
– Steel-based alloy phases passivate surface to slow oxidation 


 


 Bare surface oxidation rate  moderated by passivation and oxide dissolution affinity  
 


 
 
 
 


 Activities to understand contributing processes and develop expressions 
quantifying short- and long-term effects 


6 Working Group Meeting 
UNLV 


June 5, 2014 
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Activities Supporting Development and 
Scientific Bases of Analytical Model 


LANL (UFD) & UNLV (NEUP):  Model Tc oxidation 
and diffusion in Fe-based alloys; electrochemical 
experiments  


PNNL (UFD):  Model retention of Tc in iron 
oxyhydroxides (α-FeOOH) 
 


UIC (NEUP): Evaluate application of 
alloy and glass models to alloy/oxide 
composites 
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ANL & SRNL (MRWF): Quantify combined effects of 
bare surface behavior and attenuating effect of 
passivation on U/Tc releases 


Collaborative activities 
with S. Korea  


Working Group Meeting 
UNLV 


June 5, 2014 
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Summary and Future Plan 


 Approach to integrate waste form models into PA calculations is being 
developed.  The modular approach being taken in PA benefits individual waste 
form models: 


– Can include waste form interactions with container materials   
– Can evolve in-package solution independent of solution in near- and far-field models   
– Can represent corrosion behavior with better fidelity than possible for YM TSPA 
– Standard input/output architecture for different WF models to interface with PA 
– Consistency with overlapping aspects of WF/PA models (canister corrosion) 


 


 M2 report documenting glass WF degradation model September 2014 (PNNL). 
 


 M2 report documenting alloy WF degradation model September 2014 (ANL). 
 


 Both reports will address proposed integration with PA sub-models and provide 
lists of information sources, scaling approaches, and model interfaces 
 


 On-going work to determine appropriate analytical representation and measure 
model parameter values; establish interfaces with several PA models. 
 8 Working Group Meeting 


UNLV 
June 5, 2014 
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Uptake and reversibility determine 


colloid-facilitated transport potential 


 Aqueous chemistry and sorption affinity controlled by oxidation 


state (Pu(IV) and Pu(V) dominate in natural waters) 


198 V. Neck et al.


3.2 Equilibrium Pu(V) concentrations
and redox potentials: Evidence
for the formation of PuO2+ x(am, hyd)


The plutonium concentrations measured in solubility studies


under air or under Ar atmosphere cannot be explained with-


out the knowledge of the redox potentials. Unfortunately,


in many papers the redox potentials are not given. In the


following sections the solubility data (Fig. 5a) and the simul-


taneously measured redox potentials (Fig. 5b) in the studies


of Rai et al. [6–8] under air are discussed in comparison


with those determined in the present study under Ar atmo-


Fig. 5. (a) Solubility of PuO2+ x(am, hyd) at 20–25 ◦ C under air
(open symbols: Rai et al. [6–8]) and under Ar (filled symbols:
Rai et al. [18] and present work): Total Pu concentrations after ultra-
filtration and without removal of Pu(IV) colloids/ polymers (crosses),
log [Pu(IV)]coll = − 8.3 ± 1.0. The solid lines show the Pu(IV) and
Pu(V) concentrations calculated for I = 0.1 M; log [Pu(V)] is cal-
culated with log K ◦


sp(PuO2.5 in PuO2+ x(am, hyd)) = − 14.0± 0.8,
logβ◦


1(PuO2(OH)(aq)) = 2.7± 0.7 and logβ◦
2(PuO2(OH)2


− ) = 4.4±
0.5 (formation constants of the analogous Np(V) and Am(V)
species [1, 2]). (b) Simultaneously measured redox potentials (analo-
gous symbols).


sphere. It is helpful to divide the experimental data into


different pH regions (Figs. 5a and 5b).


Rai [7] has shown that the plutonium concentration


and the redox potentials measured under air at pH 1–3


(region A) are controlled by the oxidative dissolution of


PuO2(am, hyd) and the redox equilibrium between PuO2
+


and PuO2
2+ :


PuO2(am, hyd) ⇐⇒ PuO2
+ + e− (11)


PuO2
+ ⇐⇒ PuO2


2+ + e− (12)


The redox potentials in region A, pe = 16.0± 0.3 [7], are


consistent with the spectroscopically determined PuO2
+


and PuO2
2+ concentrations and log K ◦


V/ VI = − 15.82 ±
0.09 [1, 2]. The equilibrium constant derived by Rai [7] for


the oxidative dissolution of PuO2(am, hyd) from the experi-


mental pe values and Pu(V) concentrations, log K ◦
IVs/ V =


− 19.45± 0.23 [7], is also in agreement with the value of


log K ◦
IVs/ V = − 19.8± 0.9 calculated with the data selected


in the NEA-TDB [2] for PuO2(am, hyd), Pu4+ and PuO2
+


from independent experimental data. In our solubility study


under Ar atmosphere the redox potentials at pH 2.5–3.3


are much lower (pe = 10–12). Hence Pu(VI) is not ob-


served, but only Pu(V) (and Pu(III) as expected according


to Eq. (7)).


At pH 3–4 the pe values in the studies under air drop


drastically to about 7 log-units lower values (Fig. 5b) while


the solubility (log [Pu] tot ≈ log[PuO2
+ ]) decreases continu-


ously with a slope of − 1 (Fig. 5a). Accordingly, the solubil-


ity constant log K ◦
IVs/ V derived from the experimental values


of pe and [PuO2
+ ] in region C would differ by 7 orders of


magnitude from the value derived in regions A and B [6, 7].


As there was no evident explanation for this discrepancy,


it was ascribed to possible experimental problems in the


Eh measurements [7, 8]. However, this is not the case. The


present results under Ar atmosphere (P(O2(g)) < 10− 5 bar)


show that the redox potentials in region C are reproducible


within a certain range and in addition consistent with those


measured by Rai et al. [6, 8] under air (P(O2(g)) = 0.2 bar),


i.e., the measured pe values are independent of the oxygen


partial pressure. Therefore the experimental Pu(V) concen-


trations in the present study and at pH > 3 under air can


neither be explained by reaction Eq. (11), the oxidative dis-


solution of PuO2(am, hyd), nor by the reaction


PuO2(am, hyd) +
1


4
O2(g) + H+ ⇐⇒


PuO2
+ +


1


2
H2O (13)


Moreover, the redox potentials in regions B and C and the


slopes of − 1 (pe + pH = const.) can neither be explained


by equilibria between aqueous Pu species nor by the oxy-


gen partial pressure [8]. The pe values are several log-units


lower than calculated for the O2(g) partial pressure of air


(c.f., dashed line in Fig. 5b). According to Eq. (2) and


Eq. (4) the redox potentials in regions B and C correspond


to P(O2(g)) of about 10− 8 and 10− 33 bar, respectively. As


the total aqueous Pu concentration at pH > 4 is much lower


than that of initially dissolved oxygen (in samples exposed


to air), aqueous Pu species cannot have consumed the oxy-


gen present in the system. These considerations suggest that


 How is uptake oxidation-state 


dependent? 


 Is uptake concentration 


dependent? 


Neck et al. (2007) Radiochim. Acta 95, 193-207 
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Previous work has highlighted 


linear rate-limited uptake 


 Pu(V) and Pu(IV) sorption to montmorillonite. 


– Pu(V) sorption is linear over a wide concentration range 


– Pu(IV) sorption also linear 


– No concentration dependence! 


 Pu(V) sorption is slow (~months timescale) 
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Pu(IV) sorption 


06/05/14 WG Meeting, Las Vegas 4 


Sorption behavior on CFM 


bentonite colloids follows that of 


montmorillonite 


Expected Pu(IV) colloid solubility 


198 V. Neck et al.


3.2 Equilibrium Pu(V) concentrations
and redox potentials: Evidence
for the formation of PuO2+ x(am, hyd)


The plutonium concentrations measured in solubility studies


under air or under Ar atmosphere cannot be explained with-


out the knowledge of the redox potentials. Unfortunately,


in many papers the redox potentials are not given. In the


following sections the solubility data (Fig. 5a) and the simul-


taneously measured redox potentials (Fig. 5b) in the studies


of Rai et al. [6–8] under air are discussed in comparison


with those determined in the present study under Ar atmo-


Fig. 5. (a) Solubility of PuO2+ x(am, hyd) at 20–25 ◦ C under air
(open symbols: Rai et al. [6–8]) and under Ar (filled symbols:
Rai et al. [18] and present work): Total Pu concentrations after ultra-
filtration and without removal of Pu(IV) colloids/ polymers (crosses),
log [Pu(IV)]coll = − 8.3 ± 1.0. The solid lines show the Pu(IV) and
Pu(V) concentrations calculated for I = 0.1 M; log [Pu(V)] is cal-
culated with log K ◦


sp(PuO2.5 in PuO2+ x(am, hyd)) = − 14.0± 0.8,
logβ◦


1(PuO2(OH)(aq)) = 2.7± 0.7 and logβ◦
2(PuO2(OH)2


− ) = 4.4±
0.5 (formation constants of the analogous Np(V) and Am(V)
species [1, 2]). (b) Simultaneously measured redox potentials (analo-
gous symbols).


sphere. It is helpful to divide the experimental data into


different pH regions (Figs. 5a and 5b).


Rai [7] has shown that the plutonium concentration


and the redox potentials measured under air at pH 1–3


(region A) are controlled by the oxidative dissolution of


PuO2(am, hyd) and the redox equilibrium between PuO2
+


and PuO2
2+ :


PuO2(am, hyd) ⇐⇒ PuO2
+ + e− (11)


PuO2
+ ⇐⇒ PuO2


2+ + e− (12)


The redox potentials in region A, pe = 16.0± 0.3 [7], are


consistent with the spectroscopically determined PuO2
+


and PuO2
2+ concentrations and log K ◦


V/ VI = − 15.82 ±
0.09 [1, 2]. The equilibrium constant derived by Rai [7] for


the oxidative dissolution of PuO2(am, hyd) from the experi-


mental pe values and Pu(V) concentrations, log K ◦
IVs/ V =


− 19.45± 0.23 [7], is also in agreement with the value of


log K ◦
IVs/ V = − 19.8± 0.9 calculated with the data selected


in the NEA-TDB [2] for PuO2(am, hyd), Pu4+ and PuO2
+


from independent experimental data. In our solubility study


under Ar atmosphere the redox potentials at pH 2.5–3.3


are much lower (pe = 10–12). Hence Pu(VI) is not ob-


served, but only Pu(V) (and Pu(III) as expected according


to Eq. (7)).


At pH 3–4 the pe values in the studies under air drop


drastically to about 7 log-units lower values (Fig. 5b) while


the solubility (log [Pu] tot ≈ log[PuO2
+ ]) decreases continu-


ously with a slope of − 1 (Fig. 5a). Accordingly, the solubil-


ity constant log K ◦
IVs/ V derived from the experimental values


of pe and [PuO2
+ ] in region C would differ by 7 orders of


magnitude from the value derived in regions A and B [6, 7].


As there was no evident explanation for this discrepancy,


it was ascribed to possible experimental problems in the


Eh measurements [7, 8]. However, this is not the case. The


present results under Ar atmosphere (P(O2(g)) < 10− 5 bar)


show that the redox potentials in region C are reproducible


within a certain range and in addition consistent with those


measured by Rai et al. [6, 8] under air (P(O2(g)) = 0.2 bar),


i.e., the measured pe values are independent of the oxygen


partial pressure. Therefore the experimental Pu(V) concen-


trations in the present study and at pH > 3 under air can


neither be explained by reaction Eq. (11), the oxidative dis-


solution of PuO2(am, hyd), nor by the reaction


PuO2(am, hyd) +
1


4
O2(g) + H+ ⇐⇒


PuO2
+ +


1


2
H2O (13)


Moreover, the redox potentials in regions B and C and the


slopes of − 1 (pe + pH = const.) can neither be explained


by equilibria between aqueous Pu species nor by the oxy-


gen partial pressure [8]. The pe values are several log-units


lower than calculated for the O2(g) partial pressure of air


(c.f., dashed line in Fig. 5b). According to Eq. (2) and


Eq. (4) the redox potentials in regions B and C correspond


to P(O2(g)) of about 10− 8 and 10− 33 bar, respectively. As


the total aqueous Pu concentration at pH > 4 is much lower


than that of initially dissolved oxygen (in samples exposed


to air), aqueous Pu species cannot have consumed the oxy-


gen present in the system. These considerations suggest that


 Pu(IV) sorption also 


linear 


 No concentration 


dependence! 


? 
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 Log adsorption rates (720 h) 


– Montmorillonite -2.8 L/m2/h 


– Bentonite -3.4 L/m2/h 


 ~weeks-months timescale 


 


 


 


 


Pu(V) adsorption rates  to SWy-1 


montmorillonite and FEBEX 


bentonite are similarly slow 
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 Similar to behavior observed for 


Pu(V) adsorption to bentonite 


 Experiments in progress 


 


 


 


Pu(V) adsorption rates  to SWy-1 


montmorillonite and FEBEX 


bentonite are similarly slow 
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Montmorillonite Pu(V) Bentonite Pu(V) 


30 day 1 year 30 day 
120 day 


 Continued uptake of Pu(V) by 


montmorillonite over 1 year 


 Caused by slow reduction of 


Pu(V) on mineral surface 
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 Similar desorption profiles on 


bentonite suggest equivalent 


mechanisms  


 Long term stability of Pu 


(desorption rates) on bentonite is 


being quantified 


 


 


 


Sorption of Pu on montmorillonite 


and bentonite appears to be 


reversible 
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 Previous work examined 


desorption of Pu(IV) from 


montmorillonite using stirred flow 


cell 
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Summary: Pu reactions with 


FEBEX bentonite 


 Ongoing work to characterize Pu interactions with FEBEX 


bentonite to complement Grimsel CFM Project 


 Measured sorption of Pu(IV) to bentonite over 10 orders of 


magnitude initial concentration 


– Pu(IV) sorption is linear, log Kd values of 4.3-4.9 mL g-1 


– Pu(V) sorption shows slow adsorption behavior previously seen on 


montmorillonite 


 Pu(IV) desorption behavior slow but reversible 
– desorption rates are being used to predict lifetime of Pu adsorbed to 


bentonite 


 Open questions: 


– How do observed rates compare to field scale CFM experiments? 


– How does Eh affect desorption rates?  


– Is there are small irreversible component?  


– How does behavior change with solution condition? 
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Stylized Postclosure Criticality 
Event Tree 


Ground 
Water 


Fresh 


Flooding 


Rapid Absorber 
Corrosion  


Rapid SS Basket 
Corrosion  


Slow UNF 
Degradation 


Corrosion 
Rates: 


Chloride 
Brine 


Dry 


Sufficient 
moderator 
displacement by CP 


Slow 


Slow 


Rapid 


Original chart from Scaglione et al. 2014. (Ref. 1) 
  
June 5, 2014 
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Three Disposal Concepts 


 Salt  
 Hard-rock, unsaturated, unbackfilled, open 
 Sedimentary, saturated, unbackfilled, open 
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Conditional Probabilities of First 
Two Branches in Event Tree – 
Early Failure 


 Conditional probabilities that sufficient water is present for 
three disposal concepts after early failure: 
– Salt: ~1 x 10-4 per package  
– Hard Rock: ~5 x 10-5 per package  
– Sedimentary: ~ 1 x 10-4 per package 


 
 Conditional probability sufficient soluble absorbers are not 


present in the ground water (i.e.,  that  keff > 0.98 for 8,000 years 
cooling time) (Ref. 2) 
– No neutron absorber (fresh water): 0.32 
– Degraded basket case and no neutron absorber (fresh water): 1 
– Degraded basket case and no neutron absorber (1 molal NaCl): 0.7 
– Degraded basket case and no neutron absorber (2 molal NaCl): 0.07 
– Degraded basket case and no neutron absorber (3 molal NaCl, 


extrapolated): 0.02 
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Conditional Probabilities Associated 
with Next Four Branches in Event 
Tree – Early Failure 


 Sufficient corrosion products are not distributed within the 
DPC 
– Conditional probability: 1 


 Sufficient fixed neutron absorbers are not retained between 
assemblies 
– Conditional probability : 1 


 Basket does not remain sufficiently intact 
– Conditional probability: 1 


 UNF is not sufficiently degraded (Ref. 3) 
– Assume cladding unzips and schoepite forms 


– Conditional probability that keff > 0.98 for degraded basket case and no 
neutron absorber with schoepite: 0.84 
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“Back-of-the-Envelope” Expected 
Number of DPCs with keff > 0.98 - 
Early Failure 


 Assume 104 DPCs 
 Salt 


– 1 molal:  1 x 10-4 x 0.7 x 1 x 1 x 1 x 0.84 x 104 = 0.59 
– 2 molal:  1 x 10-4 x 0.07 x 1 x 1 x 1 x 0.84 x 104 = 0.06 
– 3 molal:  1 x 10-4 x 0.02 x 1 x 1 x 1 x 0.84 x 104 = 0.04 


 Hard-rock, unsaturated, unbackfilled, open 
– 5 x 10-5 x 1 x 1 x 1 x 1 x 0.84 x 104 = 0.42 


 Sedimentary, saturated, unbackfilled, open 
– 1 x 10-4 x 1 x 1 x 1 x 1 x 0.84 x 104 = 0.84 
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40 CFR 191 


 Containment Requirements 
– 10,000 years 
– Cumulative release of radionuclides to the accessible environment 
– Limits the probability that releases can exceed a certain value 
– Release limits are scaled to the amount of waste disposed of 
– Includes processes and events that might affect the disposal system 
– Inadvertent human intrusion is included 


• Probability is 30 boreholes per km2 in sedimentary media 
• Probability is 3 boreholes per km2 in other media 


 Individual Protection Requirements 
– 10,000 years 
– Dose standard (15 mrem) 
– Undisturbed performance 
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Conditional Probabilities of First 
Two Branches in Event Tree – 
Inadvertent Human Intrusion 


 Expected number of packages intercepted in a human 
intrusion event 
– Under the 40 CFR 191 Standard 


• Salt: 3 (horizontal), 0.94 (vertical) 
• Hard Rock: 0.3 (horizontal), 0.09 (vertical) 


• Sedimentary: 3 (horizontal), 0.94 (vertical) 
– Under the 40 CFR 197 Standard: 1 


 
 Conditional probability sufficient soluble absorbers are not 


available in groundwater (i.e., keff > 0.98 in that package after 
8,000 years cooling time) 
– Assume degraded basket and no neutron absorber 
– Assume waste package filled with drilling fluid (not groundwater) 
– Conditional probability: 1 
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Conditional Probabilities Associated 
with Next Four Branches in Event 
Tree – Inadvertent Human Intrusion 


 Sufficient corrosion products are not distributed within the 
DPC 
– Conditional probability: 1 


 Sufficient fixed neutron absorbers are not retained between 
assemblies 
– Conditional probability : 1 


 Basket does not remain sufficiently intact 
– Conditional probability: 1 


 UNF is not sufficiently degraded (Ref. 3) 
– Assume schoepite does not have time to form 


– Conditional probability: 1 
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“Back-of-the-Envelope” Expected 
Number of DPCs with keff > 0.98 – 
Inadvertent Human Intrusion 


 Under 40 CFR 191 Standards (Ref. 4) 
– Salt 


• 3 x 1 x 1 x 1 x 1 x 1 = 3 (horizontal) 
• 0.94 x 1 x 1 x 1 x 1 x 1 = 0.94 (vertical) 


– Hard-rock, unsaturated, unbackfilled, open 
• 0.3 x 1 x 1 x 1 x 1 x 1 = 0.3 (horizontal) 
• 0.09 x 1 x 1 x 1 x 1 x 1 = 0.09 (vertical) 


– Sedimentary, saturated, unbackfilled, open 
• 3 x 1 x 1 x 1 x 1 x 1 = 3 (horizontal) 
• 0.94 x 1 x 1 x 1 x 1 x 1 = 0.94 (vertical) 


 Under 40 CFR 197 Standards 
– 1 x 1 x 1 x 1 x 1 x 1 = 1 
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“Back-of-the-Envelope” Expected 
Number of DPCs with keff > 0.98 


  Salt Hard rock, 
unsaturated, 


unbackfilled, open 


Sedimentary, 
unbackfilled, open, 


saturated 
40 CFR 191       


Containment 
Requirements 


3.6 (horizontal, 1 molal) 
1.5 (vertical,1 molal) 


0.72 (horizontal) 
0.51 (vertical) 


3.8 (horizontal) 
1.8 (vertical) 


Individual Protection 
Requirements   


0.59 (1 molal) 
0.06 (2 molal) 
0.04 (3 molal) 


 
0.42 


 
0.84 


40 CFR 197       
Individual Protection 
Standard – 104 and 106 
years 


0.59 (1 molal) 
0.06 (2 molal) 
0.04 (3 molal) 


 
0.42 


 
0.84 


Human Intrusion 
Standard – 104 and 106 
years 


 
1.0 
  


 
1.0 


 
1.0 


Groundwater 
Protection Standard 


0.59 (1 molal) 
0.06 (2 molal)* 
0.04 (3 molal)* 


0.42 0.84 
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Where Do We Go From Here? 


 Reactivity analyses with vertical configuration 
 Reactivity analyses with different reactivity control 


mechanisms added (e.g., fillers) 
 Look at information used as basis for current storage licenses; 


use for reactivity calculations 
 ???? 
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Introduction 


 Postclosure criticality in a dual-purpose canister (DPC) must 
be considered for inclusion in a repository performance 
assessment as a feature, event, or process (FEP) 


 Exclusion from performance assessment calculations based 
on probability of occurrence OR insignificant consequence 


 Use current version of 10 CFR 63 
 Assume disposal of DPCs with current designs and materials 
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Probabilities for Inclusion of FEPs 
in Postclosure Standards (10 CFR 
63.342) 


Probability of 
Occurrence of 
Feature, Event, or 
Process (per year) 


Individual 
Protection 
Standard  - 15 
mrem for 
10,000 years 
(10 CFR 
63.311(a)(1)) 


Individual 
Protection 
Standard – 100 
mrem after 
10,000 years (10 
CFR 
63.311(a)(2)** 


Individual 
Protection 
Standard for 
Human 
Intrusion – 
15 mrem for 
10,000 years 
(10 CFR 
63.321 
(b)(1)) 


Individual 
Protection 
Standard for 
Human 
Intrusion – 100 
mrem after 
10,000 years 
(10 CFR 
63.321 (b)(2))** 


Groundwater 
Protection 
Standard – Limits 
on combined 
226Ra and 228Ra 
activity;  limits on 
gross α activity; 
dose from 
combined beta 
and photon 
emitting 
radionuclides for 
10,000 years (10 
CFR 63.331) 


Less than 1 x 10-8 * Not Included 
(10 CFR 
63.342(a)) 


Not included 
(10 CFR 
63.342(c)) 


Not included 
(10 CFR 
63.342(a)) 


Not included 
(10 CFR 
63.342(c)(1)) 


Not included 
(10 CFR 
63.342(a)) 


Between 1 x 10-8 
and 1 x 10-5  


Included Included Not included 
(10 CFR 
63.342(b)) 


Not included 
(10 CFR 
63.342(c)(1)) 


Not included 
(10 CFR 
63.342(b)) 


Greater than 1 x 
10-5 


Included Included Included Included Included 
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Probabilities for Inclusion of FEPs 
in Postclosure Standards (10 CFR 
63.342) (cont’d) 


 *If the probability of a FEP is greater than 1 x 10-8 per year, the 
FEP (however probable) can be excluded if the results of the 
performance assessments would not be changed significantly 
in the initial 10,000-year period after disposal. (10 CFR 
63.342(a)) 


 ** For these two (106 year) standards, 10 CFR 63.342(c) requires 
the inclusion of seismic and igneous activity, subject to 
probability limits, and also requires inclusion of the effects of 
climate change (with prescribed limits on the effects of climate 
change) as well as inclusion of the effects of general corrosion.   


 ** For these two (106 year) standards, 10 CFR 63.342(c) requires  
the continued effects of those FEPs included in the 10,000-year 
analysis. 
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Probability of Criticality – Yucca 
Mountain and DPCs 


 Yucca Mountain License Application 
– Criticality screened from performance assessment on the basis of 


probability 


– Could specify performance requirements for the transportation, aging, 
and disposal (TAD) canisters to avoid criticality 


– Could specify loading requirements for the TADs 


 DPCs 
– DPCs not designed with consideration of geologic disposal conditions, 


timescales, and requirements 


– DPCs not loaded with consideration of geologic disposal conditions, 
timescales, and requirements. 


– Can criticality be screened from performance assessments for disposal 
of DPCs? 
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Sufficient Soluble Absorbers are 
Dissolved in Groundwater 


 Groundwater contains 35Cl, a neutron absorber (cross-section 
of ~44 barns) 


 Reactivity calculations performed for 48 or 31 TSC-24 canisters 
(Maine Yankee) and 26 MPC-32 canisters (Sequoyah) (Ref. 2) 


 Two configurations 
– Loss of neutron absorber 


– Degraded basket (including loss of absorber) 


 Looked at effects of fresh water, 1 molal NaCl, and 2 molal 
NaCl 


 Used assembly-specific burnup; 12 actinides and 16 fission 
products included in burnup credit evaluations 


 Calculations done with 0 and 8000 years cooling time; 
reactivity peaks at about 25,000 years. 
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Sufficient Soluble Absorbers are 
not Dissolved in Groundwater 


 Selected results of reactivity calculations (Ref. 2) 
– Highest keff calculated was 1.26 (TSC-24 canister, degraded basket, 


fresh water, 8,000 years cooling time) 
– 1 molal NaCl decreased keff by about 0.08 (compared to fresh water) 
– 2 molal NaCl decreased keff by about 0.15 (compared to fresh water) 
– Extrapolate: > 4 molal NaCl needed to keep keff < 0.98 for worst waste 


 Conditional probability keff > 0.98  (8,000 years cooling time) 
– No neutron absorber: 0.32 
– Degraded basket case and no neutron absorber: 1 
– Degraded basket case and no neutron absorber with 1 molal NaCl: 0.7 
– Degraded basket case and no neutron absorber with 2 molal NaCl: 


0.07 
– Degraded basket case and no neutron absorber with 3 molal NaCl 


(extrapolated): 0.02 
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Sufficient Soluble Absorbers are 
Dissolved in Groundwater (cont’d) 


 
 


  


Case 


Percentage of 
TSC-24 DPCs with 
keff>0.98 (8,000 
years cooling 
time) 


Percentage of 
MPC-32 DPCs with 
keff >0.98 (8,000 
years cooling time) 


Total Percentage of 
DPCs with keff>0.98 
(8,000 years cooling 
time) 


No neutron 
absorber 
(fresh water) 


0% 92% 32% 


Degraded 
basket (fresh 
water) 


100% 100% 100% 


Degraded 
basket with 1 
molal NaCl 


48% 96% 70% 


Degraded 
basket with 2 
molal NaCl 


13% 0% 7% 
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Sufficient Fixed Neutron 
Absorbers are Retained Between 
Assemblies 


 Multiple ways to control reactivity in a DPC 
– Neutron absorber plates, typically aluminum and boron carbide 


– Flux traps 


– Control rods and burnable poison rods 
• Neutron absorption 


• Water displacement 


 Neutron absorbers are not likely to be retained between 
assemblies over repository timescales 


 Could open existing DPCs and add neutron-absorbing material 
prior to disposal 
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Sufficient Fixed Neutron 
Absorbers are Retained Between 
Assemblies (cont’d) 


 EPRI studied criticality control in 2 DPCs (Ref. 5) 
– Effects of moderator displacement 


– Effects of loading patterns 


– Effects of inserting surrogate control rod assemblies 


 One configuration: loss of neutron absorber (baskets intact) 
 Flooded with fresh water 
 Used actual burnups , 14 actinides, and 5 fission products in 


reactivity calculations 
 Fuel assumed to be 5 years out of reactor 
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Sufficient Fixed Neutron 
Absorbers are Retained Between 
Assemblies (cont’d) 


Case keff 
keff plus bias and 


uncertainties 


Disposal conditions, no METAMIC 1.00157 1.027 
Moderator Displacement     
Annular Burnable Absorbers 0.97862 1.004 


Burnable Absorber Assemblies 0.97319 0.998 


Loading Patterns to Minimize Reactivity     


Rearrange 4 Center Assemblies 0.99244 1.017 
Rearrange 4 Center + 8 Middle 0.98419 1.009 


Rearrange 4 Center + 12 Middle 0.98284 1.008 
Worst Case, Maximized Reactivity 1.00890 1.034 


Surrogate Control Rod Assemblies     


Control Rods in 4 Center Assemblies 0.95493 0.980 


Control Rods in all 32 Assemblies 0.64817 0.673 
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Sufficient Fixed Neutron 
Absorbers are Retained Between 
Assemblies (cont’d) 


 Results 
– Surrogate control rod assemblies reduced keff the most 


– Moderator displacement and different loading patterns not as effective 


 Combinations of techniques to control reactivity 
– Fillers with neutron absorbing material 


• Displacement and neutron absorption 


• Potential to maintain configuration of fuel 


– Fresh control rods  


– Rearranging fuel rods 
• Probably of limited value in case of basket degradation 
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Basket Remains Sufficiently Intact 


 Baskets generally constructed of SS-304L and SS-316, 
although some are made of carbon steel 


 Expected to corrode more slowly that neutron-absorbers, but 
not designed for repository conditions and time scales 


 For purposes of a FEPs screening analysis, would probably 
have to assume basket degradation 
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UNF Is Sufficiently Degraded 


 Corrosion rate for Zircalloy is low 
 Experiments showed that perforated cladding unzipped in two 


years due to fuel-side cladding corrosion 
 For YM performance assessment, fuel was assumed to convert 


to the mineral schoepite (UO3:2H2O) 
 Effects on criticality of cladding unzipping and formation of 


schoepite? 
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Stylized Postclosure Criticality 
Event Tree - Summary 


Ground 
Water 


Fresh 


Flooding 


Rapid Absorber Corrosion  


Rapid SS Basket Corrosion  


Slow UNF Degradation 


Chloride 
Brine 


Dry   


Sufficient moderator 
displacement by CP 


Slow 


Slow 


Rapid 


Probability of failure <10-12 per year per package 


Chloride brine > 4 molal 


Unknown; potentially offset by 
loss of configuration 


Unlikely; add reactivity 
control prior to disposal 


Unlikely with current materials 


Cladding unzips in 2 yrs; 
schoepite forms 
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 DRAFT STATEMENT OF WORK 


RAILCARS FOR TRANSPORT OF HIGH-LEVEL RADIOACTIVE MATERIAL  
 


 
1. Introduction/Background: 
 
The Department of Energy (DOE) is beginning to lay the groundwork for the eventual large-
scale transport of spent (or “used”) nuclear fuel and high-level waste to consolidated storage and 
disposal facilities when such facilities become available.  This is in support of the 
recommendations made by the Blue Ribbon Commission on America’s Nuclear Future (BRC) in 
their report to the Secretary of Energy published on January 26, 2012.  This report can be found 
at http://brc.gov/sites/default/files/documents/brc_finalreport_jan2012.pdf.   
 
Approximately one year after the BRC report, the Administration released its Strategy for the 
Management and Disposal of Used Nuclear Fuel and High-Level Radioactive Waste (hereafter 
referred to as the Administration’s Strategy).  In it, DOE stated that it plans to start operating a 
pilot interim storage facility by 2021.  In later years, DOE plans to expand the waste 
management system with a larger interim storage facility in 2025 and a geologic repository in 
2048.  The Administration’s Strategy can be found at:  http://energy.gov/downloads/strategy-
management-and-disposal-used-nuclear-fuel-and-high-level-radioactive-waste.   
 
To support the BRC recommendations and the Administration’s Strategy, railcars capable of 
transporting High Level Radioactive Material (HLRM) at standard railway speeds will need to 
be developed and built.  DOE intends to own and operate a fleet of specialized railcars to provide 
this transport capability.  The Association of American Railroads (AAR) introduced the term 
HLRM to include both spent (used) nuclear fuel and high-level waste.  For the purposes of this 
contract, DOE has adopted this term, but extended the definition to include Greater-Than-Class-
C waste in HLRM. 
 
The AAR has also published a technical standard specifically for this purpose:  Performance 
Specification for Trains Used to Carry High-Level Radioactive Material, Standard S-2043.  Rail 
shipments of HLRM shall be made on railcars that comply with this standard. 
 
The HLRM will be shipped in transport casks, which are certified by the Nuclear Regulatory 
Commission (NRC).  The NRC has approved transport cask designs supplied by various 
manufacturers.  These transportation casks weigh approximately 150 tons, which makes them too 
heavy for long-distance transport by truck or by typical railcars.  New railcars, capable of 
transporting HLRM, are required to transport HLRM over the railroad infrastructure of the 
United States at standard commerce rail speeds.  The purpose of this contract is for the design, 
prototype fabrication and test, and receipt of the AAR’s Equipment Engineering Committee 
(EEC) approval of a single cask car and buffer car and the designs of those railcars.  Each cask 
car will be required to carry only one transport cask at a time.  DOE assumes that the railcars will 
be used an average of four times per year, but sometimes more frequently, up to eight times in 
one year.  The lifetime of a railcar is assumed to be 30 years.   
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The rail cars must comply with AAR’s Manual of Standards and Recommended Practices, 
including Standard S-2043.  A copy of these standards can be obtained for a fee of 
approximately $2,500, from the AAR website (www.aarpublications.com/Publications/Manual 
of Standards and Recommended Practices.aspx) or by contacting the AAR at 877-999-8824 (or 
direct line 719-584-0538) to obtain a copy of these standards and to verify the latest version of 
these standards. 
 
It is anticipated the consist for transporting HLRM will be comprised of the locomotive(s), 
buffer car(s), cask car(s), and an escort car.  This contract’s statement of work only includes 
activities to develop the cask car and the buffer car.  DOE does not plan to develop any new 
locomotives, but rather expects private railroad companies to be able to provide locomotives that 
are compliant with AAR Standard S-2043.  The escort car will be developed via a separate 
solicitation(s).  The multi-car test of the consist will also be done via a separate solicitation; 
however, to ensure the operability and standardization of individual cars for final consist, it is 
anticipated that follow-on contract(s) may need to be made to the same contractors who are 
awarded the development contracts for these cars to finalize car designs for final AAR approval. 
 
2. Scope of Work: 
 
The contractor shall perform the phases described in this SOW, as authorized in writing by DOE, 
for prototype design, cost and schedule estimates, and fabrication and testing of railcars for the 
transport of HLRM.  The deliverables resulting from this SOW will ultimately result in approved 
build to print drawings that can be used to competitively fabricate production articles.  This 
SOW does not include the manufacturing of production articles.  DOE will take ownership of the 
deliverables resulting from this contract.   
 
Deliverables provided under this contract shall be performed in accordance with AAR’s Manual 
of Standards and Recommended Practices (including S-2043) and any other applicable standards.   
 


2.1 Phase 1: Mobilization  
 


Within 6 months after award, the selected contractor shall provide DOE with conceptual 
designs for both the cask car and the buffer car.   


 
The cask car will be designed to carry the casks identified in Attachment A of this SOW.  
The buffer car will be designed to carry from a minimum of zero (0) pounds up to a 
maximum AAR approved design weight; it does not carry HLRM cargo, but is to work in 
conjunction with the cask car and its cargo(s) as well as the escort car.  Its purpose is to 
provide a safe distance between the people in the locomotive and escort car and the 
radioactive material on the cask cars.  The buffer cars may be used to transport some 
lightweight items, such as tools, spare parts, etc., that are necessary to load/unload the 
transport casks. 


 
The cask and buffer car clearances shall fit within AAR Plate B so that the cars can be used 
in unrestricted interchange service.  The requirements for Plates B are contained in AAR 
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Standards S-2026, S-2027, and S-2030.  These standards are referenced in AAR Standard S-
2043, Section 4.7.9.1. 


 
The transportation casks must rest on cradles, or “skids” on top of the railcar deck.  The 
cradles are not included in the scope of work of this contract.  The cradles will be provided 
by the shippers during later operational phases (not included in this contract).  The cradles 
have not been fabricated yet; therefore, if necessary, they can be redesigned to fit the new 
DOE cask car.  Until the cradle designs are final, the contractor shall assume that the cradles 
weigh 20 tons each. 
 
Some casks will already be horizontal when they are placed on the cradle.  Other casks will 
be positioned on the cradle vertically, and then rotated to a horizontal position to rest on the 
cradle.  This vertical-to-horizontal operation may be performed on top of the railcar.  
Therefore, the cask car may be required to support the weight of a cask in a vertical position 
during loading and unloading operations.   
 
The cradle will be tall enough and open-ended so that the impact limiters can be attached to a 
cask after the cask is secured to the cradle.  The impact limiters must clear the cask car deck 
by at least three inches. 
 
The impact limiters may be attached to the cask after the cask is loaded on the railcar, so the 
railcar deck must be long enough to accommodate this operation.  This length requirement 
could be critical if the railcar is designed with a depressed deck. 


 
The contractor shall provide rough-order-of-magnitude (ROM) cost and schedule estimates 
for two program alternatives.  Alternative 1 includes a cask car program with a production 
run of 120 cask cars plus a separate buffer car program with a separate production run of 60 
buffer cars.  Alternative 1 thus involves two separate design, test, and certification programs 
– one for the cask car and one for the buffer car.   


 
Alternative 2 includes a single program with a single production run of 180 cask cars, 
without any work at all on buffer cars.  In effect, Alternative 2 deletes the entire buffer car 
program in favor of using empty cask cars as the buffer cars.  The contractor will compare 
the ROM costs and schedules of these two alternatives, so that DOE can decide which one 
will best meet the DOE’s future needs.  The contractor shall provide DOE with sufficient 
detail and a list of the assumptions used to provide DOE with confidence in the thoroughness 
of the ROM cost and delivery schedule estimates.   


 
This ROM should include estimates (along with supporting rationale/basis of estimates) for 
both programs to include: 


 
 design, prototype fabrication and test, AAR certification 


 production unit cost 
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 production unit operation and maintenance over the life of the program, including an 
estimate of how long (e.g., number of hours) the unit can operate between maintenance 
intervals as well as over the useful life of the unit  


 
The deliverables under Phase 1 shall include: 


 Cost and schedule ROM estimates for Alternatives 1 and 2, as specified above. 


 Conceptual Design drawing packages depicting the complete cask car and buffer car 
systems. 


 Conceptual description and drawings of the mechanism to attach the cradles to the cask 
car. 


 Calculations necessary to validate the feasibility of the design concept. 


 A document listing the functional and operational requirements of the cask car and buffer 
car designs.  This shall also include any limitations, if any, of the conceptual designs 
beyond those already in AAR S-2043 such as limits on loads, speeds, routes etc. 


 A list of all necessary codes, standards, and regulations applicable to the cask car and 
buffer car designs. 


The contractor shall provide the COR one electronic copy and two (2) paper copies of all 
deliverables. 


 
Upon completion of Phase 1 deliverables, the contractor shall provide a briefing to DOE on 
all Phase 1 deliverables and activities.  It is anticipated that this briefing will be held in 
Washington, DC, and it will last about three hours.  DOE shall review all deliverables and 
provide comments or feedback to the contractor within 3 weeks after the briefing. 


 
Completion of Phase 1 activities constitute a hold point whereby written approval from 
DOE’s CO will be required before the contractor can begin work associated with any other 
phases. 


 
2.2 Phase 2:  Cask Car Preliminary Design 
 
Upon written authorization from the Contracting Officer, the contractor shall develop a 
Preliminary Design of a cask car, as described in Section 4.0 of AAR Standard S-2043.  The 
contractor shall submit the Preliminary Design to the AAR for review and shall perform any 
design rework (if necessary) in order to obtain approval of the design from the AAR, as 
described in Paragraph 3.2.1 of Standard S-2043.  At the end of this phase, the contractor 
shall have received from the AAR EEC notification to “proceed with the test phase”, as 
stated in Paragraph 3.2.1 of Standard S-2043.  Additionally, the Preliminary Design shall 
include all deliverables necessary to have a cask car produced by a third party.   


 
The contractor shall provide a complete and detailed cost and schedule estimate for the 
fabrication, testing, and receipt of AAR’s EEC approval on the Preliminary Design for the 
cask car.  The cost estimate shall include costs for the transport of a cask car from its point of 
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fabrication to a location suitable for testing per AAR’s requirements, as well as costs 
associated with acquiring any required test weights.   


 
In addition to the above cost estimate, the contractor shall provide a detailed cost and 
delivery schedule estimate for either a production run of 120 or 180 cask cars (as directed by 
DOE).  


 
Publicly-available information regarding transportation casks is provided in included in 
Attachment A.  Should additional information be required, the contractor shall be responsible 
for the execution of any non-disclosure agreement with cask vendors to obtain any required 
detailed design information on NRC-licensed or soon to be NRC-licensed transportation 
casks. 
 
Although all decisions on the cask car design and fabrication remain with the contractor; 
DOE prefers the contractor use standard, commercial off-the-shelf components as much as 
possible.  The contractor shall provide a listing of all required components and their sources 
of supply that will be required to fabricate the cask car.  Custom-built components shall be 
annotated as such, and if required, the contractor will provide drawings or specifications 
necessary to reproduce the items.  


 
The deliverables associated with the Preliminary Design shall include:  


 Preliminary Design as approved by AAR EEC 


 A copy of the AAR EEC notification to “proceed with the test phase” 


 A complete set of technical specifications and procedures for all special processes needed 
to complete fabrication and assembly (i.e. welding, heat treatment, etc.) 


 An inspection plan suitable for use by a third party to verify the fabrication and assembly 
of the railcar system meets the design’s specifications. 


 Detailed cost and schedule deliverable for either a production run of 120 or 180 cask cars. 


 Operation and Maintenance consideration information, including attention given in the 
design for: 


o Any assumptions determining contractor or DOE support, both initially and over the 
life of the system, including consideration of contractor or DOE operation, 
maintenance and servicing; 


o Reliability, maintainability, and quality assurance requirements 
 


The contractor shall provide the COR one electronic copy and two (2) paper copies of all 
deliverables produced. 


 
Upon completion of all deliverables, the contractor shall prepare a briefing to provide DOE 
the details of the Preliminary Design.  It is anticipated that the briefing will occur in 
Washington, D.C. and will occur after completion of the preliminary design.  The schedule 
for this will be coordinated through the COR.  DOE shall review all deliverables and provide 
comments or feedback to the contractor within 3 weeks after the briefing. 
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Completion of Phase 2 activities constitutes a hold point whereby written approval from 
DOE’s CO will be required before the contractor can begin work associated with Phase 3. 


 
2.3 Phase 3:  Cask Car Prototype Fabrication, Test, and Approval by AAR 
 
Upon written authorization from the Contracting Officer, the contractor shall fabricate a cask 
car in accordance with the (approved by AAR’s EEC) Preliminary Design.  Upon completion 
of the fabrication, the contractor shall perform the single car test on the cask car, as described 
in Section 5.0 of Standard S-2043.  During the testing process, the contractor shall document 
and perform any required design changes (if necessary) and shall fabricate or acquire any 
required new pieces (if any) in order to obtain the AAR’s EEC conditional approval of the 
single cask car and its design.  


 
The contractor shall be responsible for transporting the fabricated cask car from its point of 
fabrication to the location where the testing will occur.  The contractor shall also be 
responsible for acquiring any test weight as required by the AAR for testing. 


 
The contractor shall fabricate and test the cask car as necessary to receive the AAR’s EEC 
approval.  The contractor shall perform all coordination to arrange testing, including the 
acquisition of cask and cradle hardware necessary to simulate the loads for testing.  


 
The contractor shall deliver the following: 


 Prototype cask car(s) 


 A set of as-built drawings and inspection reports depicting the final configuration of the 
cask car. 


 Copies of all test reports required by AAR standards. 


 A listing of all procured parts necessary to complete assembly of the cask car including 
cut sheets, part numbers, specifications, vendors, etc. 


 All operations and maintenance manuals, including preventative maintenance 
information, necessary for the long term use of the rail car system. 


 A copy of all approval records issued by the AAR. 


 Updated Estimates:  updated, more detailed estimates (as well as the models and back 
up information for how the estimates were derived): 


o A final estimate of how long (e.g., number of hours) the unit can operate between 
maintenance intervals as well as over the useful life of the unit. 


o Detailed cost estimate for the unit manufacturing cost per item, as well as the life-
cycle cost to own/operate the system over the anticipated life of the project. 


 
In addition to the actual prototype cask car(s), the contractor shall provide the COR one 
electronic copy and two (2) paper copies of all deliverables. 
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Upon completion of all single-car testing on the cask car and approval from the AAR has 
been obtained, DOE shall work with the contractor to identify an appropriate location for the 
storage of the cask car until such time that it will be used in the multiple car tests as required 
by AAR.    


 
If the storage location is to be at a Government owned facility, DOE will take possession of 
the prototype cask car.  If the storage location is at a non-Government site, the contractor will 
store the cask car, as directed by the Contracting Officer and COR.  Contractor storage will 
be accomplished using a fixed monthly price to store the car, in accordance with Section B of 
this contract.  Following this storage period, the contractor shall deliver the cask car 
prototype to DOE for use in the multiple car tests.  Prior to the initiation of the multiple car 
tests, the cask car shall be delivered to a DOE site to be negotiated with the Contracting 
Officer.   


 
Included in the scope of the contract is the possible fabrication of up to 5 additional prototype 
cask cars; this will be procured by a separate option (see contract Section B, as well as 
Section I option clauses) under this contract, if required.    


 
Upon completion of all deliverables, the contractor shall brief DOE on all the activities of 
this phase.  It is anticipated that this briefing will occur in Washington, DC, and will occur 
after final approval by the AAR. The schedule for this briefing will be coordinated through 
the COR. 
 
2.4 Phase 4:  Buffer Car Preliminary Design 
 
Upon written authorization from the Contracting Officer, the contractor shall develop a 
Preliminary Design of a buffer car, as described in Section 4.0 of AAR Standard S-2043.    
The contractor shall submit the Preliminary Design to the AAR for review and shall perform 
any design rework (if necessary) in order to obtain approval of the design from the AAR, as 
described in Paragraph 3.2.1 of Standard S-2043.  At the end of this phase, the contractor 
shall have received from the AAR EEC notification to “proceed with the test phase”, as 
stated in Paragraph 3.2.1 of Standard S-2043.  Additionally, the Preliminary Design shall 
include all deliverables necessary to have a buffer car produced by a third party. 


 
The contractor shall provide a complete and detailed cost and schedule estimate for the 
fabrication, testing, and receipt of AAR’s EEC approval of the Preliminary Design for the 
buffer car. The cost estimate shall include costs for the transport of a buffer car from its point 
of fabrication to a location suitable for testing per AAR’s requirements.  The contractor shall 
also provide detailed cost and delivery schedule estimates for the procurement of 60 buffer 
cars.  


 
Although all decisions on the buffer car design and fabrication remain with the contractor; 
DOE prefers the contractor use standard, commercial off-the-shelf components as much as 
possible.  The contractor shall provide a listing of all required components and their sources 
of supply that will be required to fabricate the buffer car.  Custom-built components shall be 
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annotated as such, and if required, the contractor will provide drawings or specifications 
necessary to reproduce the items.  


 
Deliverables associated with the Preliminary Design include: 


 Preliminary Design as approved by ARR EEC. 


 A copy of the AAR EEC notification to “proceed with the test phase”. 


 A complete set of technical specifications and procedures for all special processes needed 
to complete fabrication and assembly (i.e. welding, heat treatment, etc.) 


 An inspection plan suitable for use by a third party to verify the fabrication and assembly 
of the railcar system meets the design’s specifications. 


 Cost and schedule estimate for 60 buffer cars, as described above. 


 Operation and Maintenance consideration information, including attention given in the 
design for: 


o Any assumptions determining contractor or DOE support, both initially and over the 
life of the system, including consideration of contractor or DOE operation, 
maintenance and servicing; 


o Reliability, maintainability, and quality assurance requirements 
 


The contractor shall provide the COR one electronic copy and two (2) paper copies of all 
deliverables produced. 


 
Upon completion of all deliverables, the contractor shall prepare a briefing to provide DOE 
the details of the Preliminary Design.  It is anticipated that this briefing will occur in 
Washington, D.C. and will occur after completion of the preliminary design. The schedule 
for this will be coordinated through the COR.  DOE shall review all deliverables and provide 
comments or feedback to the contractor within 3 weeks after the briefing. 


 
Completion of Phase 4 activities constitutes a hold point whereby written approval from 
DOE’s CO will be required before the contractor can begin work associated with Phase 5. 


 
2.5 Phase 5:  Buffer Car Prototype Fabrication, Test, and Approval by AAR 
 
Upon written authorization by the Contracting Officer, the contractor shall fabricate a buffer 
car in accordance with the (approved by AAR’s EEC) Preliminary Design.  Upon completion 
of the fabrication, the contractor shall perform the single car test on the buffer car as 
described in Section 5.0 of AAR Standard S-2043.  The contractor shall perform any required 
design changes (if necessary) and shall fabricate or acquire any required new pieces (if any) 
in order to obtain the AAR’s EEC conditional approval of the single buffer car and its design.  


 
The contractor shall fabricate and test the buffer car as necessary to receive the AAR’s EEC 
approval.  The contractor shall perform all coordination to arrange testing including the 
acquisition of hardware necessary to simulate loads for testing.  
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The contractor shall be responsible for transporting the fabricated buffer car from point of 
fabrication to the location where the testing will occur. 


 
The contractor shall deliver the following: 


 Prototype buffer car(s) 
 A set of as built drawings and inspection reports depicting the final configuration of the 


buffer car. 
 Copies of all test reports required by AAR standards. 
 A listing of all procured parts necessary to complete assembly of the buffer car including 


cut sheets, part numbers, specifications, vendors, etc. 
 All operations and maintenance manuals including preventative maintenance 


information, necessary for the long term use of the rail car system. 
 A copy of all approval records issued by the AAR. 
 Updated Estimates:  updated, more detailed estimates (as well as the models and back up 


information for how the estimates were derived): 


o A final estimate of how long (e.g., number of hours) the unit can operate between 
maintenance intervals as well as over the useful life of the unit 


o Detailed cost estimate for the unit manufacturing cost per item, as well as the life-
cycle cost to own/operate the system over the anticipated life of the project. 


 
In addition to the actual prototype buffer car(s), the contractor shall provide the COR one 
electronic copy and two (2) paper copies of all deliverables. 


 
After all single-car testing on the buffer car and approval from the AAR has been obtained, 
DOE shall work with the contractor to identify an appropriate location for the storage of the 
buffer car until such time that it will be used in the multiple car tests as required by AAR.  If 
the storage location is to be at a Government owned facility, DOE will take possession of the 
prototype buffer car.  If the storage location is at a non-Government site, the contractor will 
store the buffer car, as directed by the Contracting Officer and COR.  Contractor storage will 
be accomplished using a fixed monthly price to store the car, in accordance with Section B of 
this contract.  Following this storage period, the contractor shall deliver the buffer car 
prototype to DOE for use in the multiple car tests.   Prior to the initiation of the multiple car 
tests, the buffer car shall be delivered to a DOE site to be negotiated with the Contracting 
Officer.  


 
Included in the scope of the contract is the possible fabrication of up to 2 additional prototype 
buffer cars; this will be procured by a separate option under this contract if required.   


 
Upon completion of all deliverables, the contractor shall brief DOE on all the activities of 
this phase.  It is anticipated that this briefing will occur in Washington, DC, and will occur 
after final approval by the AAR. The schedule for this briefing will be coordinated through 
the COR.  DOE shall review all deliverables and provide comments or feedback to the 
contractor within 3 weeks after the briefing. 
 
2.6 Delivery Location 
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See paragraphs 2.3 and 2.5 above regarding delivery location(s).  
 
2.7 Meetings, Reports, Reviews 


 
Kickoff Meeting 


 
The contractor will attend a team kickoff meeting in Washington, D.C., to discuss scope, 
schedule, and budget and to explain the contractor’s approach to Phase 1.  This meeting 
will be scheduled within three weeks of contract award.  The contractor’s main point-of-
contact for this contract should attend this meeting, and the contractor may bring one or 
two additional key personnel.  The contractor will be expected to layout the work to be 
done under the contract, but with particular emphasis on the method and timing for 
executing the tasks in Phase 1 of this SOW. 


 
Progress Review Meetings  
The contractor and COR will participate in progress review meetings via teleconference, 
as needed or directed by the COR, to address potential issues in a timely manner and to 
facilitate moving forward on the SOW.  These calls will start four weeks after the Kickoff 
Meeting and may continue for the duration of the contract, although the timing and 
frequency may be changed at the discretion of the COR.  During these meetings, the 
contractor may present project technical progress, cost, and schedule status for each 
Phase executed.  The contractor shall identify existing or anticipated problem areas for 
each task (including impacts); and discuss corrective actions reporting on progress 
toward their closure.  For cost estimating purposes, assume that these progress review 
meetings will occur monthly.  Any issues regarding contract terms and conditions, or that 
impact cost, schedule or performance of the contract, should involve the Contract 
Specialist and/or Contracting Officer.  


 
Status Reports 


On a monthly basis, the contractor will submit a brief written status report on a form 
provided by the DOE COR.  The status report shall be issued in coordination with the 
progress review teleconferences.  The status report shall include, but is not limited to, the 
following information: 


 Project manager’s narrative highlights and status assessment regarding technical 
progress for executed Phase. 


 Schedule and cost input that provides cost/schedule data for measuring performance.  
Progress and any changes in the latest revised estimate shall be included in the cost 
performance report with variance explanations.  All of the contractor’s detailed 
budget information (staff hours and dollars) shall be available for review by the DOE 
COR, as required. 


 Issues/concerns (cost, schedule, technical), recommended resolution, and progress 
toward resolution. 


 
Deliverables Reviews 
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DOE has not yet decided to fabricate the proposed fleet of railcars.  This fabrication, if 
such a decision is made, will be performed under a separate contract.  DOE will own the 
rights to all designs produced under this contract and will use them in an unrestricted 
manner.   


Deliverables requiring a review by DOE shall be submitted to the DOE for review and 
comment on or before the contract deliverable due date.  DOE will normally submit 
comments to the contractor on contract deliverables no later than two weeks after each 
due date and normally approximately two weeks after each design review, whichever is 
later. 


 
All reports shall be prepared in accordance with the DOE Office of Nuclear Energy Fuel 
Cycle Technologies Quality Assurance Program Document, Revision 2, dated 
12/20/2012.  The Quality Rigor Level shall be 3 (QRL-3).  The FCT Document Cover 
Sheet shall be attached to each report. 


 
3. Required Skills/Expertise  
 
The contractor shall be an AAR certified freight car manufacturer (or have on their team an AAR 
certified freight car manufacturer) and have demonstrated experience with design, fabrication, 
testing, and AAR approval of custom-made heavy-duty railcars.  The contractor shall provide all 
necessary expertise, equipment, and facilities necessary to fully execute the SOW. 
 
4. Security Considerations: 
 
No security clearances will be needed for this contract. 
 
5. Environmental, Safety and Health Considerations: 
 
There will be no special ES&H requirements or considerations.  During the phases that contain 
fabrication of a unit, if authorized, the contractor shall fabricate the prototype in a facility of the 
contractor’s choosing.    
 
6. Period of Performance: 
 
The period of performance for all phases of this contract will be 5 years from date of award.  
 
7. Travel/Work Location: 
 
The work location shall be at the discretion of the contractor.  Periodic travel to DOE 
headquarters in Washington, DC, will be required to present program status and participate in 
program reviews.  For costing purposes, assume one such trip for the initial kick-off meeting and 
one trip during each phase in this SOW. 
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Attachment A – Transport Cask Characteristics: 


 
Nominal Characteristics of Used Nuclear Fuel Transportation Casks 


 


Manufacturer 
and Model 


Length 
without 
Impact 


Limiters 
(in.) 


Length 
with 


Impact 
Limiters 


(in.) 


Diameter 
without 
Impact 


Limiters 
(in.) 


Diameter 
with 


Impact 
Limiters 


(in.) 


Empty Weight 
with Impact 
Limiters (lb.) 


Loaded 
Weight with 


Impact 
Limiters (lb.) 


NAC International 
NAC-STC 193.0 257.0 99.0 124.0 188,767-194,560 249,290-


254,588 
NAC-UMS 
UTC 


209.3 273.3 92.9 124.0 178,798 248,373-
255,022 


MAGNATRAN 211.4 322 110 128 208,000 312,000 
Holtec 
HI-STAR 100 203.1 305.88 96.0 128.0 179,710 279,893-


272,622 
HI-STAR HB 128.0 230.8a 96.0 128.0a --b 187,200 
HI-STAR 180 174.37 285.04 106.30 128.0 < 308,647 308,647 
HI-STAR 60 158.94 274.37 75.75 128.0a <164,000 164,000 
Transnuclear 
MP187 201.50 308.00 92.50 126.75 190,200 265,100-


271,300 
MP197 208.0 281.25 91.5 122.00 176,710 265,100 
MP197HB 210.25 271.25 97.75 126.00 179,000 267,390 
TN-40 175.0 261.0 99.52 144.00 --c 271,500 
TN40HT 170.0 261.0a 101.00 144a --c 242,343 
TN-68 197.25 271.00 98.00 144.00 <272,000 272,000 
Energy Solutions 
TS125 210.4 342.4 94.2 143.5 196,118 285,000 
Source: Greene et al. (2013). 
a. Estimated 
b. HI-STAR HB transportation casks are already loaded so they would not be shipped empty. 
c. TN-40 transportation casks are authorized for single use shipments and would not be shipped empty.  
TN40HT transportation casks are also assumed to be authorized for single use shipments and would not 
be shipped empty. 


 





