
3.6 SUPPLEMENTAL DATA 

3.6.1 Additional Codes and Standards Referenced in HI-STORM 100 System Design and 
Fabrication 

The following additional codes, standards and practices were used as aids in developing the design, 
manufacturing, quality control and testing methods for HI-STORM 100 System: 

a. Design Codes 

(1) AISC Manual of Steel Construction, 1964 Edition and later.  

(2) ANSI N210-1976, "Design Requirements for Light Water Reactor Spent Fuel Storage 
Facilities at Nuclear Power Stations".  

(3) American Concrete Institute Building Code Requirements for Structural Concrete, 
ACI-318-95.  

(4) Code Requirements for Nuclear Safety Related Concrete Structures, AC1349
85/AC1349R-85, and AC1349.1R-80.  

(5) ASME NQA- 1, Quality Assurance Program Requirements for Nuclear Facilities.  

(6) ASME NQA-2-1989, Quality Assurance Requirements for Nuclear Facility 
Applications.  

(7) ANSI Y14.5M, Dimensioning and Tolerancing for Engineering Drawings and Related 
Documentation Practices.  

(8) ACI Detailing Manual- 1980.  

(9) Crane Manufacturer's Association of America, Inc., CMAA Specification #70, 
Specifications for Electric Overhead Traveling Cranes, Revised 1988.  

b. Material Codes - Standards of ASTM 

(1) E165 - Standard Methods for Liquid Penetrant Inspection.  

(2) A240 - Standard Specification for Heat-Resisting Chromium and Chromium-Nickel 
Stainless Steel Plate, Sheet and Strip for Fusion-Welded Unfired Pressure Vessels.  
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(3) A262 - Detecting Susceptibility to Intergranular Attack in Austenitic Stainless Steel.  

(4) A276 - Standard Specification for Stainless and Heat-Resisting Steel Bars and Shapes.  

(5) A479 - Steel Bars for Boilers & Pressure Vessels.  

(6) ASTM A564, Standard Specification for Hot-Rolled and Cold-Finished Age
Hardening Stainless and Heat-Resisting Steel Bars and Shapes.  

(7) C750 - Standard Specification for Nuclear-Grade Boron Carbide Powder.  

(8) A380 - Recommended Practice for Descaling, Cleaning and Marking Stainless Steel 
Parts and Equipment 

(9) C992 - Standard Specification for Boron-Based Neutron Absorbing Material Systems 
for Use in Nuclear Spent Fuel Storage Racks.  

(10) ASTM E3, Preparation of Metallographic Specimens.  

(11) ASTM El 90, Guided Bend Test for Ductility of Welds.  

(12) NCA3800 - Metallic Material Manufacturer's and Material Supplier's Quality System 
Program.  

c. Welding Codes: ASME Boiler and Pressure Vessel Code, Section IX - Welding and Brazing 
Qualifications, 1995 Edition.  

d. Quality Assurance, Cleanliness, Packaging, Shipping, Receiving, Storage, and Handling 
Requirements 

(1) ANSI 45.2.1 - Cleaning of Fluid Systems and Associated Components during 
Construction Phase of Nuclear Power Plants.  

(2) ANSI N45.2.2 - Packaging, Shipping, Receiving, Storage and Handling of Items for 
Nuclear Power Plants (During the Construction Phase).  

(3) ANSI - N45.2.6 - Qualifications of Inspection, Examination, and Testing Personnel for 
Nuclear Power Plants (Regulatory Guide 1.58).  
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(4) ý ANSI-N45.2.8, Supplementary Quality Assurance Requirements for Installation, 
Inspection and Testing of Mechanical Equipment and Systems for the Construction 
Phase of Nuclear Power Plants.  

(5) ANSI - N45.2.1 1, Quality Assurance Requirements for the Design of Nuclear Power 
Plants.  

(6) ANSI-N45.2.12, Requirements for Auditing of Quality Assurance Programs for 
Nuclear Power Plants.  

(7) ANSI N45.2.13 - Quality Assurance Requirements for Control of Procurement of 
Equipment Materials and Services for Nuclear Power Plants (Regulatory Guide 1.123).  

(8) ANSI N45.2.15-18 - Hoisting, Rigging, and Transporting of Iterms for Nuclear Power 
Plants.  

(9) ANSI N45.2.23 - Qualification of Quality Assurance Program Audit Personnel for 
Nuclear Power Plants (Regulatory Guide 1.146).  

(10) ASME Boiler and Pressure Vessel, Section V, Nondestructive Examination, 19955 
EditionI 

(11) ANSI - N 16.9-75 Validation of Calculation Methods forNuclear Criticality Safety.  

e. Reference NRC Design Documents 

(1) NUREG-0800, Radiological Consequences of Fuel Handling Accidents.  

(2) NUREG-0612, "Control of Heavy Loads at Nuclear Power Plants", USNRC, 
Washington, D.C., July, 1980.  

(3) NUREG- 1536, "Standard Review Plan for Dry Cask Storage Systems", USNRC, 
January 1997, Final Report.  

f. Other ANSI Standards (not listed in the preceding) 

(1) ANSI/ANS 8.1 (N16.1) - Nuclear Criticality Safety in Operations with Fissionable 
Materials Outside Reactors.  

(2) ANSIIANS 8.17, Criticality Safety Criteria for the Handling, Storage, and 
Transportation of LWR Fuel Outside Reactors.  
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(3) N45.2 - Quality Assurance Program Requirements for Nuclear Facilities - 1971.  

(4) N45.2.9 - Requirements for Collection, Storage and Maintenance of Quality Assurance 
Records for Nuclear Power Plants - 1974.  

(5) N45.2.10 - Quality Assurance Terms and Definitions - 1973.  

(6) ANSI/ANS 57.2 (N2 10) - Design Requirements for Light Water Reactor Spent Fuel 
Storage Facilities at Nuclear Power Plants.  

(7) N14.6 (1993) - American National Standard for Special Lifting Devices for Shipping 
Containers Weighing 10,000 pounds (4500 kg) or more for Nuclear Materials.  

(8) ANSI/ASME N626-3, Qualification and Duties of Personnel Engaged in ASME Boiler 
and Pressure Vessel Code Section IHI, Div. 1, Certifying Activities.  

g. Code of Federal Regulations 

(1) 10CFR20 - Standards for Protection Against Radiation.  

(2) 1OCFR21 - Reporting of Defects and Non-compliance.  

(3) 1OCFR50 - Appendix A - General Design Criteria for Nuclear Power Plants.  

(4) 1OCFR50 - Appendix B - Quality Assurance Criteria for Nuclear Power Plants and 
Fuel Reprocessing Plants.  

(5) 1 OCFR61 - Licensing Requirements for Land Disposal of Radioactive Material.  

(6) 10CFR71 - Packaging and Transportation of Radioactive Material.  

11. Regulatory Guides 

(1) RG 1.13 - Spent Fuel Storage Facility Design Basis (Revision 2 Proposed).  

(2) RG 1.25 - Assumptions Used for Evaluating the Potential Radiological Consequences 
of a Fuel Handling Accident in the Fuel Handling and Storage Facility of Boiling and 
Pressurized Water Reactors.  

(3) RG 1.28 - (ANSI N45.2) - Quality Assurance Program Requirements.  

(4) RG 1.29 - Seismic Design Classification (Rev. 3).
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(5) RG 1.31 - Control of Ferrite Content in Stainless Steel Weld Material.  

(6) RG 1.38 - (ANSI N45.2.2) Quality Assurance Requirements for Packaging, Shipping, 
Receiving, Storage and Handling of Items for Water-Cooled Nuclear Power Phnts.  

(7) RG 1.44 - Control of the Use of Sensitized Stainless Steel.  

(8) RG 1.58 - (ANSI N45.2.6) Qualification of Nuclear Power Plant Inspection, 
Examination, and Testing Personnel.  

(9) RG 1.61 - Damping Values for Seismic Design of Nuclear Power Plants, Rev. 0, 1973.  

(10) RG 1.64 - (ANSI N45.2.1 1) Quality Assurance Requirements for the Design of 
Nuclear Power Plants.  

(11) RG 1.71 - Welder Qualifications for Areas of Limited Accessibility.  

(12) RG 1.74 - (ANSI N45.2.10) Quality Assurance Terms and Definitions.  

(13) RG 1.85 - Materials Code Case Acceptability - ASME Section 3, Div. 1.  

(14) RG 1.88 - (ANSI N45.2.9) Collection, Storage and Maintenance of Nuclear Power 
Plant Quality Assurance Records.  

(15) RG 1.92 - Combining Modal Responses and Spatial Components in Seismic Response 
Analysis.  

(16) RG 1.122 - Development of Floor Design Response Spectra for Seismic Design of 
Floor-Supported Equipment or Components.  

(17) RG 1.123 - (ANSI N45.2.13) Quality Assurance Requirements for Control of 
Procurement of Items and Services for Nuclear Power Plants.  

(18) RG 1.124 - Service Limits and Loading Combinations for Class I Linear-Type 
Component Supports, Revision 1, 1978.  

(19) Reg. Guide 3.4 - Nuclear Criticality Safety in Operations with Fissionable Materials at 
Fuels and Materials Facilities.  

(20) RG 3.41 - Validation of Calculational Methods for Nuclear Criticality Safety, Revision 
1, 1977.  
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(21) Reg. Guide 8.8 - Information Relative to Ensuring that Occupational Radiation 
Exposure at Nuclear Power Plants will be as Low as Reasonably Achievable 
(ALARA).  

(22) DG-8006, "Control of Access to High and Very High Radiation Areas in Nuclear 
Power Plants".  

Branch Technical Position 

(1) CPB 9.1 -1 - Criticality in Fuel Storage Facilities.  

(2) ASB 9-2 - Residual Decay Energy for Light-Water Reactors for Long-Term Cooling.  

j. Standard Review Plan (NUREG-0800) 

(1) SRP 3.2.1 - Seismic Classification.  

(2) SRP 3.2.2 - System Quality Group Classification.  

(3) SRP 3.7.1 - Seismic Design Parameters.  

(4) SRP 3.7.2 - Seismic System Analysis.  

(5) SRP 3.7.3 - Seismic Subsystem Analysis.  

(6) SRP 3.8.4 - Other Seismic Category I Structures (including Appendix D), Technical 
Position on Spent Fuel Rack.  

(7) SRP 3.8.5 - Foundations 

(8) SRP 9.1.2 - Spent Fuel Storage, Revision 3, 1981.  

(9) SRP 9.1.3 - Spent Fuel Pool Cooling and Cleanup System.  

(10) SRP 9.1.4 - Light Load Handling System.  

(11) SRP 9.1.5 - Overhead Heavy Load Handling System.  

(12) SRP 15.7.4 - Radiological Consequences of Fuel Handling Accidents.  

k. AWS Standards 
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(1) AWS D1.1 - Structural Welding Code, Steel.

(2) AWS A2.4 - Standard Symbols for Welding, Brazing and Nondestructive Examination.  

(3) AWS A3.0 - Standard Welding Terms and Definitions.  

(4) AWS A5.12 - Tungsten Arc-welding Electrodes.  

(5) AWS QC I - Standards and Guide for Qualification and Certification of Welding 
Inspectors.  

1 Others 

(1) A SNT-TC- 1 A - Recommended Practice for Nondestructive Personnel Qualification 
and Certification.  

(2) SSPC SP-2 - Surface Preparation Specification No. 2 Hand Tool Cleaning.  

(3) SSPC SP-3 - Surface Preparation Specification No. 3 Power Tool Cleaning.  

(4) SSPC SP- 10 - Near-White Blast Cleaning.  

3.6.2 Computer Programs 

Three computer programs, all with a well established history of usage in the nuclear industry, have been 
utilized to perform structural and mechanical analyses documented in this report.' These codes are 
ANSYS, DYNA3D, and WORKING MODEL. ANSYS is a public domain code'wwhich utilizes the 
finite element method for'structural analyses.  

WORKING MODEL, Version V.3.0/V.4.0 

This code is used in this 1OCFR72 submittal to compute the dynamnic load resulting from intermediate 
missile impact on the overpack closure in Appendix 3.G and to evaluate the 'maximum elastic spring rate 
associated with the target during a HI-TRAC handling accident event.  

WORKING MODEL has been previously utilized in similat dynamic analyses of the HI-STAR 100 
system (Docket No. 72-1008) 

"WORKING MODEL" (V3.0/4.0) is a Computer Aided Engineering (CAE) tool With an integrated 
user interface that merges modeling, simulation, viewing, and measuring. The progiam includes a 
dynamics algorithm that provides automatic collision and contact handling, including detection, response, 
restitution, and friction 
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Numerical integration is performed using the Kutta-Merson integrator which offers options for variable 
or fixed time-step and error bounding.  

The Working Model Code is commercially available. Holtec has performed independent QA validation 
of the code (in accordance with Holtec's QA requirements) by comparing the solution of several 
classical dynamics problems with the numerical results predicted by Working Model. Agreement in all 
cases is excellent.  

Additional theoretical material is available in the manual: "Users Manual, Working Model, Version 3", 
Knowledge Revolution, 66 Bovet Road, Suite 200, San Mateo, CA, 94402.  

DYNA3D 

"DYNA3D" is a nonlinear, explicit, three-dimensional finite element code for solid and structural 
mechanics. It was originally developed at Lawrence Livermore Laboratories and is ideally suited for 
study of short-time duration, highly nonlinear impact problems in solid mechanics. DYNA3D is 
commercially available for both UNIX work stations and Pentium class PCs running Windows 95 or 
Windows NT. The PC version has been fully validated at Holtec following Holtec's QA procedures for 
commercial computer codes. This code is used to analyze the drop accidents and the tip-over scenario 
for the HI-STORM 100. Benchmarking of DYNA3D for these storage analyses is discussed and 
documented in Appendix 3.A.  

3.6.3 Appendices Included in Chapter 3 

3.A HI-STORM Deceleration Under Postulated Vertical Drop Event and Tipover 
3.B HI- STORM 100 Overpack Deformation in Non-Mechanistic Tipover Event 
3.C Response of Cask to Tornado Wind Load and Large Missile Impact 
3.D Vertical Handling of Overpack with Heaviest MPC 
3.E Lifling Trunnion Stress Analysis for HI-TRAC 
3.F Lead Slump Analysis (HI-TRAC Side Drop) 
3.G Missile Penetration Analysis for HI- STORM 100 
3.H Missile Penetration Aialysis for HI-TRAC 
3.1 HI-TRAC - Free Thermal Expansions 
3.J Deleted 
3.K HI-STORM Tipover- Lid Analysis 
3.L HI-STORM Lid Top Plate Bolting 
3.M Vertical Drop of Overpack 
3 .N Deleted.  
3.0 Deleted.  
3.P Deleted.  
3.Q Deleted.  
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3.R Deleted.  
3.S Deleted.  
3.T Deleted.  
3.U HI-STORM 100 Component Thermal Expansions - MPC-24 
3.V HI-STORM 100 Component Thermal Expansions - MPC-32 
3.W HI-STORM 100 Component Thermal Expansions - MPC-68 
3.X Calculation of Dynamic Load Factors 
3.Y Miscellaneous Calculations 
3.Z HI-TRAC Horizontal Drop Analysis 
3.AA HI-TRAC 125 - Rotation Trunnion Weld Analysis 
3.AB HI-TRAC Pool Lid Stress and Closure Analysis 
3.AC Lifling Calculations 
3.AD 125-Ton HI-TRAC Transfer Lid Stress Analysis 
3.AE Global Analysis of HI- TRAC Lift 
3.AF MPC Transfer from HI-TRAC to HI-STORM 100 Under Cold Conditions of Storage 
3.AG Stress Analysis of the HI-TRAC Water Jacket 
3.AH HI-TRAC Top Lid Separation Analyses 
3.AI I-TRAC 100 - Rotation Tninnion Weld Analysis 
3.AJ 100-Ton HI-TRAC Transfer Lid Stress Analysis 
3.AK Code Case N-284 Stability Calculations 
3.AL HI-TRAC Lumped Parameters for Side Drop Analysis 
3.AM HI-TRAC 100 Transfer Cask Circumferential Deformation and Stress 
3.AN DYNA3D Analyses of HI-TRAC Side Drops and Impact by a Large Tornado Missile 
3.AO Not used.  
3.AP Not used.  
3.AQ - HI-STORM 100 Component Thermal Expansions - MPC-24E 
3.AR Analysis of Transnuclear Damaged Fuel Canister and Thoria Rod Canister 
3.AS Analysis of Generic PWR and BWR Damaged Fuel Containers 

3.6.4 Calculation Packages 

In addition to the calculations presented in Chapter 3 and the Appendices, supporting calculation packages 
have been prepared to document other information pertinent to the analyses.  

The calculation packages contain additional details on component weights, supporting calculations forsome 
results summarized in the chapter, and miscellaneous supporting data that supplements the results 
summarized in Chapter 3 of the FSARt All of the fmiite element tabular data, rode and element data, 
supporting figures, and numerical owtput for all fuel baskets are contained in the calculation package 
supplement supporting Revision 1 of the FSARt 
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3.7 COMPLIANCE WITH NUREG- 1536

Supporting information to provide reasonable assurance with respect to the adequacy of the HI-STORM 
100 S•,stem to stoie spent nuclear fuel in accordance with the stipulations of the Technical Specifications 
(Chapter 12) is provided throughout this Topical SafetyAhalysis Report. An itemized table (Table 3.0.1 at 
the beginning of this chapter) has been provided to locate and collate the substantiating material to support 
the technical evaluation findings listed in NUREG. 1536 Chaj~ter 3, Article VI.  

The following statements are germane to an affirmative safety evaluation: 

& The design and structural analysis of the HI-STORM 100 System is in full compliance with 
the provisions of Chapter 3 of NUREG- 1536 except as listed in the Table 1.0.3 (list of 
code compliance exceptions).  

* The list of Regulatory Guides, Codes, and standards'presented in Section 3.6 herein is in 
full compliance with the provisions of NUREG- 1536.  

* All HI-STORM 100 structures, systems, and components (SSC) that are important to 
safety (ITS) are identified in Table 2.2.6. Section 1.5 contains the design drawings that 
describe the HI-STORM 100 SSCs in complete detail. Explanatory narrations in 
Subsections 3.4.3, 3.4.4, and Chapter 3 appendices provide sufficient textual details to 
allow an independent' evaluation of their structural effectiveness.  

* The requirements of 1OCFR72.24 with regard to information pertinent to structural 
evaluation is provided in Chapters 2, 3, and 11.  

0 Technical Specifications pertaining to the structures of the HI-STORM-100 System have 
been provided in Section 12.3 herein pursuant to the requirements of 1OCFR72.26.  

A A series of analyses to demonstrate compliance with the requirements of 1 OCFR72.122(b) 
and (c), and I OCFR72.24(c)(3) have been performed which show that SSCs designated 
as ITS possess an' dequate margin of safety with respect to all load combinations 
applicable to normal, off-normal, accident, and natural phenomenon events. In particular, 
the following information is provided: 

i Load combinations for the fuel basket, enclosure vessel, and the HI-STORM 
100/HI-TRAC overpacks -for normal, off-normal, accident, and natural 
phenomenon events are compiled in Tables 2.2.14,3.1.1, and 3.1.3 through 3.1.5, 
respectively.  

ii Stress limits applicable to the materials are found in Subsection 3.3.  
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iii. Stresses at various locations in the fuel basket, the enclosure vessel, and the HI
STORM 100/HI-TRAC overpacks have been computed by analysis.  

Descriptions of stress analyses are presented in Sections 3.4.3 and 3.4.4, which 
are further elaborated in a series of appendices listed at the end of this chapter.  

iv. Factors of safety in the components of the HI-STORM 100 System are reported 
as below: 

a. Fuel basket Tables 3.4.3 and 3.4.6 

b. Enclosure vessel Tables 3.4.4, 3.4.6, 3.4.7, and 3.4.8 

c. HI-STORM 100 overpack/ 
HI-TRAC Table 3.4.5 

d. Miscellaneous 
components Table 3.4.9 

e. Lifling devices Subsection 3.4.3 

"The structural design and fabrication details of the fuel baskets whose safety function in the 
HI-STORM 100 System is to maintain nuclear criticality safety, have been carried out to 
comply with the provisions of Subsection NG of the ASME Code (loc. cit.) Section 111.  
The structural factors of safety, summarized in Tables 3.4.3 and 3.4.6 for all credible load 
combinations under normal, off-normal, accident, and natural phenomenon events 
demonstrate that the Code limits are satisfied in all cases. As the stress analyses have been 
performed using linear elastic methods and the computed stresses are well within the 
respective ASME Code limits, it follows that the physical geometry of the fuel basket will 
not be altered under any load combination to create a condition adverse to criticality safety.  
This conclusion satisfies the requirement of 1OCFR72.124(a), with respect to structural 
margins of safety for SSCs important to nuclear criticality safety.  

" Structural margins of safety during handling, packaging, and transfer operations, mandated 
by the provisions of I OCFR Part 72.236(b), require that the lifling and handling devices are 
engineered to comply with the stipulations of ANSI N14.6, NUREG-0612, Regulatory 
Guide 3.61, and NUREG-1536,, and that the components being handled meet the 
applicable ASME Code service condition stress limits. The requirements of the goveming 
codes for handling operations are summarized in Subsection 3.4.3 herein. A summary table 
of factors of safety for all ITS components under lifling and handling operations, presented 
in Subsection 3.4.3, shows that adequate structural margins exist m all cases.  
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Consistent with the requirements of 10CFR72.236(i), the confinement boundary for the 
rH-STORM 100 System has been engineered to maintain confinement of radioactive 
materials under normal, off-normal, and postulated accident conditions. This assertion of 
confinement integrity is made on the strength of the following information provided in this 
FSAR.  

i The MPC Enclosure Vessel which constitutes the confinement boundary is 
designed and fabricated in accordance with Section III, Subsection NB (Class I 
nuclear components) of the ASME Code to the maximum extent practicable.  

ii The MPC lid of the MPC Enclosure Vessel is welded using a strength groove weld 
and is subjected to volumetric examination or multiple liquid penetrant 
examinations, hydrostatic testing, liquid penetrant (rpot and final), and leakage 
testing to establish a maximum confidence in weld joint integrity.  

iii. The closure of the MPC Enclosure Vessel consists of two independent isolation 
barriers.  

iv. The confinement boundary is constructed from stainless steel alloys with a proven 
history of material integrity under environmental conditions.  

v. The load combinations for normal, off-normal, accident, and natural phenomena 
events have been compiled (Table 2.2.14) and applied on the MPC Enclosure 
Vessel (confinement boundary). The results, summarized in Tables 3.4.4 through 
3.4.9, show that the fa6tor of safety (with respect to the appropriate ASME Code 
limits) is greater than one in all cases. Design Basis natural phenomena events such 
as tornado-bome missiles (large, intermediate, or small) have also been analyzed to 
evaluate their potential for breaching the confinement boundary. Analyses 
presented in Subsection 3.4.8 and Chapter 3 appendices, and summarized in 
unnumbered tables in Subsection 3.4.8, show that the integrity of the confinement 
boundary is preserved under all design basis projectile impact scenarios.  

"* The information on structurml design included in this FSAR complies with the requirements 
of, 10CFR72.120 and 1OCFR72.122, and can be ascertained from the information 
contained in Table 3.7.1.  

" The provisions of features in the HI--STORM 100 structural design, listed in Table 3.7.2, 
demonstrate compliance with the specific requirements of 10CFR72.236(e), (f), (g), (h), 
(i), (j), (k), and (m).  
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Table 3.7.1 

NUREG -1536 COMPLIANCE MATRIX FOR 10CFR72.120 AND 1OCFR72.122 REQUIREMENTS

HT-�TOPM P5�AR

REPORT 1I1-2002444 

(
3.7-4

C

Location of Supporting 
Information in This Item Compliance Document 

Design and fabrication to acceptable quality All ITS components designed and fabncated to recogmzed Codes and Standards: 
standards 

Basket: - Subsection NG, 
Section III Subsections 2.0.1 and 

3.1.1 
Tables 2.2.6 and 2 2.7 

Enclosure Vessel: Subsection NB, loc cit.  

Subsections 2 0.1 and 
3.1.1 
Tables 2.2.6 and 2.2.7 

HI-STORM 100 Subsection NF, loc. cit. Subsections 2.0.2 and 
Structure: 3.1 1 

t!I-TRAC Structure: Subsection NF, loc. cit. Subsections 2.0.3 and 

3.1.1 
ii. Erection to acceptable quality standards Concrete in HI-STORM 100 meets requirements of: 

ACI -349(85) Appendix I.D 
Subsection 3.3.2

Rev. 1

(
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Table 3.7.1 

NUREG -1536 COMPLIANCE MATRIX FOR 10CFR72.120 AND 10CFR72.122 REQUIREMENTS

C

Location of Supporting 
Informiation in This 

Item Compliance Document 

iii Testing to acceptable quality standards All non-destructive examination of ASME Code components for provisions Section 9.1 
in the Code (see exceptions in Table 2.2.15).  

• Hydrotest of pressure vessel per the Code. Section 9.1 

Testing for radiation containment per provisions of NUREG-1536 Sections 7.1 and 9.1 

* Concrete testing in accordance with ACI-349(85) Appendix 1 D 

iv. Adequate structural protection against Analyses presented in Chapter 3 demonstrate that the confinement boundary will Section 2.2 
environmental conditions and natural preserve its integrity under all postulated off-normal and natural phenomena events 
phenomena. listed in Chapters 2. Chapter I 1



Table 3.7.1

NUREG -1536 COMPLIANCE MATRIX FOR 1OCFR72.120 AND 1OCFR72.122 REQUIREMENTS 

Location of Supporting 
Information in This Item Compliance Document 

v. Adequate protection against fires and The extent of combustible (exothermic) material in the vicinity Subsections 12.3.20 
explosions of the cask system is procedurally controlled (the sole source and 12.3.21 

of hydrocarbon energy is diesel in tie tow vehicle).  

Analyses show that the heat energy released from the 
postulated fire accident condition surrounding the cask will Subsection 11.2.4 
not result in impairment of the confinement boundary and will 
not lead to structural failure of the overpack. The effect on 
shielding will be localized to the external surfaces directly 
exposed to the fire which will result in a loss of the water in 
the water jacket for the HI-TRAC, and no significant change 
in the HI-STORM 100 overpack.  

Explosion effects are shown to be bounded by the Code 
external pressure design basis and there is no adverse effect Subsection 11.2.11 
on ready retrievability of the MPC. and 

Subsection 3.1.2.1.1.4; 3.4.7 

vi. Appropriate inspection, maintenance, Inspection, maintenance, and testing requirements set forth in this Sections 9.1 and 
and testing FSAR are in full compliance with the governing regulations and 9.2 

established industry practice. Chapter 12
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C C

Location of Supporting 
Information in This 

Item Compliance Document 

vii. Adequate accessibility in fHI-STORM 100 overpack lid can be removed to gain access to the Chapter 8 
emergencies. multipurpose canister.  

The HI-TRAC transfer cask has removable bottom and top lids. Chapter 8 

viii. A confinement barrier that The peak temperature of the fuel cladding at design basis heat duty of Subsection 4.4.2 
acceptably protects the spent fuel each' MPC has been demonstrated to be maintained below the limits 
cladding during storage. recommended in the reports of national Iaboomtories.  

The confinement barriers consist of highly ductile stainless steel 
alloys. The multi-purpose canister is housed in the overpack, built 'Subsection 3.1.1 
from'a steel'structure whose materials are selected and examined to Subsection 3.1.2.3 
maintain protecti61i againstfbrittl'e fracture under 6ff-normai ambient 
(cold) temperatures (minimum of-40°F): 

ix. The structures are compatible with The HI- STORM 100 overpack is a thick, upright cylindrical Section 1.5, 
the appropriate monitoring systems. structure with large ventilation openings near the top and bottom. Subsection 2.3.3.2 

These openings are designed to prevent radiation streaming while 
enabling complete access to temperature monitoring probes.  
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Table 3.7.1

NUREG -1536 COMPLIANCE MATRIX FOR 10CFR72.120 AND 10CFR72.122 REQUIREMENTS 

Location of Supporting 
Infomiation in This Item Compliance Document 

x. Structural designs that are The fuel basket is designed to be an extremely stiff honeycomb Subsection 3.1.1 
compatible with ready retrievability structure such that the storage cavity dimensions will remain 
of fuel. unchanged under al postulated normal and accident events.  

Therefore, the retrievablity of the spent nuclear fuel from the basket 
will not be jeopardized.  

The MiPC canister lid is attached to the shell with a groove weld 
which is made using an automated welding device. A similar device Sections 8.1 and 8.3 
is available to remove the weld. Thus, access to the fuel basket can 
be realized.  

The storage overpack and the transfer casks are designed to Section 3.4 and 
withstand accident loads without suffering permanent Chapter 3 
deformations of their structures thai would prevent Appendices 
retrievability of the MPC by normal means. It is 
demonstrated by analysis that there is no physical interference 
between the MPC and the enveloping HI-STORM storage 
overpack or HI-TRAC transfer cask.
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Location of 
Supporting 

Item Compliance Spormation in This 
Document 

1. Redundant sealing of confinement Two physically independent lids, each separately welded to the MPC Section 1.5, 
systems. shell (Enclosure Vessel shell) provide a redundant confinement Drawings 

system.  

Section 7.1.  

ii. Adequate heat removal without Thermal analyses presented in Chapter 4 show that the HI-STORM 'Sections 4.4 and 
active cooling systems. 100 System will remove the decay heat generated from the stored Sections 9.1 and 9.2 

spent fuel by strictly passive means and maintain the system 
temperature within prescribed limits.  

iiia Storage of spent fuel for a minimum The service life of the MPC, storage overpack, and HI-TRAC are Subsections 3.4.11 
of 20 years. engineered to be in excess of 20 years. and 3.4.12
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Table 3.7.2

COMPLIANCE OF HI-STORM 100 SYSTEM WITH 1OCFR72.236(e), ET ALS.
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Location of 
Supporting 

Item Compliance nhformation in This 
Document 

iv. Compatibility with wet or dry spent The system is designed to eliminate any material interactions Subsection 3.4.1 
fuel loading and unloading facilities, in the wet (spent fuel pool) environment.  

The HI-TRAC transfer cask is engineered for full Subsection 8.1.1 
compatibility with the MPCs, and standard loading and 
unloading facilities.  

S The HI-TRAC System is engineered for MPC transfer on Subsection 8.1.1 
the ISFSI pad with full consideration of ALARA and 
handling equipment compatibility.

Rev. 1
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Table 3.7.2 

COMPLIANCE OF HI-STORM 100 SYSTEM WITH 1OCFR72.236(e), ET ALS.

Location of 
Supporting 

Item Compliance Information in This 

Document 

v. Ease of decontamination. The external surface of the multi-purpose canister is Figures 8.1.13 and 
protected from contamination during fuel loading through a 8.1.14 
custom designed sealing device.  

The HI- STORM storage overpack is not exposed to Chapter 8 
contamination 

All exposed surfaces of the" HI-TRAC transfer cask are Section 1.5, 
coated to aid in decontamination Drawings 

vi. Inspection of defects that might • The MPC enclosure vessel is designed and fabricated in Section 9.1 
reduce confinement effectiveness, accordance with ASME Code, Section III, Subsection NB, to 

the maximum extent practical.  

* Hydrostatic testing, helium leakage testing, and NDE of the 
closure welds verify containment effectiveness.  
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Location of 
Supporting 

Item Compliance Information in This 
Document 

vii. Conspicuous and durable marking. The stainless steel lid of each MPC will have model number and N/A 
serial number engraved for ready identification.  

The exterior envelope of the cask (the storage overpack) is marked 
in a conspicuous manner as required by 1OCFR 72.236(k).  

vii. Compatibility with removal of the The MPC is designed to be in full compliance with the DOE's draf Section 2.4 
stored fuel from the site, specification for transportability and disposal published under the Subsection 1.2. 1.1 
transportation, and ultimate disposal now dormant "MPC" program.  
by the U.S. Department of Energy.

(
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APPENDIX 3.A: HI-STORM 'DECELERATION UNDER POSTULATED 
VERTICAL DROP EVENT AND TIPOVER 

3.A.1 INTRODUCTION 

Handling accidents with a HI-STORM overpack containing a loaded MPC are credible events (Section 
2.2.3). The stress analyses carried out in Chapter 3 of this safety analysis report assume that the inertial 
loading on the load bearing members of the MPC, fuel basket, and the overpack due to a handling accident 
are limited by the Table 3.1.2 decelerations. The maximum deceleration experienced by a structural 
component is the product of the rigid body deceleration sustained by the structure and the dynamic load 
factor (DLF) applicable to that structural component. The dynamic load factor (DLF) is a function of the 
contact impulse and the structural characteristics of the component A solution for dynamic load factors is 
provided in Appendix 3.X.  

The rigid body deceleration is a strong function of the load-deformation charactefistics of the impact 
interface, weight of the cask, and the drop height or angle of free rotation. For the HI-STORM 100 
System, the weight of the structure and its suiface compliance characteristics are known. However, the 
contact stiffness of the ISFSI pad (and other surfaces over which the H1-STORM 100 may be carried 
during its movement to the ISFSI) is site-dependent The contact resistance of the collision interface, which 
is composed of the HI- STORM 100 and the impacted surface compliance, therefore, is not known a priori 
for a specific site. Analyses for the rigid body decelerations are, therefore, p'resenutd here using a reference 
ISFSI pad (which is the pad used in a recent Lawrence Livermore National Laboratory report and is the 
same reference pad used in the HI- STAR 100 FSAR). The finite element model (grid size,-extent ofmodel, 
soil properties, etc.) follows the LLNL report.  

An in-depth investigation by the Lawrence Livermore Laboratory (LLNL) into the mechanics of impact 
between a cask-like impactor on a reinforced concrete slab founded on a soil-like subgrade has identified 
three key parameters, namely, the thickness of the concrete slab, tp, compressive strength of the concrete fc' 
and equivalent Young's Modulus of the subgrade E.' These'three parameters are key variables in 
establishing the stiffness of the pad under impact scenarios. The LLNLreferenice pad parameters, whichvve 
hereafter denote as Set A provide 'one set of values of t,, t' , and E that are found to satisfy the 
deceleration criteria ipplicable'to the HI-STORM 100 caskl. Aiother set ofparameters, referred to as Set 
B herein, is also shown to satisfy the g-load limit requirements. In fact, an infinitenumiber ofcombinations of 
ti,, !' , and E can be compiled that would meet the g-load limit qualification. However, in addition to 
satisfying tfe g-limit criterion, the pad must be demonstrated to possess sufficient flexural and shear stiffness 
to meet the ACI 318 strength limits under facored load combinations. The minimum strength requirement to 
comply with ACI 318 provisions pla6es a restriction on the lower bound ,alues of t a,, f d', d dthat inust 
be met in an ISFSI pad design.  
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Our focus in this appendix, however, is to quantify the peak decelerations that would be experienced by a 
loaded HI- STORM 100 cask under the postulated impact scenarios for the two pad designs defined by 
parameter Sets A and B, respectively. The information presented in this appendix also serves to further 
authenticate the veracity of the Holtec DYNA3D model described in the 1997 benchmark report [3.A.4.] 

3.A.2 Purpose 

The purpose of this appendix is to demonstrate that the rigid body deceleration experienced by the HI
STORM 100 System during a handling accident or non-mechanistic tip-over are below the design basis 
deceleration of`45g's (Table 3.1.2). Two accidental drop scenarios of a loaded HI-STORM 100 cask on 
the ISFSI pad are considered in this appendix. They are: 

"is Tipover: A loaded HI-STORM 100 is assumed to undergo a non-mechanistic tipover event and 
impacting the ISFSI pad with an incipient impact angular velocity, which is readily calculated from 
elementary dynamics.  

ii. End drop: The loaded HI-STORM 100 is assumed to drop from a specified height h, with its 
longitudinal axis in the vertical orientation, such that its bottom plate impacts the ISFSI pad.  

It is shown in Appendix 3.X that dynamic load factors are a function of the predominate natural frequency 
of vibration of the component for a given input load pulse shape. Dynamic load factors are applied, as 
necessary, to the results of specific component analyses performed using the loading from the design basis 
rigid body decelerations. Therefore, for the purposes of this Appendix 3.A, it is desired to demonstrate that 
the rigid body deceleration experienced in each of the drop scenarios is below the HI-STORM 100 45g 
design basis.  

3.A.3 Background and Methodology 

In 1997 Lawrence Livermore National Laboratory (LLNL) published the experimentally obtained results of 
the so-called fourth series- bill'et tests [3. A.1] together with a companion report [3A.2] documenting a 
numerical solution that simulated the drop test results with reasonable accuracy. Subsequently, USNRC I 
personnel published a paper [3.A.3] affirming the NRC's endorsement of the LLNL methodology. The 
LLNL simulation used modeling and simulation algorithms contained within the commercial computer code 
DYNA3D [3.A.6].  

The LLNL cask drop model is not completely set forth in the above-mentioned LLNL reports. Using the 
essential information provided by the LLNL [3A2] report, however, Holtec is able to develop a finite 
element model for implementation on LS-DYNA3D [3A.5] which is fully consistent with LLNL's (including 
the use of the Butterworth filter for discerning rigid body deceleration from "noisy" impact data). The details 
of the LS-DYNA3D dynamic model, henceforth referred to as the Holtec model, are contained in the 
proprietary benchmark report [3.A.4] wherein it is shown that the peak deceleration in every case of billet 
drop analyzed by LLNL is replicated within a small tolerance by the Holtec model. The case of the so
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called "generic" cask, for which LLNL provided predicted response under side drop and tipover events, is 
also bounded by the Holtec model. In summary, the benchmarking effort documented in [3.A.4] is in fill 
compliance with the guidance of the Commission [3.A.3].  

Having developed and benchmarked an LLNL-consistent cask impact model, a very similar model is 
de•Veloped and used to prognosticate the HI- STORM drop scenarios. The reference elasto-plastic-damage 
characteristics of the target concrete continuum used by LLNL, and used in the HI-STAR 100 FSAR are 
replicated herein. The HI-STORM 100 target model is identical in all aspects to the reference pad 
approved for the HI-STAR 100 FSAR.  

In the tipbver scenario the cask surface structure must be sufficiently pliable to cushioh the impact and limit 
the rigid body deceleration. The angular velocity at the contact time is readily cal~ulated using planar rigid 
body dynamics and is used as an initial condition in the LS-DYNA3D simulation.  

The end drop event produces a circular impact patch equal to the diameter of the overpack baseplate. The 
elisto-plastic-damage characteristics of the concrete target and the drop height determine the maximum 
deceleration. A maximum allowable height Wh" is determined to lmit the-deceleration'to a value below the 
design basis.  

A description of the work effort and a summnay of the results are presented in the following'sections. In all 
cases, the reported decelerations are below the design basis of 45g's at the top of the MPC fuel basket.  

3.A.4 Assumptions and Input Data 

3.A.4.1 Assumptions 

The assumptions used to create the model are completely described in Reference [3A.4] and are shown 
there to'be consistent With the LLNL simulation. There are key aspects, however, that are restated here: 

The maximum deceleration experienced by the cask during a collision event is a direct function of the 
structural rigidity (or conversely, compliance) of the impact sin-fa~e. 'The compliance of the ISFSI pad is 
quite obviously dependent on the thickness of the pad, tp, the cbmpressive'strength ofthe concrete, f.' and 
stiftness of the sub-grade (expressed by its effective Young's modulus, E). The structural rigidity of the 
ISFSI pad will increase if any of the three above-mentioned parameters (tp, fJ' orE) is increased. For the 
reference pad, the governing parameters (i.e., tp, t' and E) are assumed to be identical to the pad defined 
by 'LLNL [3.A.2], which is also the same as the pad utilizedim the benchmark report [3.A'4]. We refer to 
the LLNL ISFSI pad parameters as Set A. (Table 3.A.1).  

As can be seen from Table 3.A. I; the nominal compressive strength f' in Set A is limited to 4200 psi.  
However, experience has showni'that ISFSI owners'have'considerable practical difficulty in limiting the 28 
day strength of poured concrete to 4200 psi, chiefly because a prinrcipal element of progress in reinforced 
concrete materials technology has been in reAlizing ever increasing concrete nominal strength. Inasmuch as a 
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key objective of the ISFSI pad is to limit its structural rigidity (and not f,' per se), and limiting f•' to 4200 psi 
may be problematic in certain cases, an altemative set of reference pad parameters is defined (Set B in 
Table 3.A. 1), which permits a highervalue of f' but much smaller values ofpad thickness, tp and sub-grade 
Young's modulus, E.  

The ISFSI owner has the option of constructing the pad to comply with the limits of Set A or Set B without 
performing site- specific cask impact analyses. It is recognized that, for a specific ISFSI site, the reinforced 
concrete, as well as the underlying engineered fill properties, may be different at different locations on the 
pad or may be uniform, but non-compliant with either Set A or Set B. In that case, the site-specific 
conditions must be performed to demonstrate compliance with the design limits of the HI-STORM system 
(e.g., maximum rigid body g-load less than 45 g's). The essential data which define the pad (Set A and Set 
B) used to qualify the HI- STORM 100 are provided in Table 3.A. 1.  

The HI- STORM 100 steel structural elements (outer shell, inner shell, radial plates, lid, etc.), are fabricated 
from SA-516 Grade 70. The steel is described as a bi-linearelastic-plastic materialwithlimitedstrainfail=re 
by five material parameters (E, SY, S u, eu, and v). The numerical values used in the finite element model are 
shown in Table 3.A.2. The concrete located inside of the overpack for this dynamic analysis is defined to be 
identical with the concrete pad. This is conservative since the concrete assumed in the reference pad is 
reinforced. Therefore, the strength of the concrete inside the HI-STORM 100 absorbs less energy if it is 
also assumed to be reinforced.  

3.A.4.2 Input Data 

Table 3A. 1 characterizes the properties of the fill-scale reference target pad used in the analysis of the full 
size HI- STORM 100 System. The principal strength parameters that define the stiffiess of the pad, namely, 
ti, E and t1' are input in the manner described in [3.A.2] and [3.A.4].  

Table 3.A.2 contains the material description parameters for the steel types; SA-516-70 used in the 
numerical investigation.  

Table 3.A.3 details the geometry of the HI-STORM 100 used in the drop simulations. This data is taken 
from applicable HI-STORM 100 drawings.  

3.A.5 Finite Element Model 

The finite-element model of the Holtec HI- STORM 100 overpack (baseplate, shells, radial plates, lid, 
concrete, etc.), concrete pad and a portion of the subgrade soil is constructed using the pre-processor 
integrated with the LS-DYNA3D software [3.A.5]. The deformation field for all postulated drop events 
(the end-drop and the tipover) exhibits symmetry with the vertical plane passing through the cask diameter 
and the concrete pad length. Using this symmetry condition of the deformation field only a half finite- elenent 
model is constructed. The finite-element model is organized into nineteen independent parts (the baseplate 
components, the outer shell, the inner shell, the radial plates, the channels, the lid components, the basket 
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steel plates, the basket fuel zone, the concrete pad and the soil). The final model contains 30351 nodes, 
24288 solid type finite-elements, 1531 shell type finite-elements, seven (7) materials, ten (10) properties 
and twenty-four (24) interfaces. The finite-element model used for the tipover-drop event is depicted in 
Figures 3.A.1 through 3.A.4. Figures 3.A.5 through 3.A.8 show the end-drop finite-element model.  

The soil grid, shown in Figure 3.A.9, is a rectangular prism (800 inches 1-ong, 375 inches wide and 470 
inches deep), is constructed from 13294 solid type finite-elements. The material defining this part is an 
elastic isotropic material. The central portion of the soil (400 inches long,'150 inches wide and 170 inches 
deep) where the stress concentration is expected to appear is discretized with a finer mesh.  

The concrete pad is 320 inches long, 100 inches wide and is 36 inches thick. This part contains 8208 solid 
finite-elements. A uniform sized finite-element mesh, shown in Figure 3.A. 10, is used to model the concrete 
pad. The concrete behavior is described using a special constitutive law and yielding surface 
(MATPSEUDOTENSOR) contained within LS -DYNA3D. The geometry, the material properties, and 
the material behavior are identical to the LLNL reference pad (Material 16 lIB).  

The half portion of the steel cylindrical overpack contains 1531 shell finite-elements. The steel material 
description (SA-516-70) is realized using a bi-linear elasto-plastic constitutive model 
(MATPIECEWISE_LINEARPLASTICITY). Figure 3.A. 11 depicts details of the steel components of 
the cask finite-element mesh, with the exception of the inner shell, channels and lid components,'which are 
shown in Figures 3.A.12 and 3.A.13. The concrete filled between the inner and the outer shells, and 
contained in the baseplate and lid components is modeled using 1664 solid finite-elements and is'depicted in 
Figure 3.A. 14. The concrete material is defined identical to the pad concrete.  

The MPC and the contained fuel are modeled in two parts that represent the lid and baseplate, and the fuel 
area. An elastic material is used for both parts. The finite-element mesh pertinent to the MPC contains 1122 
solid finite-elements and is shown in Figure 3.A.15. The mass density is appropriate to match a 
representative weight of 356,521 lb. that is approximately mid-way between the upper and lower weight 
estimates for a loaded HI- STORM 100. .- 

The total weight used in the analysis is approximately 2,000 lb. lighter than the 1-1- STORM 100 containing 
the lightest weight MPC.  

Analysis of a single mass impacting a spring with a given initial velocity shows that both the maximum 
deceleration "aM" of the mass and the time duration ofcontact with the spring "ta" are related to the dropped 
weight "w" and drop height t"h" as follows: 

aM-Fw ;tc~47 

Therefore, the most conservatism is introduced into the results by using the minimum weight. It is 
emphasized that the finite element model described in the foregoing is identical in its approach to the "Holtec 
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model" described in the benchmark report [3.A.4]. Gaps between the MPC and the overpack are included 
in the model.

3.A.6 Impact Velocity

a. Linear Velocity: Vertical Drops 

For the vertical drop event, the impact velocity, v, is readily calculated from the Newtonian formula: 

where 
g= acceleration due to gravity 
h= free- fal height

b. Angular Velocity: Tip-Over 

The tipover event is an artificial construct wherein the Ill-STORM 100 overpack is assumed to be 
perched on its edge with its C.G. directly over the pivot point A (Figure 3.A. 16). In this orientation, 
the overpack begins its downward rotation with zero initial velocity. Towards the end of the tip
over, the overpack is horizontal with its downward velocity ranging from zero at the pivot point 
(point A) to a maximum at the farthest point of impact (point E in Figure 3.A.17). The angular 
velocity at the instant of impact defines the downward velocity distribution along the contact line.  

In the following, an explicit expression for calculating the angular velocity of the cask at the instant when it 
impacts on the ISFSI pad is derived. Refen-ing to Figure 3.A. 16, let rbe the length AC where C is the cask 
centroid. Therefore, 

r(i h 2 j/2 

The mass moment of inertia of the HI-STORM 100 System, considered as a rigid body, can be written 
about an axis through point A, as
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IA= I + • 2r 

g 

where I, is the mass moment of inertia about a parallel axis through the cask centroid C and W is the weight 
of the cask (W = Mg).  

Let 01(t) be the rotation angle between a vertical line and the line AC. The equation of motion for rotation of 
the cask around point A, during the time interval prior to contact with the ISFSI pad, is 

IA Mgr s
dt2 

This equation can be rewritten in the form 

IA d (61) 2_Mgr sin 
2 do 

which can be integrated over the limits 01 = 0 to 0 = 02f(See Figure 3.A.17).  

The final angular velocity 01 at the time instant just prior to contact with the ISFSI pad is given by the 
expression 

6ý~~~~ W F,9G-COS 02 f) 

where, from Figure 3 A.17 

02f =c CO-'2 

This equation establishes the initial conditions for the final phase of the tip- over analysis; namely, the portion 
of the motion when the cask is decelerated by the resistive force at the ISFSI pad interface.  

Using the data germane to HI-STORM 100 (Table 3-A.3), and the above equations, the angular velocity of 
impact is calculated as 1.49 rad/sec.  
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3.A.7 Results

3.A.7.1 Set A Pad Parameters 

It has been previously demonstrated in the benchmark report [3.A.4] that bounding rigid body decelerations 
are achieved if the cask is assumed to be rigid with only the target (ISFSI pad) considered as an energy 
absorbing media. Therefore, for the determination of the bounding decelerations reported in this appendix, 
the HI- STORM storage overpack was conservatively made rigid except for the radial channels that position 
the MPC inside of the overpack. The MPC material behavior was characterized in the identical manner 
used in the Livermore Laboratory analysis as was the target ISFSI pad and underlying soil. The LS
DYNA3D time-history resultsare processed using the Butterworth filter (in conformance with the LLNL 
methodology) to establish the rigid body motion time-history of the cask. The material points on the cask 
where the acceleration displacement and velocity are computed for each of the drop scenarios are shown in 
Figure 3.A. 18.  

Node 82533 (Channel Al), which is located at the center of the outer surface of the baseplate, serves as 
the reference point for end-drop scenarios.  

Node 84392 (Channel A2), which is located at the center of the cask top lid outer surface, serves as the 
reference point for the tipover scenario with the pivot point indicated as Point 0 in Figure 3.A. 18.  

The final results are shown in Table 3.A.4.  

i. Tipover: 

The time-histories of the impact force, the displacement and velocity time-histories of Channel A2, 
and the average vertical deceleration of the overpack lid top plate have been determined for this 
event [3.A.7].  

The deceleration at the top of the fuel basket is obtained by ratioing the average deceleration of the 
overpack lid top plate. The maximum filtered deceleration at the top of the fuel basket is 42.85g's, 
which is below the design basis limit 
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ii. End Drop:

The drop height h = 11" is considered in the numerical analysis. This is considered as an acceptable 
maximum carry height for the HI-STORM 100 System iflifted above a surface with design values 
of tp, tf' , and E equal to those pres6nted in Table 3.A.1 for Parameter Set "A". The maximum 
filtered deceleration at the top of the fuel basket is 43.98g's, which is below the design basis limit.  

The computer code utilized in this analysis is LS-DYNA3D [3.A.5] validated under Holtec's QA system.  
Table 3.A.4 summarizes the key results from all impact simulations for the Set A parameters discussed in 
the foregoing.  

The filter frequencies (to remove unwanted high-frequency contributions) for the Holtec cask analyses 
analyzed in this TSAR is the same as used for the corresponding problem analyzed in [3-A.2] and [3.A.4].  
To verify the Butterworthfilter parameters (350 Hz cutofffrequency, etc.) used in processing the numerical 
data, a Fourier power decomposition was generated.  

3.A.7.2 Set B Parameters 

As stated previously, Set B parameters produce a much more compliant pad than the LLNL reference pad 
(Set A). This fact is bome out by the tipover and end analyses performed on the pad defined by the Set B 
parameters. Table 3.A.4 provides the'filtered results for the two impact scenarios. In every case, the peak 
decelerations corresponding to Set B parameters are less than those for Set A (also provided in Table 
3.A.4).  

Impact force and acceleration time history curves for Set B have the same general shape as those for Set A 
and are contained in the calculation package [3.A.7]. All significant results are summarized in Table 3.AA.  

3.A.8 Computer Codes and Archival Information 

The input and output files created to perform the analyses reported in this appendix are archived in Holtec 
International calculation package [3.A.7].  
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3.A. 9 Conclusion 

The DYNA3D analysis of HI-STORM 100 reported in this appendix leads to the following conclusion: 

a. If a loaded HI-STORM undergoes a free fall for a height of 11 inches in a vertical 
orientation on to a reference pad defined by Table 3A.1, the maximum rigid body 
deceleration is less than 45g's for both Set A and Set B pad parameters.  

b. If a loaded HI- STORM 100 overpack pivots about its bottom edge and tips over on to a 
reference pad defined by Table 3.A.1, then the maximum rigid body deceleration of the 
cask centerline at the plane of the top of the MPC fuel basket cellular region is less than 
45g's for both Set A and Set B parameters..  

Table 3.A.4 provides key results for all drop cases studied herein for both pad parameter sets (A and B).  
If the pad designer maintains each of the three significant parameters (tp, t', and E) below the limit for the 
specific set selected (Set A or Set B), then the stiffness of the pad at any ISFSI site will be lower and the 
computed decelerations at the ISFSI site will also be lower. Furthermore, it is recognized that a refinement 
of the cask dynamic model will accrue further reduction in the computed peak deceleration. For example, 
incorporation of the structural flexibility in the MPC enclosure vessel, fuel basket, etc, would lead to 
additional reductions in the computed values of the peak deceleration. These refinements, however, add to 
the computational complexity. Because g-limits are met without the above-mentioned and other refinements 
in the cask dynamic model, the simplified dynamic model described in this appendix was retained to reduce 
the overall computational effort.
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Table 3.A. 1: Essential Variables to Characterize the ISFSI Pad (Set A and Set B)

Item Parameter Set A Parameter Set B 
Thickness of concrete, (inches) 36 28 

Nominal compressive strength of concrete at 28 4,200 6,000 
days, (psi) I I 
Max. modulus of elasticity of the subgrade (psi) 28,000 16,000 

Notes: 1. The concrete Young's Modulus is derived from the American Concrete Institute 
recommended formula 57,0004f where f is the nominal compressive strength of the 
concrete (psi).  

2. The effective modulus of elasticity of the subgrade will bý measured by the classical "plate 
test" or other appropriate means before pouring of the concrete to construct the ISFSI 
pad.  

3. The pad thickness, concrete compressive strength, and the subgrade soil effective modulus 
are the upper bound values to ensure that the deceleration limits under the postulated events 
set forth in Table 3.1.2 are satisfied.
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-Table 3-A.2: Essential Steel Material Properties for HI-STORM 100 Overpack 

Steel Type Parameter Value 

SA-516-70 at T = 350 deg. F IE 2.800E + 07 1 

SY 3.315E+04 psi 

S,,U_, 7.OOOE+04 psi 

Eu, 0.21 

v 0.30

Note that the properties of the steel components, except for the radial channels used to position the MPC, 
do not affect the results reported herein since the HI- STORM 100 is eventually assumed to behave as a 
rigid body (by internal constraint equations automatically computed by DYNA3D upon issue of a "make 
rigid" command). In Section 3.4, however, stress and strain results for an additional tip-over analysis, 
performed using the actual material behavior ascribed to the storage overpack, are presented for the sole 
purpose of demonstrating ready retrievability of the MPC after the tip-over. As an option, the radial 
channels may be fabricated from SA240-304 material. The difference in material properties, however, has 
a negligible effect on the end results.

nI-31 U&iVI rOAK 
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Table 3.A.3: Key Input Data in Drop Analyses
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Overpack weight 267,664 lb 

Radial Concrete weight 163,673 lb 

Length of the cask 231.25 inches 

Diameter of the bottom plate 132.50 inches 

Inside diameter of the cask shell 72.50 inches 

Outside diameter of the cask shells 132.50 inches 

MPC weight (including fuel) 88,857 lb 

MPC height 190.5 inches 

MPC diameter 68.375 inches 

MPC bottom plate thickness 2.5 inches 

MPC top plate thickness 9.5 inches



Table 3.A.4: Filtered Results for Drop and Tip-Over Scenarios for HI-STORM 100'

" The passband frequency of the Butterworth filter is 350 Hz.  

ttThe distance of the top of the fuel basket is 206" from the pivot point. The distance of the top of the cask 
is 231.25" from the pivot point Therefore, all displacements, velocities, and accelerations at the top of the 
fuel basket are 89.08% of those at the cask top (206"/231.25")
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Max. Displacement Impact Velocity Max. Deceleration"t Duration of 
Drop Event (inch) (in/sec) at the Top of the Deceleration Pulse 

(g's) Basket (msec) 
Set A Set B Set A Set B Set A Set B 

End Drop for 11 0.65 0.81 92.2 43.98 41.53 3.3 3.0 
inches I I 
Non-Mechanistic 4.25 5.61 304.03 42.85 39.91 2.3 2.0 
Tip-over I I I

I
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FIGURE 3.A.17; TIP-OVER EVENT OVERPACK SLAMS AGAINST THE FOUNDATION 
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APPENDIX 3.B - HI-STORM 100 OVERPACK DEFORMATION IN 
NON-MECHANISTIC TIPOVER EVENT 

3.B.1 Introduction 

The objective of this analysis is to determine the defomation and stress response 
of the HI-STORM 100 overpack, considered as a composite ring, to the amplified 
gravitational load due to deceleration of the overpack subsequent to a tipover 
event. The object is to demonstrate that the vertical diameter of the overpack does 
not reduce to a value that precludes retrievability of the MPC. A further objective is 
to provide a conservative estimate of the circumferential stresses that develop in 
the ring section so as to determine safety factors, where applicable, for Level D 
loading conditions 

3.B.2 Method 

The overpack is conservatively modeled as a ring that is point supported at its 
lowest point (representing the ground) and subject to an amplified inertia load 
representing deceleration loads applied during the tipover event. Strength' of 
materials formulas are applied to estimate the change in vertical diameter of the 
overpack.  

3.B.3 Assumptions 

1. The moment of inertia of the overpack is conservatively computed 
neglecting any contribution from the contained concrete and the shield shell. Only 
the inner and outer shells resist deformation.  

2. The overpack is assumed to behave like a ring. This is a simp!ifying 
assumption. Thick ring effects are included 

3. The contact load from the MPC, acting on the overpack, is 
conservatively neglected since this load will tend to increase the local diameter of 
the overpack.  
3.B.4 References 

[1] R. Roark, Formulas for Stress and Strain, 6th Edition, McGraw-Hill, 
1965 (Mathcad Electronic Book Solutions) 

3.B.5 Input Data 

All dimensions are taken from Holtec drawing no. 1495.' The input data 
necessary to perform the analysis are as follows: 

The weight of the storage overpack (Table 3.2.1), Wc:= 270000.lbf 
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The cask total height, L - 231.25.in 

The outside diameter of the overpack, Do 132.5.in 

The inside diameter of the overpack, Di 73.5.in 

Outer shell thickness to := 0.75.in

Inner shell thickness 

Section height

Design Basis deceleration (g's)

ti := 1.25.in

dl := .5-(Do- Di)

G := 45

Youngs Modulus of Shell Material (@350 degrees F) 

E := 28000000.psi Table 3.3.2 

Inertia load on a 1" wide ring of overpack material b := 1.in

Wc.G- b WI.  
(L - 15.in) W = 5.618x 104 lbf

3.B.6 Section Property of Ring

The 15" subtraction 
conservatively eliminates upper 
lid length and outlet vents from 
consideration. The load per unit 
length obtained is higher.

Inertia Property of Ring

x
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REPORT HI-2002444

Ti

d 

To

3.1B-2 Revision 0

BM-1575

dl = 29.5 in

L

j

b •



First compute location of the neutral axis based only on the metal shell material

Ti - Ti = 1.25in

d := dl-To-Ti

To := to To = 0.75 in

d = 27.5 in

b = 1 in

Ao := b.To Ai := b.Ti

x'- 1Ao Ai d + To +To + TAo l 
X (Ao + Ai) 2~ To+21o~ x = 18.188in

x is the location of the neutral axis measured from the outside surface. The 
moment of inertia about this neutral axis is

l:= Ao.(x-.5-To)2 + Ai.(.5.Ti+ d +Tox- ) 2 

For use in analysis, compute the mean diameter

I = 380.742in4

The mean radius is Dm:= DO-2.x 

Rmean:= .5.Dm Rmean = 48.062 in

The input loading 
radius 

WW 

2.*7E "Rmean

required is the load per linear inch of circumference at the mean 

w = 186.052 -bf 
in
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I___________

3.B.7 Results

The equations from reference 1 have been programmed in Mathcad as a commercially 
available "electronic book". Attachment B-1 to this document presents the solution to three 
cases.

Case 1

Case 2

Ring supported at base and loaded by 
own weight. w given per unit 
circumferential length.

Diametrically opposed force with W = 2nRw

Case 3 Ring subject to external pressure over a portion of the periphery
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The results from the case 1 analysis in the attachment are appropriate to examine the 
non-mechanistic tipover analysis. It is determined there that the diametrical change under the 
load is 0.11". This demonstrates that there is no restraint to remove the MPC after the tipover 
since a positive clearance is still maintained. (0.1875" is the radial gap prior to the accident).  

The other cases considered in the attachment are for potential use elsewhere.  

3.B.7 Conclusion 

Classical ring solutions have been presented for use in examination of the ovalization of the 
storage overpack. The solutions have been derived using the weight of the storage overpack 
without an MPC. The weight has'been amplified by 45 to represent a bounding accident 
condition. It is shown by analysis that ready retrievability of the fuel is maintained after a 
tipover accident.
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ATTACHMENT B-1 - Classical Ring Solutions From Roark

Table 17 Formulas for tangential and radial 
forces, moment and stress in circular rings 

IF'•ffl subject to bending in the plane of the curve 

SNotation 

Summary The format of Table 17 is such that one selects 
an appropriate restraint/loading case from a 
table of contents, which corresponds to Table 
17 in Roark's Formulas for Stress and Strain, 
and then selects an appropriate cross section 
from a second table of contents which 
corresponds to Table 16 in the text. For your 
convenience, all of the pertinent information 
pertaining to the selected cross section and 
loading combination is included in each file.  

Table 17 provides formulas for location of centroidal 
axis, neutral axis, and stress ratio (defined below) 
of circular rings subjected to bending in the plane of 
curvature. These formulas are then used to 
compute the internal moments, normal and shear 
forces, and the working stresses in the given ring.  

The stress ratio mentioned above, denoted by k, is 
the ratio of stresses in a curved beam to the 
stresses at the corresponding location in a straight 
beam. The concave and convex sides of the curved 
beam are denoted by an i and o subscript on the k, 
respectively.  
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The formulas are derived neglecting the 
contribution of radial normal stress to the 
circumferential strain. This assumption does not 
cause appreciable error for curved beams of 
compact cross section for which the radial normal 
stresses are small, and it leads to acceptable 
answers for beams having thin webs where, 
although the radial stresses are higher, they occur 
in regions where the circumferential bending 
stresses are small.  
In the Strength of Materials Approach taken in Table 
17, approximations are arrived at through integrating 
the strain energy density function. In each integral 
there is a shape constant, F, needed to adjust the 
solution for different cross sections. This shape 
constant depends exclusively on the cross section 
geometry. Values for shape constants are listed 
below for several cross sections:
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For solid rectangles, triangles, F 6 
or trapezoids: 5 

For diamond-shaped sections: F = 31 
30 

For solid circular sections: F = 10 
9 

For thin-walled hollow circular sections: F = 2 

For an I- or box section with flanges and webs 
of uniform thickness: 

F= 1+ _.1.) 4 
2.D23 110 r2

where

D1  distance from neutral axis to nearest 
flange surface 

D2  distance from neutral axis to extreme 
fiber 

tl thickness of web 

t2  thickness of flanges 

r radius of gyration of section with 
respect to the neutral axis
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It is important to keep in mind that the shape constants 
are approximations, used in eluations which are 
themselves approximations. For cross sections where F 
is unknown, the Strength of Materials solution is not 
proven; however, using a value of 1 is not unreasonable, 
keeping in mind that the answer may be inaccurate.  

It should be noted that there are two different types of 
moment of inertia used in this table. The more familiar 
moment of inertia about the centroid of the cross section 
is denoted by Ic. The other moment of inertia is the 
moment of inertia about the principal axis of the beam in the 
plane of curvature. This moment of inertia is denoted by ip.  

Notation R radius of curvature measured to centroid 
of section (length) 

c distance from centroidal axis to extreme fiber 
on concave side of beam (length) 

d height for the cross section (length) 

A area of section (length2) 

h distance from centroidal axis to neutral axis 
measured toward center of curvature (length) 

Ip moment of inertia of cross section about principal axis 
perpendicular to plane of curvature (length4) 

IC moment of inertia of cross section about 
centroidal axis of cross section (length4 ) 

M applied bending moment (force-length) 

HI-STORM FSAR 3.B-9 Revision 0 
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aY! actual stress in extreme fiber on concave side 
(force per unit area) 

CFO actual stress in extreme fiber on convex side 
(force per unit area) 

ayis stress in extreme fiber on concave side as 
computed by ordinary flexure formula for a 
straight beam (force per unit area) 

M'C O'is -- I

stress in extreme fiber on convex side as 
computed by ordinary flexure formula for a 
straight beam (force per unit area)

a M.(d - c)

ki ratio of a, to aGs 

ko ratio of a. to a0s

HI-STORM FSAR 
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W 

W,v 

p 

8 

N 

V 

G 

v 

E
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load (force) 

unit loads (force per unit of 
circumferential length) 

unit weight of contained liquid (force per unit volume) 

mass density of ring material (mass per unit volume) 

internal normal force (force) 

internal shear force (force) 

angles (radians) limited to the range zero to p 
for all cases except 18 and 19 

shear modulus of elasticity (force per unit area) 

Poisson's ratio 

modulus of elasticity (force per unit area)
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cc hoop-stress deformation factor. It is given by 
the following equations and conditions:

for very thin rings: 

for thin rings: 

for thick rings:

A.R 2 

h 
R

13 transverse (radial) shear deformation factor. It 
is given by the following equations and 
conditions: 

for very thin rings: 0 =

for thin rings: 

for thick rings:

FEI 

GAR2 

2F(1 + v).h 

R

DH 

AL
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change in the vertical diameter (length) 

change in horizontal diameter (length) 

change in the lower half of the vertical diameter 
or the vertical motion relative to point C of a 
line connecting points B and D on the ring 
(length)
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ALw the vertical motion relative to point C of a 
horizontal line connecting the load points on the 
ring (length) 

V the angular rotation (radians) of the load point 
in the plane of the ring and is positive in the 
direction of positive q 

F form factor depending on cross section (not the 
same as SF in Table 1 and given for several 
geometries above)

Case 15 Ring supported at base and loaded by 
own weight 

Case 15.16 Circular Ring with 
Unsymmetrical I-Beam Section 
and Loading as Shown Below 

i---------------------------------------------------------------

Loading

Unsymmetrical I-beam section
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Enter dimensions 
of cross section

Radius of curvature 
measuedfto centroid of 
section: 

Width of top segment: 

Thickness of top segment: 

Width of vertical segment: 

Width of base:

R Rmean 

bi :=1.in 

t :=to

R = 48.062 in

b2 := 0.in no web 

b := 1.in

Thickness of base: t := ti 

Total height of section: d := dl d = 29.5 in 

If R-d > 8, then the beam should generally be considered thin.  

If R/d < 8, then the beam can generally be considered thick.

R 
-E = 1.629 
d 
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Geometry of 
cross section

Shape constant: 
F = 1 is a close approximation.  
See article 7.10 on page 201 in 
Roark.

F:=I

If this flanged section has vwide and thin flanges, 
outer portions of the flanges may move radially thus 
reducing the stiffness and strength of the cross 
section. See page 248 in Roark. 

Area: 

A := b-d.%i+(1- _D( LQ~ - 1D-L 

A = 2in2 

Distance from centroidal axis to extreme fiber on concave 
side of beam: 

b bdd -"b'!d) 
n :=-1 1 

2. A 
b.d 

n= 11.313in 

Distance from centroidal axis to extreme fiber on convex 
side of beam: ,

nl := d - n
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Moment of inertia of section about centroidal axis 
perpendicular to the plane of bending. l must be a 
principal moment of inertia unless additional 
support conditions are provided as discussed on 
page 260 in Roark:

6 = 380.94in4
I _3 t,)3] ...

b2 j) 3 + (n -t) 3] .  3 
+b .[n 3 _(n -t) 3] 
3 

Distance from centroidal axis to neutral axis measured 
toward center of curvature: 

A 

b

In /n n LIC 
+ -- thin 

A.R

( n, tl 
+b2.1 n n n 

b __ I 

b R +t{ 
n n 1-

bj 
b "-In

R n, 
n n 

R n1 ti 
n n n

h = 3.453 in 

ki is the ratio of actual stress in extreme fiber on the 
concave side (ay) to unit stress (a) in corresponding 
fiber as computed by ordinary flexure formula for a 
straight beam (a,/a).  

ko is the ratio of actual stress in extreme fiber on the 
convex side (a.) to unit stress (a) in corresponding 
fiber as computed by ordinary flexure formula for a 
straight beam (cyo/0 ).
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+I1

b2 

b )}(tF) _ L1 L2 )tl)

R 
n

1

-1
h 
n

h 

n

ki = 1.043

ko = 0.991 

Note: While h/n, KI, and ko are dependent upon the 
width ratios bl/b ant b2/b they are independent of the 
width b.

Enter properties 
and loading of ring

Modulus of elasticity:
E=2.8xlO 7 psi

Poisson's ratio:

Load:

v := .3

w= 186.052Ibf 
in

Modulus of rigidity:

E 
2.(1 +v) 
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G = 1.077x 107 b.!f 
in2

3.B-17

3

ki :=

b1 

b
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Constants

Revision 0

b)' d b- b



Hoop-stress deformation factor

a := .thick + thin- l 
R A.R 2

Transverse radial shear deformation factor:

1 =2.F.(1 + v).hL-thick + thin. F.E-Ic 
R G.A.R 2 

Hoop-stress corrections:

kl 1-a +13 

k2 -1

Computational constants: 

KT:= 1 + 
A.R 2

For this case, the angle x must lie in the interval from 
00 to 1800. This is done by measuring x as positive in 

both the clockwise and counterclockwise directions 
measured from the vertical ray leaving the center of 
the cross section. To do this, we define a function 
angle(x) which is the angle between 0Q and 1800 that 
corresponds to the angle x which may be greater than 
1800.  

angle(x) := x.(x < 180.deg) + (360.deg - x).(x > 180.deg) 

z(x) := sin(angle(x)) 

u(x) := cos(angle(x))

3.B-18

a = 0.072

13 = 0.187

kl = 1.115 

k2 = 0.928
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Initial conditions

LTM(x) -w.R 2 .["angle(x).z(x) + KT-(U(X) - 1)] 

LTN(X) := -w.R.angle(x).z(x) 

LTv(x) :=-w.R.angle(x).u(x) 

Values at A and/or C of moment (M), tangential force (N) 
and radial force (V):

r (KT- 1).  
MA:= w-R2. k2 - 0.5

L1 kl

MA = 1.781 x 10l5 bf.in

MC:=w.R2 .[ k2+ 0.5 + (KT- 1).] 

MC=6.197x 10 5 bf-in

NA :=wR[0.5+ (KT-1).k2k 

VA 0.1bf

NA = 5.085x 10 3bf 

VA = 0 Ibf
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General formulas 
for internal 
moment and 
forces

x:= 0.deg, 1.deg.. 360.deg 

M(x) := MA-NA.R.(1 -u(x))+VA.R.z(x)+ LTM(X)

N(x) NA'U(X) + VA'Z(X) + LTN(X) 

V(x) -NA-Z(X) + VA.U(X) + LTv(x)

For solid cross 
section

Change in horizontal diameter (an increase is positive):

w .R3  ( klin 7 + 2.k22" 
DH- E.-A.h 2 k2"r:

DH = 0.06in 

Change in vertical diameter (an increase is positive):

HI-STORM FSAR 
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DV -w. R3..( k1.7r2 - -k1 
E.A.h 4 2k 2 J 

Dv =-0.11 in 

Change in the lower half of the vertical diameter (vertical 
motion relative to point C of a line connecting points B 
and D): 

AL := -w.R3 1 +k 2 .nr k22+ (KT- 1).'a "A EA-h L- 16 2 

AL = -0.08 in
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Graphs of moment 
and forces:

The following pages present the plots of internal moment 
and forces in both polar and standa-rd graphs. The 
vectors necessary for formatting the polar plots are 
presented past the right margin.

Above is the graph of internal moment, M, as a polar plot. The radial lines 
show the angle x measured from the ray rising up vertically from the center 
of the cross section through A. The thick curve represents the internal 
moment at the corresponding angle. The thin circular curve shows the zero 
moment curve; inside the curve corresponds to positive moment (inward 
direction), and outside the curve corresponds to a negative moment 
(outward direction).
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Graph of internal moment versus angle x:

M (x) 
Ibf.in

1.10 6 

5 * 5.10 

"10

At A, 

M(O.deg) = 1.781 x 105 lbf.in 

At C, 

M(180.deg) = 6.197x 105 lbf.in

Maximum internal moment: 

max(MM).lbf.in = 3.047 x 105 lbf.in 

HI-STORM FSAR 
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0 90 180 270 360 

X 

deg 

At B, 

M(90.deg) = -2.762x 1051bf.in 

At D, 

M(270:deg) = -2.762x 10591bf-in

Minimum internal moment: 

min(MM).Ibf.in = -6.197x 105 Ibf.in

3.1B-23 Revision 0
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Above is the graph of the tangential force, N, as a polar plot. The radial 
lines show the angle x measured from the ray rising up vertically from the 
center of the cross section through A. The thick curve represents the 
tangential force at the corresponding angle. The thin circular curve shows 
the zero force curve; inside the curve corresponds to positive force (inward 
direction), and outside the curve corresponds to a negative force (outward 
direction).
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Graph of tangential force versus angle x: 

0 
N(x) 
Ibf 4 

-2-.10 

0 90 180 270 360 

x 
deg

At A, 

N(O.deg) = 5.085x 103lbf 

At C, 

N(180.deg) = -5.085x 1031 bf 

Maximum tangential force: 

max(NN) .Ibf = 1.89 x 104 Ibf 

HI-STORM FSAR 
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At B, 

N(90.deg) = -1.405x 104-1bf 

AtD, 

"N(270.deg) = -,1.405 x 104 bf 

Minimum tangential force: 

min(NN) . lbf = -5.085 x 103 Ibf
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Above is the graph of radial force, V, as a polar plot. The radial lines show 
the angle x measured from the ray rising up vertically from the center of the 
cross section through A. The thick curve represents the radial force at the 
corresponding angle. The thin'circular curve shows the zero force curve; 
inside the curve corresponds to positive force (inward direction), and 
outside the curve corresponds to a negative force (outward direction).
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Graph of radial force versus angle x:

4.1 04

V (x 

Ibf

At A, 

V(0.deg) = O0bf

At C, 

V(180.deg) = 2.809x 10l4 bf 

Maximum radial force: 

max(VV).lbf = 9.11 X 103lbf 

HI-STORM FSAR 
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-2.10 4 

0 90 180 270 360 

x 

deg

At B, 

V(90.deg) = -5.085 x 103 lbf 

At D, 

V(270.deg) = -5.085x 103 lbf 

Minimum radial force: 

min(VV).Ibf = -2.809x 104 lbf
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Computation 
of stresses

The flexure formula allows for the computation of the 
stresses experienced by the outermost and innermost fibers.  

ni is the distance from the centroidal axis to the innermost fiber.

ni := n ni = 11.313in

no is the distance from the centroidal axis to the 
outermost fiber.

no := d - ni no= 18.187in

The moment of largest magnitude is 

M- max(MM),•,fn (max(-MM) ý_ -min(-M-Iv))..  
+ min().. !bf.in-(max(i)< -mi < ( ) 

M = -6.197x 105 lbf.in
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The flexure formula yields the stresses if the beam were 
straight

-M.no 
Go =-- I

oj = -1.84x 104 lbf 

in2 

ao =2.959X 104 lbf 

in2

The flexure stress experienced by the extreme 
innermost fiber on the concave side at the cross 
section where this numerically largest bending 
moment occurs is 

Yi ki = -1.919x 104 Ibf 

in 2 

The flexure stress experienced by the extreme 
outermost fiber on the convex side at the cross 
section where this numerically largest bending 
moment occurs is 

Cao.ko = 2.931 x 10 4 Ibf 
in 2 

There may be larger tensile or compressive 
stresses elsewhere in the ring at locations where 
large moments of the opposite sign occur if n and 
n, differ in value. There are also stresses due to the 
tangential force N to be considered.
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Case 1 Diametrically Opposed Forces 

J-lTj]j Case 1.16 Circular Ring with' 
SUnsymmetrical I-Beam Section 

and Loading as Shown Below 
------------- ------------

Loading 

w 
A 

('A_-ýB

Unsymmetrical I-beam section
T-a-: jbj- d R _tF-]E 
1 7r l- b

Enter dimensions 
of cross section

Radius of curvature 
measured to centroid of 
section: 
Width of top segment: 

Thickness of top segment: 

Width of vertical segment: 
Width of base: 
Thickness of base: 

Total height of section:

R : Rmean 

b 1-- -in 

t :=to 

b2 :0-in 

b := 1-in 

t := t!

d := dl 

If R/d > 8, then the beam should generally be considered thin.  
If R/d < 8, then the beam can generally be considered thick.
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Geometry of 
cross section

R - = 1.629 
d

thin:= i{-E> 8,1,0 thick i{ý< 8,1,0

Shape constant (See article 7.10 on 
page 201 in Roark): 
F = 1 is a close approximation. F:= 1
If this flanged section has wide and thin flanges, 
outer portions of the flanges may move radially thus 
reducing the stiffness and strength of the cross 
section. See page 248 in Roark.  
Area:

A : d- +:1
b b

1l

A = 2in2

Distance from centroidal axis to extreme fiber on concave 
side of beam:

bL- bd1 ' L b) +

2. A 
b.d

C 2+ -].db2

n = 11.313in

Distance from centroidal axis to extreme fiber on convex 
side of beam:

n := d - n nj = 18.187in

Moment of inertia of section about centroidal axis 
perpendicular to the plane of bending. Ic must be a principal 
moment of inertia unless additional support conditions are 
provided as discussed on page 260 in Roark:

HI-STORM FSAR 
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+-t.I(nl- t-)3 + (n-t)3] ...  

3

6c = 380.94 in4

Distance from centroidal axis to nieutral axis measured 
toward center of curvature:

A 

b

+ -thin 
A.R

h = 3.453in

k, is the ratio of actual stress in extreme fiber on the 
concave side (a,) to unit stress (a) in corresponding 
fiber as computed by ordinary flexure formula for a 
straight beam ( 1i/a).  

ko is the ratio of actual stress in extreme fiber on the 
convex side (a0) to unit stress (a) in corresponding 
fiber as computed by ordinary flexure formula for a 
straight beam (aol/).

HI-STORM FSAR 
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R_ h 

n n

ki = 1.043

ko = 0.991

KU
Note: While h/n, KI, and ko are dependent upon the 
width ratios bl/b and b2/b they are independent of the 
width b.

Enter properties 
and loading of ring

Modulus of elasticity: E:=28*1 6 lbf E := 28.10. b__ 
in 2

Poisson's ratio:

Load: (equal to the load 
on a 1" wide ring from 270,000 lb 
subject to 45 g's (see page 3.B.2)

W := WI 

W = 5.618x 1041bf

HI-STORM FSAR 
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v := .3
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Modulus of rigidity: 

E 
G :=2E 2.(1 +v) G = 1.077x 107 Ibf 

in
2

Hoop-stress deformation factor: 

a := -hthick+ thin. Ic 
R A.R2

a = 0.072

Transverse radial shear deformation factor: 

2.F-(1 + v).h.thick + thin. F-E-Ic 
R G.A.R 2 13 = 0.187

Hoop-stress corrections:

k2 := 1- a+13 

k2: 1-c

kl = 1.115 

k2 = 0.928

For this case, the angle x must lie in the interval from 00 to 1800. This is done by measuring x as positive in 
both the clockwise and counterclockwise directions 
measured from the vertical ray leaving the center of 
the cross section. To do this, the function angle(x) is 
defined as the angle between 00 and 1800 that 
corresponds to the angle x which may be greater than 
1800.  

angle (x) := x.(x < 180.deg) + (360.deg - x).(x> 180.deg) 

z(x) := sin(angle(x)) 

u(x) := cos(angle(x))
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Initial conditions

_ -W.R.z(x) LTM(X) " 
2 

LTN(X) -W.z(x) 
2 

LTv(x) -W.u(x) 
2 

Values of the moment (M), the tangential force (N) and the 
radial force (V) at A:

MA .

NA := 0.1bf 

VA := 0.lbf

MA = 7.978x 105 lbf-in 

NA = ONbf 

VA = Olbf

General formulas 
of internal 
moment and 
forces 

For solid cross 
section

x:= 0.deg, 1 .deg.. 360.deg

M(x) := MA - NA.R.(1 - u(x)) + VA.R.z(x) + LTM(X) 

N(x) := NA.U(X) + VA'Z(X) + LTN(X) 

V(x) := -NA.Z(X) + VA.U(X) + LTv(x) 

Change in horizontal diameter (an increase is positive):

HI-STORM FSAR 
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W*R 3  2 kk21 DH -- k2 

DH = 0.104in 

Change in vertical diameter (an increase is positive):

-W.R3 37.kl Er- Ic 4 k; 2k2 
2)

Dv = -0.191 in
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Graphs of moment 
and forces

The following pages present the plots of internal moment 
and forces in both polar and standard graphs. The 
vectors necessary for formatting the polar plots are 
presented past the right margin.

Above is the graph of internal moment, M, as a polar plot. The radial lines 
show the angle x measured from the ray rising up vertically from the center 
of the cross section through A. The thick curve represents the internal 
moment at the corresponding angle. The thin circular curve shows the zero 
moment curve; inside the curve corresponds to positive moment (inward 
direction), and outside the curve corresponds to a negative moment 
(outward direction).
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Graph of internal moment versus angle x: 

1-106-

M(x) 

Ibf.ir 

At A, 

M(0.deg) = 7.978x 1051I 

At C, 

M(180.deg) = 7.978x 10 

Maximum internal moment: 

max(MM).ibf.in = 7.978x 

HI-STORM FSAR 
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S 0-

-1.0 6  ! I I 
0 90 180 270 360 

X 

deg 

At B, 

)f-in M(90.deg)= -5.524-x 105lbf.in 

At D, 
5 1bf.in M(270.deg) = -5.524 x 10 1bf-in 

Minimum internal moment: 

105 1bf-in min(MM).Ibf.in = -5.524x 1051bf.in 
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Above is the graph of the tangential force, N, as a polar plot. The radial 
lines show the angle x measured from the ray rising up vertically from the 
center of the cross section through A. The thick curve represents the 
tangential force at the corresponding angle. The thin circular curve shows 
the zero force curve; inside the curve corresponds to positive force (inward 
direction), and outside the curve corresponds to a negative force (outward 
direction).
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Graph of tangential force versus angle x:

2 .104 

0 
N(x) 

Ibf 4

-4.10 4 1 
0 90 180 270 360 

X 
deg-

At A, 

N(0.'deg) = Olbf 

At C, 

N(180.deg) = 2.151 x 10- 11 lbf 

Maximum tangential force: 

max(NN).lbf = 2.151 x 10- 1bf 
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At B, 

N(90.deg) = -2.809x 104 1bf 

At D, 

N(270.deg) = -2.809 x 104 lbf 

Minimum tangential force: 

min(NN).Ibf = -2.809x 104 Ibf
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Above is the graph of radial force, V, as a polar plot. The radial lines show 
the angle x measured from the ray rising up vertically from the center of the 
cross section through A. The thick curve represents the radial force at the 
corresponding angle. The thin circular curve shows the zero force curve; 
inside the curve corresponds to positive force (inward direction), and 
outside the curve corresponds to a negative force (outward direction).
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Graph of radial force versus angle x:

V (x) 
Ibf 

-5.  

At A, 

V(0.deg) = -2.809x 104lbf 

AtC, 

V(180.deg) = 2.809x 10l4 bf 

Maximum radial force: 

max(VV). lbf = 2.809 x 104 lbf 
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0

4 I I I I 
0 90 180 270 360 

x 

deg

At B, 

V(90-deg) = 1.076x 10- 1 1 1bf 

At D, 

V(270.deg) = 2.323 x 10- 1bf 

Minimum radial force: 

min(VV).Ibf = -2.809x 104 lbf
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Computation 
of stresses

The flexure formula allows for the computation of the 
stresses experienced by the outermost and innermost fibers.

nq is the distance from the centroidal axis to the 
innermost fiber.
ni := n ni = 11.313in

n% is the distance from the centroidal axis to the 
outermost fiber.

no := d - ni no = 18.187 in

The moment of largest magnitude is 

M maxi(M), lbf•in-(max(MM) < -min(MI)) 

M =7.978x 1051bf.in
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The flexure formula yields the stressesif the beam were 
straight.

M.ni Gi := 

-M-no 
CFO := .--

S= 2.369x 104 Ib_! 

in 2 

ao =-3.809 x 104 -bf 

in2

The flexure stress experienced by the extreme 
innermost fiber on the concave side at the cross 
section where this numerically largest bending 
moment occurs is 

ai.ki = 2.471 x 104 lbf 
. 2 in 

The flexure stress experienced by the extreme 
outermost fiber on the convex side at the cross 
section where this numerically largest bending 
moment occurs is 

o. ko = -3.774 x 104 Ibf 

in2 

There may be larger tensile or compressive 
stresses elsewhere in the ring at locations where 
large moments of the opposite sign occur if n and 
n, differ in value. There are also stresses due to the 
tangential force N to be considered.
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Case 12 Uniform radial unit load

Case 12.16 Circular Ring with 
UI nsymmetrical I-Beam Section 

and Loading as Shown Below 

Loading

Unsymmetrical I-beam section
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Enter dimensions 
of cross section 

Conditions

Radius of curvature 
measured to centroid of R Rmean Rmean = 48.062in 
section: 

Width of top segment: b := 1 -in 

Thickness of top segment: t :=to 

Width of vertical segment: b2:= 0.in 

Width of base: b := 1 -in 

Thickness of base: t :=t 

Total height of section: d := d1 

If R/d > 8, then the beam should generally be considered thin.  
If R/d < 8, then the beam can generally be considered thick.

R 
-E = 1.629 
d

HI-STORM FSAR 
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Geometry of 
cross section

Shape constant: 
F = 1 is a close approximation.  
See article 7.10 on page 201 in Roark.

F := 1

If this flanged section has wide and thin flanges, 
outer portions of the flanges may move radially thus 
reducing the stiffness and stirength of the cross 
section. See page 248 in Roark.  

Area: 

A I: bd[+( b~(~ ŽŽ ( d b bJd 

A = 2in2 

Distance from centroidal axis to extreme fiber on concave 
side of beam:

_ b }(2 -

tl 

d
K 

*1*1-I + I 
)�d) � b 2.(tN2+ .d

2. -A 
b.d

n = 11.313in 

Distance from centroidal axis to extreme fiber on convex 
side of beam:

nl := d - n nl = 18.187in

HI-STORM FSAR 
REPORT HI-2002444

Revision 0

[CbL 
bn:=

3.13-48



Moment of inertia of section about centroidal axis 
perpendicular to the plane of bending. 1l must be a principal 
moment of inertia nfle'ss additional support conditions are 
provided as discussed on page 260 inRoark:

Ic = 380.94in4

+b2 In (n, j n't) 3] 
+3'

Distance from centroidal axis to neutral axis measured 
toward center of curvatuFe:

11 
Ic + -. thin 

A.R

h = 3.453 in
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ki is the ratio of actual stress in extreme fiber on the 
concave side (ai) to unit stress (a) in corresponding 
fiber as computed by ordinary flexure formula for a 
straight beam (aI/a).  

ko is the ratio of actual stress in extreme fiber on the 
convex side (ao) to unit stress (a) in corresponding 

fiber as computed by ordinary flexure formula for a 
straight beam (ao/a).

R h 

n n

ki = 1.043

ko = 0.991

Note: While h/n, k., and ko are dependent upon the 
width ratios b1/b and b2/b they are independent of the 
width b.
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Enter properties 
and loading of ring

Angle: 

Modulus of elasticity: 

Poisson's ratio:

Load:

o := 90.deg 

6 fbf E 28.10 
.2 In 

v .3 

W1 = 5.618x 1041bf 

w := w = 584.499 '"
2 "Rmean in

Modulus of rigidity: 

G := E 
2.(1 +v) 

Hoop-stress deformation factor: 

c h := -*thick+ thin.
R -A:.R2

Transverse radial shear deformation factor: 

13 := 2.F.(1 + v).-.thick + thin. F.E-l 
R G.A.R 2 

Hoop-stress corrections: 

k:= 1-a+1 
k2 :=1-(X ' 

Computational constants: 

s := sin(O) c := cos (0

HI-STORM FSAR 
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in2 

a = 0.072 

,3 = 0.187 

kl = 1.115 

<2 = 0.928
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For this case, the angle x must lie in the interval from 
0' to 1800. This is done by measuring x as positive in 
both the clockwise and counterclockwise directions 
measured from the vertical ray leaving the center of 
the cross section. To do this, we define a function 
angle(x) which is the angle between 00 and 1800 that 
corresponds to the angle x which may be greater than 
1800.  

angle(x) := x.(x•5 180.deg) + (360.deg - x).(x> 180.deg)

z(x) := sin(angle(x))
u(x) := cos(angle(x))

Loading terms:

LTM(X) := (angle(x)> 0).-w.R2 .(1- cos(angle(x) - 0)) 

LTN(x) := (angle(x) > 0) --w.R.(1 - cos(angle(x) - 0)) 

LTv(x) := (angle(x) > 0).-w.R.sin(angle(x)- 0) 

Values at A and/or C of moment (M), tangential force (N) 
and radial force (V):

MA= -wRR -[s(+ 7r c-0ec-k2(,r -0-s)] 
7C 

Mc :w= .R2 .[ -s+ 0-c- k2 '(7r -0-s))] 
7E 

NA:= -w.R.(s • 

7C 

VA := 0.lbf

HI-STORM FSAR 
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General formulas 
for internal 
moment and 
forces

x:= 0.deg, 1 .deg.. 360.deg

M(x) := MA - NA.R.(1 - u(x)) + VA.R.z(x) + LTM(x)

N(x) NA.U(X) + VA'Z(X) + LTN(x) 

V(x) -NA.Z(X) + VA.U(X) + LTv(x)

For solid cross 
section

Change in horizontal diameter (an increase is positive):

DHo0 ck.(s+0c)+ 0 _ _ S) 2 E-Ic 2 + 2.k 2 .(1-s)- - ...  

, 2).c 0 c ______2_ _7 •- 2 - j

DH = -0.071 in 

Change in vertical diameter (an increase is positive): 

WR4 Fkj.s.(7r-0) 2 k2
2.(n - e _ S DV:= w'4. ks.(2 -_k2.(0 +c)+ 

Dv= 0.076in
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Change in the lower half of the vertical diameter (vertical 
motion relative to point C of a line connecting points B 
and D):

AL:= ( -2J 2.E.w.R [ k -. -s +e.cJ2 +k2"n'(o-s-2)+2 -k282(n -_ s)] 

+ (0 > -[ k (7 2- 7s- 0 c-S + 0 C) k2 -7(r0 0-s- 2- 2c) 
2) 2[E.I Tc + 2.k 2

2 .(r -_ 0- S)

AL = 0.056 in

Graphs of moment 
and forces 

HI-STORM FSAR 
'REPORT HI-2002444

The following pages present the plots of internal moment 
and forces in both polar and standard graphs. The 
vectors necessary for formatting the polar plots are 
presented past the right margin.
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Above is the graph of internal moment, M, as a polar plot. The radial lines 
show the angle x measured from the ray rising up vertically from the center 
of the cross section through A. The thick curve represents the internal -
moment at the'corresponding angle. The thin circular curve-shows the zero 
moment curve; inside the curve corresponds to positive moment (inward 
direction), and outside the curve corresponds to a negative moment 
(outward direction).  
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Graph of internal moment versus angle x:

5-105 

0 
M (x) 

Ibf.in 5105 

-1 -106 

At A, 

M(0.deg) = -2.021 x 105lbf.in 

At C,

M(180.deg) = -6.927x 1051bf-in 

Maximum internal moment: 

max(MM).lbf.in = 2.944 x 1051 bf.in 
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0 90 180 270 360 

X 

deg 

At B, 

M(90.deg) = 2.277x 1051 bf.in 

At D,

M(270.deg) = 2.277x 1051 bf.in 

Minimum internal moment: 

min(MM).lbf.in = -6.927x 105 lbf.in
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Above is the graph of the tangential force, N, as a polar plot. The radial 
lines show the angle x measured from the ray rising up vertically from the 
center of the cross section through A. The thick curve represents the 
tangential force at the corresponding angle. The thin circular curve shows 
the zero force curve; inside the curve corresponds to positive force (inward 
direction), and outside the curve corresponds to a negative force (outward 
direction).  
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Graph of tangential force versus angle x:

1-104

0 
N(x) 

Ibf - 4

-2.104 I I 
0 90 180 270 360 

X 

deg

At A, 

N(O.deg) = -8.942x 1031 bf 

At C, 

N(180.deg) = -1.915x 1041 bf 

Maximum tangential force: 

max(NN).lbf = 1.388 x 103 lbf
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At B, 

N(90.deg) = 3.424 x 10-12 1bf 

At D, 

N(270.deg) = 7.395x 10- 12lbf 

Minimum tangential force: 

min(NN).Ibf = -1.915x 104 1bf
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'Above is the graph of radial force, V, as a polar plot. The radial lines show 
the angle x measured from the ray rising up vertically from the center of the 
cross section through A. The thick curve represents the radial force at the 
corresponding angle. The thin circular curve shows the zero force curve; 
inside the curve corresponds to positive force (inward direction), and 
outside the curve corresponds to a negative force (outward direction).
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Graph of radial force versus angle x: KJ1

2 .104 

0 
V(x) 

Ibf -24104

At A, 

V(0.deg) = Olbf

At C, 

V(180.deg) = -2.809x 104 lbf 

Maximum radial force: 

max(VV).lbf = 8.942x 103lbf
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-4 -10 I I I 
0 90 180 270 360 

X 

deg

At B, 

V(90.deg) = 8.942x 103 lbf 

At D, 

V(270.deg) = 8.942x 103 lbf 

Minimum radial force: 

min(VV).lbf = -2.809 x 104 Ibf
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Computation 
of stresses The flexure formula allows for the computation of the 

stresses experienced by the outermost and innermost fibers.

q is the distance from the centroidal axis to the 
innermost fiber.
nl := n ni = 11.313in

% is the distance from the centroidal axis to the 
outermost fiber.

"- no:= d - n1 " no'= 18.187in

The moment of largest magnitude is 
S;= max(M Ibf-i•. n. (max(MM)_>: -min (M) 

+ min(MM) .bf.in-(max(MM) < -min(MM)) 

M = -6.927x 10 lbf. in -
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The flexure formula yields the stresses if the beam were 
straight

M-n1 
ICi 

IC

a 1=-2.057x 104 Ibf 

in2 

cro = 3.307 x 104 lbf 

in

The flexure stress experienced by the extreme 
innermost fiber on the concave side at the cross 
section where this numerically largest bending 
moment occurs is 
cyrki = -2.145x 10 41bf 

.2 in 

The flexu're stress experienced by the extreme 
outermost fiber on the convex side at the cross 
section where this numerically' largest bending 
moment occurs is 

Go.ko = 3.277x 104lbf 
. 2 in 

There may be larger tensile or compressive 
stresses elsewhere in the ring at locations where 
large moments of the opposite sign occur if n and 
n, differ in value. There are also stresses due to the 
tangential force N to be considered.
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APPENDIX 3.C - RESPONSE OF CASK TO TORNADO WIND LOAD AND 
-LARGE MISSILE IMPACT , 

3.C.1 -introduction 

The objective of this analysis is to determine the response of the HI-STORM 100 to the 
combined load of the wind due to the design basis tornado and the large missile impact 
specified in Section 2.2.3. It is demonstrated that under this loading condition, the cask 
will not tip over. The case of large missile impact plus the instantaneous pressure drop 
due to the tornado passing the cask is also considered. The two cases need not be 
combined.  
Impacts from two types of smaller missiles are considered in Appendix 3.G.

3.C.2 Method 

In this analysis, the cask is simultaneously subjected to a missile impact at the top of thle 
cask and either a constant wind force or an instantaneous pressure drop leading to ah 
impulsive adder to the initial angular velocity imparted by a missile strike. The 
configuration of the system just prior to impact by the missile is shown in Figure 3.C.1.  

The first step of the analysis is to determine the post-strike angular velocity of the cask, 
which is the relevant initial condition for the solution of the post-impact cask equation of 
motion. There are certain limiting assumptions that we can make to compute the 
post-impact angular velocity of the cask. There are three potential limiting options 
available.  

a. Assume a coefficient of restitution (ratio of velocity of separation to velocity of 
approach) = 1. This assumption results in independent post impact motion of both the 
cask and the missile with the change in kinetic energy of the missile being entirely 
transmitted to the cask. -' 

b. Assume a coefficient of restitution =0. This assumption results in the missile and 
-the cask moving together after the'impact with a certain portion of the kinetic energy lost 
by the missile being dissipated during the collision so that the post impact kinetic energy 
is less than the energy change in the missile. -

c. Assume a coefficient of restitution = mass of missile/mass of cask. This 
assumption brings the missile to rest after the impact. There is kinetic energy dissipated 
during the impact process but the kinetic energy acquired by the cask is'larger than in 
case b.  

Missile impact tests conducted under the auspices of the Electric Power Research 
Institute (see EPRI NP-440, Full Scale Tornado Missile Impact Tests", 1977) have 
demonstrated that case c above matches the results of testing.  
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Determination of the force on the cask due to the steady tornado wind is the next step.  
The primary tornado load is assumed to be a constant force due to the wind, acting on the 
projected area of the cask and acting in the direction that tends to cause maximum 
propensity for overturning.  

The equation of motion of the cask under the wind loading is developed, and using the 
initial angular velocity of the cask due to the missile strike, the time-dependent solution for 
the post-impact position of the cask centroid is obtained.  

In the second scenario, the missile impact occurs at the same instant that the cask sees 
the pressure drop due to the passing of the tornado.  

3.C.3 Assumptions 

The assumptions for the analysis are stated here; further explanation is provided in the 
subsequent text.  

1. The cask is assumed to be a rigid solid cylinder, with uniform mass distribution. This 
assumption implies that the cask sustains no plastic deformation (i.e. no absorption of 
energy through plastic deformation of the cask occurs).  

2. The angle of incidence of the missile is assumed to be such that its overturning effect on 
the cask is maximized.  

3. The missile is assumed to strike at the highest point of the cask, again maximizing the 
overturning effect.  

4. The cask is assumed to pivot about a point at the bottom of the base plate opposite the 
location of missile impact and application of wind force in order to conservatively 
maximize the propensity for overturning.  

5. Inelastic impact is assumed, with the missile velocity reduced to zero after impact. This 
assumption conservatively lets the missile impart the maximum amount of angular 
momentum to the cask and is in agreement with test results.  

6. The analysis is performed for a cask without fuel in order to provide a conservative 
solution. A lighter cask will tend to rotate further after the missile strike. The weight of the 
missile is not included in the total post-impact weight.  

7. Planar motion of the cask is assumed; any loads from out-of-plane wind forces are 
neglected. In typical impacts, a portion of the energy will be expended in rotating the cask.  
No such energy dissipation is assumed.  

8. The drag coefficient for a cylinder in turbulent cross flow is used.  
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9. The missile and wind loads are assumed to be perfectly aligned in direction.  

10. The instantaneous pressure drop is converted to an initial angular motion of the cask 
by an impulse-momentum relation.  

11. The coefficient of friction between the cask and the foundation is assumed to be 
infinite. In other words, there is no conversion of the missile kinetic energy into translation 
motion of the cask.  

It is recognized that the above assumptions taken together impose a large measure of 
conservatism in the dynamic model, but render the analysis highly simplified. In a similar 
spirit of simplification, the calculations are performed by neglecting geometry changes 
which occur due to dynamic motion of the cask. This linearity assumption is consistent 
with the spirit of the simplified model used herein.  

Certain overseas and domestic sites may have different missile and wind load 
requirements. The evaluation for the specific site shall consider its design basis loads, 
but shall utilize the methodology presented in this alppendix.  

3.C.4 Input Data 

All dimensions are taken from Holtec drawing no. 1495. The input data 
necessary to perform the analysis are as follows: 

The weight of the cask plus contents (use a lower bound below the 

minimum listed in Table 3.2.1), 

Wc :302000.lbf

The cask total height, L := 231.25.in

The diameter of the cask base in contact with the supporting 
surface, 
The maximum diameter of the overpack, D := 132.5.in

Gravitational acceleration,

a := 132.5.in

g := 3864. in
Ssec2

The weight of the large missile (1800 kg, from Table 2.2.5), 

The maximum tornado wind speed (from Table 2.2.4), 

The pre-impact missile velocity (from Table 2.2.5),

Wm := 3960.lbf 

vt := 360.mph 

Vm := 126.mph
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The translation speed of the tornado( from Table 2.2.4),

The density of air, Pair := 0.071. lb 

ft
3 

The viscosity of air, gair := 1.275.10- . lb 

ft.sp 

Maximum instantaneous pressure drop,

Ref. -Fluid Mechanics with 
Engineering Applications, 
Daugherty, Franzini, and 
Finnemore, McGraw-Hill, 8th 
Edition, 1985, Table A.2a 

dp := 3.psi, (from Table 2.2.4)

The total mass of the cask and its contents (Me) can be calculated from the total 
weight and gravitational acceleration as: 

Wc 
MC .- W 

g 

Similarly, the mass of the large missile (Mm) can be calculated from its weight 
and gravitational acceleration as: 

Wm 
Mm .

g 

3.C.5 Solution for Post-Missile Strike Motion of Cask 

The missile imparts the maximum angular momentum to the cask when the initial 
angle of the strike is defined by the relation: 

0 :atan( a) 

Substituting the values of a and L defined above, the missile strike angle is 

ý0 = 29.812deg 

The distance between the missile impact location and the cask pivot point, as 
shown on Figure 3.C.1, is calculated as:

d := (a2+ L2)0"5
d = 266.52in
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The centroidal mass moment of inertia of a cylindrical object about an axis parallel 
to and intersecting its axial mid-plane (0I), for rotation about z, is given by:

M [ := L2]
Lz= 4.341 x 10 lbf-in-sec2

The location of the combined centroid of an overpack plus an empty MPC is

c := 118.98.in 

dc := [-a2+ (c)2]"5

Taken from section 3.2 

dc = 178.08in

Using the parallel axis theorem, the momefit of inertia of the cask after the missile 
strike about the rotation point can be determined as:

Ir = 1.12 5x 10 lb.in2 ("lb" is pounds "mass") -

As stated in Section 3.C.3, it is conservatively assumed that the missile does not remain 
attached to the cask after impact. Using balance of angular momentum, the post-impact 
initial angular velocity of the cask can be determined using.: 

Mm"vm-d 

Ir

Thus, the post-impact initial angular velocity, ) = 0.208-1 
sec

For subsequent dynamic analysis, this angular velocity is used as the initial condition on 
the equation for the angular rotation of the cask as a function of time. As noted earlier, this 
is in agreement with published test results.  

3.C.6 Calculation of Pressure due to Tornado Wind 

The drag coefficient of a cylinder in turbulent cross flow is a function of 
the Reynold's Number, which can be calculated using the relation:

Pair'vt'D 
Re := P-air " Re = 3.247x 107

ir:= I + Mc.(dc)2
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The drag coefficient (Cd) for a cylinder in cross flow for this Reynold's Number is (per 
Marks' Standard Handbook for Mechanical Engineers and S.F Homer's text on Fluid 
Dynamics Drag) 0.5.

The drag coefficient for cylinder in turbulent cross flow, Cd := 0.5

The pressure on the side of the cask (Pmax), due to wind loading, is determined using:

1 1 2 
Pmax := - Cd-Pair'Vt 

2 Pmax = 1.068psi

and the resulting force on the projected area of the cask is therefore given by: 

Fmax := Pmax'D*L

Thus, the force due to tornado wind, Fmax = 3.273"x 104 lbf

3.C.7 Post Impact Plus Steady Wind Solution 

The solution of the post-impact dynamics problem for the period of time when the 
horizontal displacement of the cask mass center is greater than or equal to zero is 
obtained by solving the following equation of motion: 

I,.a (X &WC. 2+ Fmax-ii2 

where Ir is the cask-moment of inertia about the rotation point and c( is the angular 
acceleration of the cask. The above equation arises from summation of dynamic 
moments about the cask pivot point. The steady wind enters into the above equation 
through Fmax, and the impacting missile enters into the equation through the initial angular 
velocity.  

The angular position of the cask is examined through 250 time steps of 0.005 sec duration.

Let i := 1..250 - sec 
200

Let q = the angular rotation variable of the cask subsequent to the impact.  
The analytical solution of the above equation is therefore: 
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,0)ti + w.r" -W + Fmax" L 

3.C.8 Results for Impact Plus Steady Wind 

Once the angular rotation with respect to time is known, the horizontal displacement of the 
cask midpoint can be calculated as: 

D d odcosIacos( D)+ 0i) 
-x := --•-* .td) eiIJ 

2 2d 

Figure 3.C.2 shows a plot of the motion of the cask center versus time.  

3.C.9 Missile Impact Plus Pressure Drop 

The case of instantaneous pressure drop plus impact by a missile is studied by finding the 
increment of initial angular speed imparted to the cask by the pressure wave. Using a 
balance of angular momentum relation, the increment of angular speed is determined and 
added to that of the missile strike.

D Time of pressure wave to cross cask body dt := 
Vtr 

Increment of angular velocity imparted to •ckin time dt

(dp'D'L).-L 'dt 
d~o := 2)

-dt = 0.108sec

dw = 0.039sec-1

The impulsive force due to the pressure is 

Fdp = 9.192x 104 lbf NotE

Fdp := dp.D.L

D that this bounds the steady wind force.

Therefore, for this case the initial angular speed is

co1 := (o + dmo
0)1 = 0.247sec"1

The angular position of the cask is examined through 250 time steps of 0.005 sec 
duration.  
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Let i:= 1.. 250
0 sec 200

Let q1 = the angular rotation variable of the cask subsequent to the impact. The 
analytical solution of the above equation is therefore:

2 

01 : Cl~i+2.1r "(- c2)

3.C.10 Results for Impact plus Pressure Drop 

Once the angular rotation with respect to time is known, the horizontal displacement of the 
cask midpoint can be calculated as: 

xii := - 2 -cos acos( + 01i 

2 2d 

Figure 3.C.3 shows a plot of the motion of the cask center versus time.  

3.C.11 Conclusion 

As is shown in Figure 3.C.2 and Figure 3.C.3, the maximum horizontal excursion of the 
cask midpoint (approximately equal to the cask center of gravity) under the given loading 
is less than 0.45 feet (approximately 5.5" or 2.7 degrees rotation). (Note that the only valid 
part of the figures is the region with positive angular movement). In order for a cask 
tipover accident to occur, the centroid must undergo a horizontal displacement of 5.5 feet.  
Therefore, the combined tornado wind and missile strike events will not result in 
HI-STORM tipover.
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Figure 3.C.2 Centroid Motion - Impact/Wind
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Figure 3.C.3 Centroid Motion - Impact/Dp
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