
Rev. 0 
January 2008 

2-1 

2.0 STRUCTURAL EVALUATION 

This Section identifies, describes, discusses and analyzes the structural design of the 3-60B packaging 
components, and safety systems for compliance with performance requirements of 10 CFR 71 
(Reference 2-1). 

2.1 DESCRIPTION OF STRUCTURAL DESIGN 

The package has been designed to provide a shielded containment vessel that can withstand the loading 
due to the Normal Conditions of Transport, as well as those associated with the Hypothetical Accident 
Conditions. 

The 3-60B package is designed to protect the payload from the following conditions: Transport 
environment, 30-foot drop test, 40-inch puncture test, 1475°F thermal exposure, and transfer of 
dissipation of any internally generated heat.  The design of the package satisfies these requirements. 

Principal elements of the system consist of: 

• Containment Vessel 

• Lead Shielding 

• Impact Limiters 

These components are identified in Figure 1-1. The pertinent dimensions of the package are also shown in 
this figure. The design and function of these components in meeting the requirements of 10 CFR 71 are 
discussed below. Figure 2-1 shows the nomenclature of the components of the cask used throughout this 
SAR. 

2.1.1 Discussion 

Containment Vessel 

The containment vessel of the package is made up of the cask body and the lid. They are fabricated of 
austenitic stainless steel. The cask body consists of two shells, which envelop a lead shield. The top end 
of the cask body consists of a bolting ring that provides sealing and bolting surfaces for the lid. The 
bottom end of the cask body has two baseplates, sandwiching the lead shielding.  The lid is attached to the 
cask body with sixteen 1½” – 6UNC bolts. The lid-to-cask body joint is sealed by a pair of solid 
elastomer O-rings. The cask containment boundary consists of the inner shell, the inner baseplate, the 
bolting ring, the inner O-ring, and the lid.  This boundary is penetrated by the vent and drain ports. Thus, 
the parts of these ports up to the seals are also considered to be on the containment boundary. Figures 2-2 
shows the containment boundary of the package. 

Shielding 

The space between the two shells and the two baseplates, discussed above, are filled with lead.  This lead 
shielding is subjected to a Gamma Scan inspection to assure lead integrity.  The designed thickness 
assures that no biological hazard is presented by the package and all shielding requirements of 10 CFR 71 
are met. 

Impact Limiters 

The impact limiters are designed to protect the package from damage during the HAC drop test and to 
provide thermal protection during the hypothetical fire accident condition.   
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They are constructed of fully welded stainless steel shells filled with foamed-in-place closed-cell rigid 
polyurethane foam.  The foam deforms and provides energy absorption during impact.  Eight 
circumferentially located attachment points are provided to connect each of the impact limiters to the cask 
body.   

Detailed discussions Of all components, and materials utilized in the 3-60B Package including stress, 
thermal, and pressure calculations are contained in the applicable sections of this SAR. 

2.1.2 Design Criteria 

The package is designed to satisfy the requirements of 10CFR71.71 under the normal conditions of 
transport (NCT) and hypothetical accident conditions (HAC). Compliance with the “General Standards 
for All Packages” specified in 10 CFR 71.43 and the “Lifting and Tie-Down Standards” specified in 
10 CFR 71.45 are discussed in Section 2.4 and 2.5 respectively. Table 2-1 summarizes the NCT and HAC 
loading and their combination with various initial conditions, used for the design assessment of the 3-60B 
package. Table 2-1 has been developed from the recommendations of Regulatory Guide 7.8 (Reference 2-
2). 

The allowable stresses in the package containment boundary (other than bolting) are based on the criteria 
of Regulatory Guide 7.6 (Reference 2-3).  

The allowable stresses under normal conditions are: 

  Primary membrane stresses < Sm 

  Primary membrane + bending stresses < 1.5 Sm  

Where,  Sm = design stress intensity 

Based on ASME Code (Reference 2-4), Section III, ND-3000 the design stress intensity is defined to be: 

  Sm = smaller of (2/3 Sy or Su /3.5) 

Where,  Sy = material yield stress 

  Su = material ultimate strength 

The allowable stresses under hypothetical accident conditions are: 

  Primary membrane stresses < smaller of (2.4 Sm or 0.7 Su) 

  Primary membrane + bending stresses < smaller of (3.6 Sm or Su) 

Regulatory Guide 7.6 does not provide guidance for the bolting allowable stress limits. The allowable 
stress in the bolting for the NCT loading is established to be similar to that for the non-bolting 
components and for the HAC conditions it is established based on the requirements of ASME B&PV 
Code, Section III, Appendix F. 

For HAC loading, average tensile stress in the bolts shall not exceed smaller of 0.7 Su or Sy. The direct 
tension plus bending, excluding stress concentration shall not exceed Su. The average bolt shear stress 
shall not exceed the smaller of 0.42 Su or 0.6 Sy. The combined tensile and shear stress to corresponding 
allowable stress ratio shall satisfy the following equation: 
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Where,  ft  = computed tensile stress 
 fv   = computed tensile stress 

 Ftb  = allowable tensile stress 
 Fvb  = allowable tensile stress 

Table 2-2 lists the allowable stresses for various stress components under NCT and HAC loading 
conditions. Allowable values for all the materials that are used for the construction of the structural 
components of the cask are listed in this table. It should be noted that the allowable stress values listed in 
this table are applicable to elastically calculated stresses only. 

The acceptance criterion for prevention of buckling is set such that a minimum safety factor of 3 is 
achieved on the critical buckling stress under normal loading conditions. 

All the metal components of the package are fabricated from austenitic stainless steel, which is not 
susceptible to brittle fracture at low temperature. Therefore, brittle fracture has not been addressed 
explicitly in this SAR. 

The design criteria, used for the evaluation of the impact limiters, is based on a proprietary methodology 
developed by EnergySolutions and is fully documented in ST-551 (Reference 2-5). 

2.1.3 Weight and Center of Gravity 

The following is a conservative estimate of the weight of various components of the 3-60B package. 

 Cask Body .............................................................   = 56,400 lb 
 Lid .........................................................................   =  4,500 lb 
 Payload ..................................................................   = 9,500 lb 
 Impact Limiters (2)................................................   =  4,200 lb (each) 
 Misc. ......................................................................   = 1,200 lb 
 Package..................................................................   = 80,000 lb 

The C.G. of the package is located at approximately the same location as the geometric center of the 
package. 

2.1.4 Identification of Codes and Standards for Package Design 

Based on the contents form and amount of radioactivity (normal form, radioactive contents less than 
3000A2 and not greater than 30,000 Ci), the 3-60B package is categorized as Type-B, Category II 
package (see Reference 2-6). Based on the recommendations of NUREG/CR-3854 (Reference 2-7), the 
fabrication, examination, and inspection of the containment boundary components of a Category II 
package should be per ASME B&PV Code Section III, Subsection ND. 

2.2 MATERIALS 

The material properties of the cask components used in the analysis of the 3-60B package are provided in 
Table 2-3. This table provides the temperature dependent yield stress, ultimate tensile strength, allowable 
membrane stress, Young’s modulus, and mean coefficient of thermal expansion for stainless steel, carbon 
steel and lead. The thermal properties of these materials that were used for the evaluation of temperature 
distribution in the cask are provided in Section 3.2.1. 



Rev. 0 
January 2008 

2-4 

2.2.1 Material Properties and Specifications 

All the metal components of the cask body, except the bolting ring and the inner shell, are specified to be 
ASTM A-240 Type 304L stainless steel. The bolting ring and the inner shell are specified to be ASTM A-
182 Gr. F45 and ASTM A-240 Gr. 45, respectively (or equivalent). These materials are approved for the 
construction of the ASME Section III, Subsection ND vessels. The material properties for these materials 
have been obtained from the ASME Code. 

The bolting used for connecting the lid to the cask body has been specified to be ASTM A-354 Gr. BD 
material. This material is approved for use in the ASME Section III, Subsection ND vessels. The material 
properties for this material have been obtained from the ASME Code. 

The poured in place lead shielding is specified to be ASTM B-29 lead. This material has been used in 
numerous radioactive shipping casks over last 30 years. The material properties for lead are obtained from 
NUREG/CR-0481 (Reference 2-8).  

Various seals, used in the cask for maintaining the internal pressure, are specified to be elastomer O-rings. 
These seals are specified to have a temperature range of -40°F to 300°F and hardness in the range of 50-
70 Durometer. Seals with these specifications have been successfully used in similar packages over last 
30 years. 

The impact limiters are filled with closed-cell rigid polyurethane foam. The foam is procured based on 
EnergySolutions specification ES-M-172 (see Appendix 1, Section 8), which specifies, among other 
things, the mechanical properties, flame retardant characteristics, and the test requirements for the foam 
material. The type of foam specified by the specification is General Plastics Manufacturing Company’s 
Type FR-3700 or FR-6700, or equivalent. The General Plastics Technical Manual (Reference 2-9) 
provides the stress-strain properties of various density foams. The ES specification uses the 25 lb/ft3 
nominal density foam’s stress-strain properties perpendicular-to-rise direction as the required property. 
However, in the analyses of the impact limiters both perpendicular-to-rise and parallel-to-rise direction 
properties have been used, as appropriate. These properties are shown in Figures 2-3 and 2-4. 

2.2.2 Chemical Galvanic and Other Reactions 

The material from which the package is fabricated (stainless steel, lead, elastomer O-ring, and foam) 
along with the contents of the package will not cause significant chemical, galvanic or other reaction in an 
air, nitrogen or water atmosphere.  

2.2.3 Effects of Radiation on Materials 

The material from which the package is fabricated (stainless steel, lead, elastomer O-ring, and foam) 
along with the contents exhibit no significant degradation of their mechanical properties under a radiation 
field produced by the contained radioactivity. 

2.3 FABRICATIONS AND EXAMINATION 

As discussed in Section 2.1.4, based on the contents of the package, the 3-60B packaging is classified as a 
Category II container.  To assure the fabrication and examination processes used for the package (e.g. 
material procurement and control, fitting, welding, lead pouring, foaming, examining, testing, personnel 
qualification, etc.) are appropriately controlled, EnergySolutions will apply its USNRC approved 
10CFR71 Appendix B Quality Assurance Program, which implements a graded approach to quality based 
on a component’s or material’s importance to safety consistent with the guidance provided in 
NUREG/CR-6407 (Reference 2-23), NUREG/CR-3854 (Reference 2-7), NUREG/CR-3019 (Reference 2-
10) and Industry practice. 
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2.3.1 Fabrication 

As specified in the above referenced documents, fabrication of the 3-60B containment components will 
be based on ASME B&PV Code, Section III, Subsection ND and that of the non-containment components 
will be based on ASME B&PV Code, Section III, Subsection NF. 

2.3.2 Examination 

As specified in the above referenced documents, examination of the 3-60B containment components will 
be based on ASME B&PV Code, Section III, Subsection ND-5000 and that of the non-containment 
components will be based on ASME B&PV Code, Section III, Subsection ND-5000 or NF-5000.   

Section 8.0 provides additional information on examination and acceptance criteria for the packaging. 

2.4 GENERAL REQUIREMENTS FOR ALL PACKAGES 

10 CFR 71.43 establishes the general standards for packages. This section identifies these standards and 
provides the bases that demonstrate compliance. 

2.4.1 Minimum Packaging Size 

10 CFR 71.43(a) requires that: 

“The smallest overall dimension of a package must not be less than 10 cm (4″).” 

The smallest overall dimension of the package is the diameter of the cask (51″), which is larger than 4″.  
Therefore, the minimum package size requirement is satisfied. 

2.4.2 Tamper-Indicating Features 

10 CFR 71.43(b) requires that: 

“The outside of a package must incorporate a feature, such as a seal, which is not readily breakable, and 
which, while intact, would be evidence that the package has not been opened by unauthorized persons.” 

The 3-60B package incorporates a tamper resistant seal that is installed between the cask body and each 
of the two impact limiters after the package has been closed. Breach of these seals would indicate that the 
package has been tampered with by unauthorized persons. 

2.4.3 Positive Closures 

10 CFR 71.43(c) requires that: 

“Each package must include a containment system securely closed by a positive fastening device that 
cannot be opened unintentionally or by a pressure that may arise within the package,” 

The 3-60B package uses 16 bolts that fasten the lid to the cask body. Additionally, the drain and vent 
ports are closed with the help of threaded attachments. These closure components are encompassed within 
the two impact limiters when the package is prepared for the shipment. They can not be opened 
unintentionally. Also, it has been shown that the MNOP produces very small bolt loads. These loads are 
much smaller than the bolt pre-tension and are not capable of loosening them. 

2.5 LIFTING AND TIE-DOWN STANDARDS FOR ALL PACKAGES 

10 CFR 71.45 specifies the requirements for the lifting and tie-down devices that are “structural parts of 
the package”.  The 3-60B package consists of two pairs of trunnions that are used for lifting, handling and 
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tie-down during transportation. These trunnions are a structural part of the package. They have been 
analyzed for the requirements of 10 CFR 71.45, which limits the maximum stresses in the trunnion to the 
yield stress of the material under applied loading to the package that is specified to be a load factor times 
the gross weight of the package. Figure 2-5 shows the trunnion loadings under various loading conditions. 

An ANSYS (reference 2-11) finite element model, consisting of 12,268 8-node structural solid elements 
and 9,870 8-node solid shell and contact/target elements, shown in Figure 2-6, was employed to compute 
the stresses in the trunnion assembly under various load conditions. The model represents the trunnion 
assembly, the inner and outer shells and the lead shielding, in the immediate vicinity of the trunnions. The 
details of the model, including the assumptions, modeling details, boundary conditions, and input and 
output data are included in the EnergySolutions document ST-503 (Reference 2-12). 

2.5.1 Lifting Devices 

According to 10 CFR 71.45(a), “any lifting device, that is a structural part of the package must be 
designed with a minimum safety factor of three against yield when used to lift the package in the intended 
manner and it must be designed so that failure of any lifting device under excessive load would not impair 
the ability of the package to meet other requirements of this subpart.” 

In other words, under a factored load of three the stresses in the trunnion must be less than the yield stress 
of the material. For a factor of three, the load on each trunnion is 1½W (see Figure 2-5). For a gross 
weight of the package of 80,000 lbs, each trunnion is subjected to a longitudinal load of 120,000 lb. 
Conservatively comparing the stresses corresponding to a 200,000 lb longitudinal load to the yield stress, 
the stresses are below their allowable values.  As shown in Section 2.5.2, the maximum stress intensity in 
the trunnion under a longitudinal load of 200,000 lb is 27,953 psi and in the shell is 14,652 psi. The 
trunnion is made of ASTM A-240 Gr. 304 stainless steel for which the yield stress is 30,000 psi and the 
shell is made of ASTM A-240 Gr. 304L stainless steel for which the yield stress is 25,000 psi. Thus, 

 Trunnion stress intensity = 27,953 psi < 30,000 psi  

 Outer shell stress intensity = 14,652 psi < 25,000 psi  

It should also be noted that the maximum stress under the lifting condition occurs in the trunnion. The 
stresses in the shell are much smaller than those in the trunnion. Therefore, under the excessive loading, 
the failure is expected to occur in the trunnion, not in the shell. Thus, the package integrity will not be 
compromised under the excessive loading. Hence the regulatory requirement of excessive loading not 
impairing the ability of the package to meet other requirements is satisfied. 

Any other part of the package that could be use to lift it (e.g. impact limiter lifting lugs) will be rendered 
inoperable during the transportation of the package. 

2.5.2 Tie-Down Devices 

Trunnions are used for the tie-down of the 3-60B package during transportation. The transportation of the 
packages in the United States is controlled under the provisions of 49 CFR 393 (Reference 2-13). 
Loadings are specified by 49 CFR 393.102 for minimum performance criteria for cargo securement 
devices and systems. However, 10 CFR 71.45(b) requires that:  

“If there is a system of tie-down devices that is a structural part of the package, the system must be 
capable of withstanding, without generating stress in any material of the package in excess of its yield 
strength, a static force applied to the center of gravity of the package having a vertical component 2 times 
the weight of the package with its contents, a horizontal component along the direction in which the 
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vehicle travels of 10 times weight of the package with contents, and a horizontal component in the 
transverse direction of 5 times the weight of the package with its contents.”  

Since the 10CFR71 loading on the tie-down system is much more severe than the 49CFR393 loading, it is 
used for the evaluation of the 3-60 package for the transportation conditions. Based on these requirements 
the trunnions are subjected to the following loading (see Figure 2-5). 

 Longitudinal = 2.5×W = 2.5×80,000 = 200,000 lb 

 Lateral = 0.5×W = 0.5×80,000 = 40,000 lb 

 Radial = 2.5×W = 2.5×80,000 = 200,000 lb 

The finite element model described in Section 2.5 is used to compute the stresses under these loading 
conditions. The comprehensive results are included in the EnergySolutions document ST-503 
(Reference 2-12) and are summarized below. 

Longitudinal Loading (Direction of Vehicle Travel) 

The stress intensity plots are shown in Figures 2-7 through 2-9. 

 Trunnion stress intensity = 27,953 psi < 30,000 psi  

 Outer shell stress intensity = 14,652 psi < 25,000 psi  

Radial Loading (Transverse to Vehicle Travel) 

The stress intensity plots are shown in Figures 2-10 through 2-12. 

 Trunnion stress intensity = 14,026 psi < 30,000 psi  

 Outer shell stress intensity = 9,445 psi < 25,000 psi  

Lateral Loading (Vertical) 

The stress intensity plots are shown in Figures 2-13 through 2-15. 

 Trunnion stress intensity = 5,430 psi < 30,000 psi  

 Outer shell stress intensity = 3,695 psi < 25,000 psi  

It should also be noted that the maximum stress under the tie-down loading conditions occurs in the 
trunnion. The stresses in the shell relative to yield are much smaller than those in the trunnion. Therefore, 
under excessive loading, failure is expected to occur in the trunnion, not in the shell. Thus, the package 
integrity will not be compromised under excessive loading. Hence the regulatory requirement of 
excessive loading not impairing the ability of the package to meet other requirements is satisfied. 

Any other part of the package that could be use for the tie-down (e.g. impact limiter lifting lugs) will be 
rendered inoperable during the transportation of the package. 
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2.6 NORMAL CONDITIONS OF TRANSPORT 

This Section demonstrates that the package is structurally adequate to meet the performance requirements 
of Subpart E of 10 CFR 71 when subjected to NCT as defined in 10 CFR 71.71. Compliance with these 
requirements is demonstrated by analyses in lieu of testing as allowed by 10 CFR 71.41(a) and 
Regulatory Guide 7.6 (Reference 2-3). 

The structural analyses of the 3-60B Cask under NCT events have been performed through the use  of 
finite element models.  ANSYS finite element analysis code (Reference 2-11) has been employed to 
perform the analyses. Since the lid of the cask is attached to the body using 16 bolts, the cask geometry 
has a cyclic symmetry every 11.25° of the circumference. Therefore, an 11.25° model of the cask is made 
using 3-dimensional 8-node structural solid elements (ANSYS SOLID185) to represent the major 
components of the cask, the cask body, the lid, and the bolts. The fire shield does not provide any 
structural strength to the cask. Therefore, it is not included in the model.  

The poured lead in the body is not bonded to the steel. It is free to slide over the steel surface. Therefore, 
the interface between the lead and the steel is modeled by pairs of 3-d 8 node contact element 
(CONTA174) and 3-d target (TARGE170) elements. These elements allow the lead to slide over the steel 
at the same time prevent it from penetrating the steel surface. The interface between the two plates that 
form the lid is also modeled by the contact-target pairs. The transition from a coarser mesh to a finer 
mesh, as well as bondage between various parts of the model, is also modeled using these elements. 

Figure 2-16 shows the finite element model used in the analyses of various load cases. The model consists 
of 2,878 nodes and 2,368 elements. This model has node-to-node and element-to-element correspondence 
with the thermal finite element model used for the thermal analysis of the package, described in Section 
3.3. The nodal temperatures during various NCT events are obtained from the analyses in Section 3.  

The details of the finite element model, including the assumptions, modeling details, boundary conditions, 
and input and output data are included in the EnergySolutions document ST-501 (Reference 2-14). 

2.6.1 Heat 

The thermal evaluation of the 3-60B package is described in Section 3.4. Results from the thermal 
analyses are used in performing the evaluation in this section. 

2.6.1.1 Summary of Pressure and Temperatures 

Based on the requirements of 10 CFR 71.71(c)(1), the thermal finite element model described in Section 
3.3 computes the nodal temperature of the cask body. Figure 2-17 (reproduced from Figure 3-4) shows 
the temperature distribution in the structural components of the package. The maximum temperatures in 
various components of the package are summarized as follows (Reference Table 3-1 and Figure 2-17): 

 Fire Shield = 177.7°F 
 Outer Shell = 177.6°F 
 Inner Shell = 177.8°F 
 Lead  = 178.9°F 
 Seal  = 178.6°F 
 Lid   = 182.7°F 

It should be noted that the maximum temperature of 182.7°F occurs at a very small portion of the lid but 
this temperature is conservatively used for calculating the Maximum Normal Operating Pressure (MNOP) 
in Section 3.3.2. The MNOP of 35.0 psig is used for the evaluation of the hot environment load 
conditions. 
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2.6.1.2 Differential Thermal Expansion 

The structural finite element model used for the analyses of the 3-60B package under various loading 
conditions, described in Section 2.6, uses temperature dependent material properties of the cask 
components. The differential thermal expansion of various components of the cask is implicitly included 
in the stress calculation of the package. 

2.6.1.3 Stress Calculations 

The stresses in the package under the hot environment loading conditions have been performed in 
Reference 2-14. The loading combination is listed in Table 2-1. Table 2-4 presents the maximum stresses 
in various components of the package. Figure 2-18 shows the plot of stress intensity contour in the cask 
body. 

2.6.1.4 Comparison with Allowable Stresses 

The stresses in the package under the hot environment loading conditions are compared with their allowable 
values in Table 2-4. The allowable values in various components of the package are listed in Table 2-2. It is 
noticed from the comparison with the allowable values that all the components of the package experience 
stresses well below their allowable values. Of all components, a minimum factor of safety of 1.36 occurs in 
the baseplate. 

2.6.2 Cold 

The thermal evaluation of the 3-60B package under cold conditions is described in Section 3.4. Results 
from the thermal analyses are used in performing the evaluation in this section.  

Based on the requirements of 10 CFR 71.71(c)(2), the thermal finite element model described in Section 
3.3 computes the nodal temperature of the cask body. Figure 2-19 (reproduced from Figure 3-5) shows 
the temperature distribution in the structural components of the package.  

The structural finite element model used for the analyses of the 3-60B package under various loading 
conditions, described in Section 2.6, uses temperature dependent material properties of the cask 
components. The lead shrinkage, caused due to the differential thermal expansion of the lead and cask 
shells, is implicitly included in the stress calculation of the package. 

The stresses in the package under the cold environment loading conditions have been performed in 
Reference 2-14. The loading combination is listed in Table 2-1. Table 2-5 presents the maximum stresses 
in various component of the package. Figure 2-20 shows the plot of stress intensity contour in the cask 
body. 

The stresses in the package under the cold environment loading conditions are compared with their allowable 
values in Table 2-5. It is noticed from the comparison with the allowable values that all the components of the 
package experience stresses well below their allowable values. Of all components, a minimum factor of safety 
of 1.48 occurs in the baseplate. 

For the evaluation of the cold environment the ambient temperature of -40°F has been specified by the 
regulation. However, for the initial conditions for the other load combinations the ambient temperature of 
-20°F has been specified in 10 CFR 71.73(b). In the load combinations described in Regulatory Guide 7.8 
(Reference 2-2), this condition is associated with the minimum decay heat load. It is not intuitively 
obvious that the minimum decay heat load in the cold conditions will result in a conservative estimate of 
thermal stresses in the package. Therefore, the cold condition’s load combinations listed in Table 2-1 
have been performed two ways - one with the maximum decay heat load and another with no decay heat 
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load. The combinations that result in larger stresses have been reported in this SAR as the cold 
combination.  

2.6.3 Reduced External Pressure 

10 CFR 71.71 (c)(3) requires that package be evaluated for a reduced external pressure of 3.5 psi. The 
MNOP of the 3-60B package is 35.0 psig (14.7 psi atmospheric pressure). With the external pressure 
reduced to 3.5 psi, the inside pressure of the package will be: 

 preduced external = 35.0 + 14.7 – 3.5 = 46.2 psi (conservatively use 50.0 psi) 

The load combination for the reduced external pressure is listed in Table 2-1 under “Minimum External 
Pressure”. Please note that this nomenclature is retained to be consistent with Regulatory Guide 7.8. 

The stresses in the package under the reduced external pressure loading conditions have been performed 
in Reference 2-14. Table 2-6 presents the maximum stresses in various component of the package. Figure 
2-21 shows the plot of stress intensity contour in the cask body. 

The stresses in the package under the reduced external pressure loading conditions are compared with their 
allowable values in Table 2-6. It is noticed from the comparison with the allowable values that all the 
components of the package experience stresses well below their allowable values. A minimum factor of safety 
of 1.45 occurs in the baseplate. 

2.6.4 Increased External Pressure 

10 CFR 71.71 (c)(4) requires that package be evaluated for an increased external pressure of 20 psi. The 
MNOP of the 3-60B package is 35 psig (14.7 psi atmospheric pressure). To be conservative for this 
loading the package internal pressure is assumed to be the minimum (i.e., 0 psi) and the external pressure 
has been increased to 25 psi. The load combination for the increased external pressure is listed in Table 2-
1  

The stresses in the package under the increased external pressure loading conditions have been performed 
in Reference 2-14. Table 2-7 presents the maximum stresses in various component of the package. Figure 
2-22 shows the plot of stress intensity contour in the cask body. 

The stresses in the package under the reduced external pressure loading conditions are compared with their 
allowable values in Table 2-7. It is noticed from the comparison with the allowable values that all the 
components of the package experience stresses well below their allowable values. Of all components, a 
minimum factor of safety of 1.59 occurs in the baseplate. 

2.6.5 Vibration 

10 CFR 71.71 (c)(5) requires that “vibration normally incident to transport” be evaluated. 

The 3-60B package consists of thick section materials that will be unaffected by vibration normally 
incident to transport, such as over the road vibrations. Fasteners (bolts, impact limiter attachment, etc.) 
which may be subjected to vibration are retained by locking washers and nuts. 

2.6.6 Water Spray 

Not applicable, since the package exterior is constructed of steel. 

2.6.7 Free Drop 

As described in Section 2.7.1 the analyses of the free drop of the package under NCT is performed in two 
steps. First the dynamic analyses of the package are performed using an EnergySolutions proprietary 
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modeling technique outlined in document ST-551 (Reference 2-5) that utilizes the ANSYS/LS-DYNA 
computer code (Reference 2-11) . Next, the detailed FEM analyses of the cask are performed using 
ANSYS. The analyses are performed in the three customary orientations – end, side and corner over C.G. 
All the load combinations listed in Table 2-1 are analyzed. The details of the package dynamic analyses 
are documented in proprietary document ST-557 (Reference 2-15). The documentation of the detailed 
FEM analyses of the package is provided in ST-504 (Reference 2-16). 

The summary of the results from the package dynamic analyses of the NCT free drop are presented in 
Table 2-8. The stresses in the cask under the load combinations involving the NCT free drop are 
described below. 

2.6.7.1 End Drop 

For the NCT test in the end drop orientation, the package dynamic analyses compute the maximum 
accelerations of 25.5g in the hot condition and 31.7g in the cold condition (see Table 2-8). The 
distribution of reactions and inertia loads used in the FEM analyses are identical to those described in 
Section 2.7.1.1 for the HAC loading, except that they have been linearly proportioned in the ratio of 
corresponding accelerations. The results obtained from the detailed FEM analysis of the cask are 
presented in Tables 2-9 and 2-10 for the hot and cold combinations, respectively. 

Of all components, a minimum safety factor of 1.19 is computed for the loading combinations involving 
end drop. 

2.6.7.2 Side Drop 

For the NCT test in the side drop orientation, the package dynamic analyses compute the maximum 
accelerations of 16.8g in the hot condition and 20.2g in the cold condition (see Table 2-8). The 
distribution of reactions and inertia loads used in the FEM analyses are identical to those described in 
Section 2.7.1.2 for the HAC loading, except that they have been linearly proportioned in the ratio of 
corresponding accelerations. The results obtained from the detailed FEM analysis of the cask are 
presented in Tables 2-11 and 2-12 for the hot and cold combinations, respectively. 

Of all components, a minimum safety factor of 1.12 is computed for the loading combinations involving 
side drop. 

2.6.7.3 Corner Drop 

For the NCT test in the corner drop orientation, the package dynamic analyses compute the maximum 
accelerations of 17.5g in the hot condition and 21.2g in the cold condition (see Table 2-8). The 
distribution of reactions and inertia loads used in the FEM analyses are identical to those described in 
Section 2.7.1.3 for the HAC loading, except that they have been linearly proportioned in the ratio of 
corresponding accelerations. The results obtained from the detailed FEM analysis of the cask are 
presented in Tables 2-13 and 2-14 for the hot and cold combinations, respectively. 

Of all components, a minimum safety factor of 1.06 is computed for the loading combinations involving 
corner drop. 

2.6.8 Corner Drop 

Not applicable; the 3-60B package is not a fiberboard, wood, or fissile material package. 

2.6.9 Compression 

Not applicable; the 3-60B package weighs more than 11,000 lbs. 
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2.6.10 Penetration 

The package is evaluated for the impact of the hemispherical end of a vertical steel cylinder of 1¼″ 
diameter and 13 lb mass, dropped from a height of 40″ onto the exposed surface of the package. 

The penetration depth of the 13 lb 1¼″ diameter rod dropped from a height of 40″ is calculated from the 
Ballistic Research Laboratories (BRL) formula sited in Reference 2-17. For a steel target, the penetration 
depth is given by the formula: 

  

 

Where, 

 e = penetration depth, inch 
 d = effective projectile diameter, inch = 1.25″  
 W = missile weight, lb = 13 lb 
 D = caliber density of the missile, lb/in3 = W/d3 
 V0 = striking velocity of the missile, ft/sec 
 Ks = steel penetrability constant = 1.0 

For a 40″ drop of the rod, the striking velocity, 

 V0 = (2×32.2×40/12)0.5 = 14.65 ft/sec 
 D = 13/1.253 = 6.656 lb/in3 

Solving the penetration equation, we get, 
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The thickness of the 3-60B outer shell is 1¼″, the lid is 4″ (min.), and the outer baseplate is 3″. All these 
thickness are greater than 0.0147″ required for penetration. Therefore, the penetration test will not cause 
any damage to the package. It should be noted that in the penetration evaluation, no credit for the lead 
shielding and the inner shell has been taken. 

2.7 HYPOTHETICAL ACCIDENT CONDITIONS 

2.7.1 Free Drop 

The 3-60B package is shown to comply with the hypothetical accident conditions (HAC) test 
requirements by analytical methods in lieu of the physical tests. Advanced finite element methods have 
been employed in the analyses. A major assumption that is made in performing these analyses is that the 
dynamic behavior of the 3-60B package, which consists of the cask body and the impact limiters, can be 
decoupled into a dynamic behavior of the impact limiters and a pseudo-static behavior of the cask body. 
The rationale for this assumption is based on the relative stiffness of the impact limiters and the cask 
body. The impact limiters are made of a shock absorbing polyurethane material, which is very low in 
density compared to the cask body which is made from stainless steel and lead. The fundamental periods 
of the two components are, therefore, sufficiently far apart such that little, or no interaction takes place 
between their dynamic responses to the drop loading.  The overall dynamic analyses of the package, in 
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various drop orientations, are performed separately and the reactions of the impact limiter on the cask 
body, obtained from these analyses are used in detailed finite element analyses of the cask body. 

Dynamic Analyses of the Package  

Proprietary modeling techniques, developed by the EnergySolutions, LLC, using an explicit dynamic 
finite element code, ANSYS/LS-DYNA (Reference 2-11), for the drop analysis of packages that use 
closed-cell cellular polyurethane foam impact limiters have been employed to perform the drop analyses 
of the 3-60B package. The validation of the modeling techniques have been performed with the actual 
drop test data of a cask of similar size as the 3-60B. The details of the modeling techniques and the 
verification and validation with the test results are documented in an EnergySolutions proprietary 
document ST-551 (Reference 2-5). The EnergySolutions modeling techniques predict the acceleration 
results conservatively and the time-history trace of the analyses and test data are reasonably close to each 
other to validate the analysis. 

The finite element model used for the analyses of the 3-60B package is described in details in 
EnergySolutions proprietary document ST-557 (Reference 2-15). Figures 2-23 and 2-24 show the finite 
element model. It is made of 8-node solid elements, 4-node shell elements, and 3-node spar elements. The 
model consists of 11,062 nodes and 9,119 elements.  

Analyses of the 3-60B package have been performed in three customary drop orientations as well as 
another orientation that is deemed to result in a larger impact limiter reaction than any of the three 
customary orientations. The analyzed orientations are:  

End Drop – The cask axis parallel to the drop direction (see Figure 2-25) 

Side Drop – The cask axis perpendicular to the drop direction (see Figure 2-26) 

Corner Drop – The C.G. of the cask directly over the impact point. The cask axis makes an angle of 28° 
with the vertical plane (see Figure 2-27). 

Shallow Angle Drop – The cask axis makes an angle of 15° with the horizontal plane. This orientation is 
similar to the side drop except that one of the impact limiters is higher than the other. The slap-down 
effect due to the secondary impact is included (see Figure 2-28). 

The finite element transient analyses are performed for sufficiently large duration so that the primary as 
well as secondary impacts, if any, are included. The time-history data of the reaction forces between the 
package and the rigid contact surface are obtained for each load case (see Figure 2-29 for a typical plot). 
The time-history of the results are examined for various quantities such as the kinetic energy, internal 
energy, total energy, hourglass energy, and the external work (see Figure 2-30 for a typical plot). The 
time-history data of the maximum impact limiter crush are also obtained for each load case. The impact 
limiter attachment load time-histories are also obtained for each drop orientation. 

The HAC drop tests, according to 10 CFR 71.73(b), must be performed at a constant temperature between 
-20°F and 100°F, which is most unfavorable for the feature under consideration. To envelop the entire 
spectrum of the temperature range, the dynamic analyses of the package are performed for two initial 
conditions – the cold condition (Ambient temperature -20°F) and the hot condition (ambient temperature 
100°F). To be conservative, the larger of the two results are used for the detailed analyses of the cask 
body. 
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The details of the dynamic analyses of the 3-60B package, including the finite element model details, 
assumptions, boundary conditions, and the input and output data are included in the EnergySolutions 
proprietary document ST-557 (Reference 2-15).  

The summary of the results from these analyses are presented in Table 2-15. 

Detailed Analyses of the Cask 

The detailed analyses of the cask under various drop test conditions have been performed using advanced 
finite element modeling techniques.  ANSYS finite element analysis code (Reference 2-11) has been 
employed to perform the analyses. Since for all the drop orientations (end, side, corner, and slap-down), 
at least one plane of symmetry exists, a 180° model has been employed in all the analyses. This model has 
been developed from the 11.25° model developed in Sections 2.6 and 3.3 for the structural and thermal 
analyses of the cask during normal conditions of transport.  

The model of the cask is made using 3-dimensional 8-node structural solid elements (ANSYS SOLID185) 
to represent the major components of the cask, the cask body, the lid, and the bolts. The fire shield does 
not provide any structural strength to the cask. Therefore, it is not included in the model.  

The poured lead in the body is not bonded to the steel. It is free to slide over the steel surface. Therefore, 
the interface between the lead and the steel is modeled by pairs of 3-d 8 node contact element 
(CONTA174) and 3-d target (TARGE170) elements. These elements allow the lead to slide over the steel 
at the same time prevent it from penetrating the steel surface. The interface between the two plates that 
form the lid is also modeled by the contact-target pairs. The transition from a coarser mesh to a finer 
mesh, as well as bondage between various parts of the model, is also modeled using these elements. 

Figure 2-31 shows the outline of the model depicting the material numbering. Figure 2-32 shows the 
finite element grid of the lid, seal plate, and the bolts. Figure 2-33 shows the finite element grid of the 
cask body without the lead. The FEM consists of 36,999 nodes and 37,659 elements. 

To incorporate the loading combinations of Table 2-1 for various drop conditions, the analyses have been 
performed for three thermal conditions. The loading combinations in hot conditions have been performed 
per Regulatory Guide 7.8, which requires an ambient temperature of 100°F and the maximum internal 
decay heat load. The loading combination for the cold conditions, per Regulatory Guide 7.8, requires an 
ambient temperature of -20°F and the minimum internal decay heat load. It is not intuitively obvious that 
the minimum decay heat load in the cold conditions will result in a conservative estimate of thermal 
stresses in the package. Therefore, the cold condition’s load combinations listed in Table 2-1 have been 
performed two ways - one with the maximum decay heat load and another with the minimum decay heat 
load. The combinations that result in larger stresses have been reported in this SAR as the cold 
combination. The nodal temperatures for all the thermal conditions are obtained from the analyses in 
Section 3 and are applied to the structural models to get the appropriate load combinations. 

The documentation of the detailed analyses of the cask, including the finite element model details, 
assumptions, boundary conditions, and the input and output data are included in the EnergySolutions 
proprietary document ST-504 (Reference 2-16). 

2.7.1.1 End Drop 

For the HAC test in the end drop orientation, the package dynamic analyses compute the maximum 
accelerations of 77.8g in the hot condition and 104.8g in the cold condition (see Table 2-15). A 
conservative value of 150g is used for the evaluation of the package under all the loading combinations 
involving HAC end drops. The distribution of reactions and inertia loads used in the FEM analyses are 
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shown in Figure 2-34. The plot of the maximum stress intensities in the cask are shown in Figures 2-35 
for the hot condition, in Figure 2-36 for the cold condition (maximum decay heat), and in 2-37 for the 
cold condition (minimum decay heat). The results obtained from the detailed FEM analysis of the cask 
are presented in Tables 2-16 and 2-17 for the hot and cold combinations, respectively. 

Of all components, a minimum safety factor of 1.28 is computed for the loading combinations involving 
end drop. 

2.7.1.2 Side Drop 

For the HAC test in the side drop orientation, the package dynamic analyses compute the maximum 
accelerations of 79.5g in the hot condition and 85.8g in the cold condition (see Table 2-15). A 
conservative value of 120g is used for the evaluation of the package under all the loading combinations 
involving HAC side drops. The distribution of reactions and inertia loads used in the FEM analyses are 
shown in Figure 2-38. The plot of the maximum stress intensities in the cask are shown in Figures 2-39 
for the hot condition, in Figure 2-40 for the cold condition (maximum decay heat), and in 2-41 for the 
cold condition (minimum decay heat). The results obtained from the detailed FEM analysis of the cask 
are presented in Tables 2-18 and 2-19 for the hot and cold combinations, respectively. 

The minimum safety factor of 1.07 is computed for the loading combinations involving side drop. This 
minimum safety factor occurs in the bolting ring skirt extension and is confined in the area near the 
impact point. The bolting ring skirt extension does not constitute a containment boundary component. A 
slight deformation will redistribute the stresses in this area, resulting in a larger factor of safety. Of all 
components, a minimum factor of safety on the containment boundary components is 1.11.   

2.7.1.3 Corner Drop 

For the HAC test in the corner drop orientation, the package dynamic analyses compute the maximum 
accelerations of 46.4g in the hot condition and 49.4g in the cold condition (see Table 2-15). A 
conservative value of 70g is used for the evaluation of the package under all the loading combinations 
involving HAC corner drops. The distribution of reactions and inertia loads used in the FEM analyses are 
shown in Figure 2-42. The plot of the maximum stress intensities in the cask are shown in Figures 2-43 
for the hot condition, in Figure 2-44 for the cold condition (maximum decay heat), and in 2-45 for the 
cold condition (minimum decay heat). The results obtained from the detailed FEM analysis of the cask 
are presented in Tables 2-20 and 2-21 for the hot and cold combinations, respectively. 

Of all components, a minimum safety factor of 1.08 is computed for the loading combinations involving 
corner drop. 

2.7.1.4 Oblique Drops 

The 3-60B cask package has also been analyzed for oblique drops also referred to as “shallow angle drop” 
test. Under this test condition, the cask axis makes an angle of 15° with the horizontal plane. The lower 
impact limiter makes contact with the rigid target surface. This is followed by a rotation of the cask and 
the second impact limiter then strikes the rigid surface.    

The results of the shallow angle drop analyses show that the second impact is more severe than the first 
impact. The maximum impact limiter reaction during this case is: 

  Rshallow-angle = 1.8×106 lb   (Table 2-15) 

The nature of impact limiter reaction in this case is very similar to that of the side drop test. The 
maximum impact limiter reaction during the side drop test is: 
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  Rside-drop = ½ × 3.431×106  (Table 2-15) 

   = 1.715×106 

Thus, the shallow angle drop test will result in the impact limiter reaction that is larger than that of the 
side drop test by a factor of:  1.8/1.715 = 1.05 

Therefore, a factor of safety of 1.05 or larger in the cask due to HAC side drop loading will ensure that 
cask will satisfy the design acceptance criteria for the shallow angle drop orientation also. From the 
examination of results presented in Tables 2-18 through 2-19, it is observed that the minimum factor of 
safety in the containment components is 1.11, which is larger than 1.05 needed for shallow angle drop 
test.  

With the four orientations for the drop test addressed in this document the entire spectrum of initial 
orientations of the cask package for the hypothetical drop test has been covered. The FEM analyses have 
been performed for sufficiently large time durations in which both primary as well as secondary impacts, 
if any, take place. Thus, the slap-down effect of the shallow angle drop, as well as that during the corner-
over-C.G. drop has been included in these analyses. 

2.7.1.5 Lead Slump Evaluation 

The 3-60B package experiences the largest acceleration during the end drop orientation. Analysis of the 
3-60B package under HAC drop test has been performed in the end drop orientation with cask top-end 
down. Since the top end of the cask has a bolted connection between the lid and the cask body, it is more 
critical than the bottom-end down orientation which includes no bolted connections. However, the cask is 
most vulnerable, as far as lead slump is concerned, in the bottom end down orientation. To get a 
conservative estimate of the lead slump, structural analysis of the cask has been performed with the 
bottom-end down orientation. The most conservative environmental conditions (cold with no decay heat) 
have been employed in the analysis. Figure 2-46 shows the displacement plot during this drop test. The 
largest relative displacement of 0.3172 in is calculated at the bolting ring-lead interface. It should be 
noted this is the total relative displacement. In considering this to be the lead slump, the elastic recovery 
of the lead and steel has been neglected. 

2.7.1.6 Impact Limiter Attachment Evaluation 

The impact limiter attachment loads for each drop condition are obtained from the FEM analyses 
described in Section 2.7.1. These loads are presented in Table 2-22. The maximum load in an individual 
attachment under any of the HAC drop is 36,979 lb. A detailed analysis of the impact limiter attachment 
is provided in EnergySolutions ST-549 (Reference 2-18) that shows that the impact limiter attachments 
are capable of withstanding this load. 

2.7.1.7 Shell Buckling 

Compressive stresses in the package occur during the HAC drop test in the end and corner-over-C.G. 
orientations. Since the package experiences the largest acceleration during the end drop, the largest 
compressive stresses are also experienced by the package shells during this drop test. The inside shell of 
the package supports part of the lead shielding inertia load. A conservative estimate of the shell buckling 
is performed in ST-549 (Reference 2-18) using closed-form formulae for closed cylindrical shell under 
outside pressure. A minimum factor of safety of 4.69 is shown to exist under the HAC loading conditions. 
For the NCT conditions this factor will be much larger since the acceleration loading is much smaller. 
Hence the critical buckling design criteria set forth in Section 2.1.2 is satisfied. 
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2.7.1.8 Port Cover Evaluation 

The 3-60B package has two penetrations through the containment boundary that are closed with port covers. 
These include the vent port and the drain port. The port covers for these ports are recessed into the cask body. 
The drain port covers, along with a cover for the testing of the lid O-ring are totally surrounded by the impact 
limiter foam. The vent port cover is only partly surrounded by the foam. However, the ½″ plate that forms the 
impact limiter seating totally covers this port. Therefore, during the HAC drop tests none of the port covers 
directly make contact with the impact surface. Of these ports, only the drain port is susceptible to high 
loading. This may occur during the side drop of the package, if the orientation is such that the drain port is 
near the impact surface. A conservative evaluation of the drain port is provided in ST-549 (Reference 2-18).  

2.7.1.9 Closure Bolt Evaluation 

Closure bolts stresses under various loading combinations that were obtained from the FEM analyses have 
been provided in the appropriate sections of the SAR. They have been compared with the corresponding 
design allowable values and show that a large factor of safety exists in the design of the bolts under all loading 
combinations. 

A conservative evaluation of the bolting, using the limiting loads is provided in this section to show the 
adequacy of the bolting design. Additionally, it is shown that under NCT loading conditions, the bolt torque 
provides sufficient preload in the bolts to overcome the loading arising from the thermal and pressure 
loadings. It is also shown that the minimum engagement length requirement for the specified bolts and the 
bolting ring material is also satisfied.  

Evaluation under Limiting Conditions 

The largest bolt load, under the HAC drop tests could arise in 
the corner drop orientation. Assuming that the lid in this case 
is totally unsupported by the impact limiter and the entire 
inertia loading of the lid and payload is reacted by the lid 
bolts only, the maximum bolt load is calculated as follows: 

 

Referring to the sketch on the right, 
r = Bolt circle radius = 22.125 in 
Estimated lid mass = 4,091 lb 
Use lid mass = 4,500 lb 
Payload mass = 9,500 lb 
Payload + lid mass = 9,500 + 4,500 = 14,000 lb 
Corner drop deceleration = 49.4 g (see Table 2-15) 
Use 55 g acceleration and assume that it acts along the cask 
axis. 
Therefore, 
 P = 55×14,000 = 0.77×106 lb 
Moment of this load about an edge through the extreme 
bolt, 
 M = 0.77×106 × 22.125 = 17.04×106 in-lb 
Assuming the bolt load distribution as shown, 
p(θ) = ½  p0 (1-Cos θ ) + p1                      -π ≤ θ ≤ π 
Sum of total force with this distribution is: 
 F = F1 + F2 

r (1 – Cos θ) 

P 

θ

p0 

R 
p1 
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Therefore, 

 π×22.125×(p0 + 2p1) + R = 0.77×106 

 69.51×(p0 + 2p1) + R = 0.77×106 

 p0 + 2p1 + 0.01439R = 11,078     Eqn. 1 

Sum of total moment about the edge through the extreme bolt, 

 M = M1 + M2 
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 M = π·r2(3/2 p0 + 2 p1) 

Therefore, 

 π·r2(3/2 p0 + 2 p1) = 17.04×106 

 π×22.1252×(3/2 p0 + 2 p1) = 17.04×106 

 p0 + 1.333 p1 = 7,387      Eqn. 2 

Equations 1 and 2 have three unknowns. They could be solved for limiting cases as follows: 

No Reaction, R = 0 

 p0 = 0 
 p1 = 5,539 lb/in 
There are 16 equally spaced bolts. Distance between each bolt, 
 D = 2×π×22.125/16 = 8.69 in 
Largest bolt load = 5,539×8.69 = 48,134 lb 

Maximum Reaction, R = Rmax 

From an observation of Eqn.1 it is observed that for maximum R, 
 p1 = 0 

Then, from Eqn.2, 

 p0 = 7,387  lb/in 

Largest bolt load = 7,387×8.69 = 64,193 lb 

The maximum axial load in the bolts is the larger of the two loads calculated above. Thus, the maximum 
bolt loading during HAC drop test: 

 Fdrop = 64,193 lb 

The Maximum internal pressure of the package is 50, psi occurs under minimum external pressure load 
combinations (see Table 2-1). The average bolt load under this pressure is: 

 Fp-avg = π×19.1252×50/16 (19.125″ is the radius of inner seal) 

          = 3,591 lb 
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The prying load can be obtained for the seal plate mean radius (19.625″) and bolt circle radius (22.125″). 
This results in a prying-load factor of 22.125/19.625 = 1.127. Conservatively using this factor to be 1.2, 
the bolt load due to pressure loading is: 

 Fpress = 1.2×3,591 = 4,309 lb 

Since the bolts, the bolting ring, and the lid are made with different materials they expand different 
amount during the hot and cold environments. The coefficient of thermal expansion of the bolting ring 
and the lid is larger than that of the bolts. Therefore, in the hot environment the bolting ring expands more 
than the bolts and the bolts experience an additional tension due to this relative expansion. The amount of 
tension is conservatively calculated as follows. Assume that the maximum joint temperature is 178.6°F 
(the maximum seal temperature from Table 3-1). Extrapolated coefficient of thermal expansion of non-
bolting material from Table 2-3 at 178.6°F is 8.84×10-6 in/(in-°F) and for bolting material is 6.66×10-6 
in/(in-°F). The effective length of the bolt for this relative expansion is that from the bolt-head to the top 
of the bolting ring = 4.375 -1.75 = 2.625″. Then the relative contraction of the bolt is: 

 δ = 2.625×(8.84 – 6.66)×10-6×(178.6 -70) = 0.00062″ 

Extrapolated value of Young’s Modulus for the bolting material at 178.6°F is 28.7×106 psi. Therefore, 
bolt thermal stress is: 

 σthermal = 28.7×106×0.00062/2.625 = 6,779 psi 

For 1½” diameter bolts, the load is: 

 Fthermal =  π/4×1.52×6,779 = 11,980 lb 

The combined bolt load due to drop, pressure, and thermal conditions is: 

 Fcombined = 64,193 + 4,309 + 11,980 = 80,482 lb  

 
The bolts are specified to be 1½-6UNC for which the stress area is 1.4041 in2. The maximum axial stress, 
 σ = 80,482/1.4041 = 57,319 psi 
A conservative maximum shear load limit in the bolts may be obtained by assuming that the entire lid 
inertia is supported by the bolts in shear. The maximum deceleration during the side drop is 85.8 g. Use a 
deceleration of 90 g during the evaluation of the bolt shear load. 
Maximum shear load in the bolts, 
 Vmax = 90×4,500/16 = 25,313 lb 
The maximum shear stress, 
 τ = 25,313/1.4041 = 18,028 psi 

Interaction equation for the axial and shear stresses is: 

 0.1
22

≤







+









allowallow τ
τ

σ
σ

 

For the hypothetical accident conditions, the allowable stresses in the bolts are based on Appendix F of 
the ASME code. 
 σallow = smaller of (0.7 Su or Sy) 
For A-354 Gr. BD bolts, 
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 Sy = 130,000 psi, and Su = 150,000 psi 
 σallow = 105,000 psi 
and, τallow = smaller of (0.42 Su or 0.6 Sy) 

τallow = 63,000 psi 

380.0
000,63
028,18

000,105
319,57
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  < 1.0 

Therefore, bolt design meets the design criteria established in Section 2.1.2.  

Lid Bolt Torque Evaluation 

In order to maintain the seal during the NCT, the 3-60B package lid bolts are tightened to a sufficient 
torque value. Under the NCT loading combinations listed in Table 2-1, the largest bolt loads are 
experienced due to the loading of minimum external pressure, under which the package is subjected to an 
internal pressure of 50 psig. Also, since the bolts, the bolting ring, and the lid are made with different 
materials they expand different amount during the hot and cold environments.  The coefficient of thermal 
expansion of the bolting ring and the lid is larger than that of the bolts. Therefore, in the cold environment 
the bolting ring contracts more than the bolts and the bolts experience a loss of tension due to this relative 
expansion. The amount of loss of tension is conservatively calculated as follows:  

Assume that the maximum joint temperature is -40°F. Coefficient of thermal expansion of non-bolting 
material from Table 2-3 at 70°F is 8.5×10-6 in/(in-°F) and for bolting material is 6.4×10-6 in/(in-°F). The 
effective length of the bolt for this relative expansion is that from the bolt-head to the top of the bolting 
ring = 4.375 -1.75 = 2.625″. Then the relative expansion of the bolt is: 

 δ = 2.625×(8.5 – 6.4)×10-6×(-40 -70) = -0.00061″ 

Young’s Modulus for the bolting material at 70°F is 29.7×106 psi. Therefore, bolt thermal stress is: 

 σthermal = 29.7×106×0.00061/2.625 = 6,902 psi 

For 1½” diameter bolts, the load is: 

 Fthermal =  π/4×1.52×6,902 = 12,197 lb 

As calculated previously, the bolt load, including prying load, due to 50 psig internal package pressure is: 

 Fpress = 4,309 lb 

Therefore, the total required preload is: 

 Fpreload = 12,197 + 4,309 = 16,506 lb 

Using the customary torque equation, 

 T = K D F 

Where, T = torque 

 K = nut factor = 0.1 for lubricated condition 



Rev. 0 
January 2008 

2-22 

 D = nominal diameter of the bolt = 1.5″ 

 F = preload 

The required torque is: 

 T = 0.1×1.5×16,506 = 2,476 in-lb = 206.3 ft-lb 

Therefore, the specified torque of 300 ± 30 ft-lb is sufficient to maintain the needed bolt preload for the 
NCT loading. 

Bolt Engagement Length Calculation 

Bolt engagement length for 1½″ - 6UNC, Class 2A bolts is calculated based on the formula from Bickford 
(Reference 2-19). 

Input Quantities:  
Bolt Nominal Diameter, inch  φ =  1.50  
Number of Threads per inch  n  =  6  
Stress Area of Bolt Threads, inch2  As  =  1.405  
Tensile Strength of Bolt Material, psi  Sst = 150,000            ASTM A 354 Gr. BD  
Tensile Strength of Nut Material, psi  Snt = 70,000              ASTM A 240 Gr. 304L  
Maximum I.D. of Nut, inch  Knmax= 1.350  
Maximum P.D. of Nut, inch  Enmax= 1.4022  
Minimum P.D. of Bolt, inch  ESmin = 1.3812  
Nominal Pitch Diameter, inch  Ep = 1.3917  
Minimum O.D. of Bolt, inch  Dmin = 1.4794 
 

Calculated Quantities:  

Nut Material Weaker than Bolt Material  

Failure occurs at the root of nut threads Engagement Length,  
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The bolt engagement provided in the design is 2″, which is larger than 1.688″ required. 

2.7.2 Crush 

Not applicable; the package weighs more than 1,100 lb, and its density is larger than 62.4 lb/ft3 . 

2.7.3 Puncture 

The puncture drop test specified in 10CFR71.73(c)(3) requires that the package be dropped on a 6″ 
diameter mild steel rod from a height of 40″. The well-known Nelm’s Equation (Reference 2-20) predicts 
that a package weighing W, made with steel having an ultimate strength Su needs a shell thickness t to 
prevent penetration of the puncture bar, which is given by the formula: 

 t =(W/Su)0.7 
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For 3-60B package, W = 80,000 lb,  Su = 70,000 psi, then, 

 t = (80,000/70,000)0.7 = 1.10″ 

Since the outer shell of the package is 1¼″ thick, it is predicted that the puncture drop test will not result 
in the bar piercing through the outer shell. 

In order to substantiate the above conclusion, evaluations of the 3-60B package wall and ends have been 
performed using finite element models. The details of the finite element models, including the 
assumptions, modeling details, boundary conditions, and input and output data are included in the 
EnergySolutions document ST-505 (Reference 2-21). The analyses are summarized in the following 
paragraphs. 

A nonlinear inelastic analysis of the cask wall was performed using the ANSYS finite element model to 
show that the entire amount of the potential energy may be converted into mechanical work done, without 
exceeding the allowable stresses in the cask outer shell. The finite element model is shown in Figure 2-47. 
The force-deflection curve is show in Figure 2-48. The absorbed energy and available potential energy 
plot is shown in Figure 2-49. Figure 2-50 shows the stress intensity plot in the outer shell of the package 
at the energy balance condition. The maximum stress intensity in the package is well below the ultimate 
tensile strength of the material (70,000 psi). Therefore, it is shown that the package outer wall will not be 
penetrated during the puncture drop test. 

The evaluation of the puncture drop on the cask lid is performed using the linear elastic finite element 
model that has been used in other evaluations, e.g. NCT conditions. The maximum stress intensity plot in 
the cask under the hot condition is shown in Figure 2-51. Figures 2-52 and 2-53 show the stress intensity 
plot in the lid and bolts under hot and cold conditions, respectively. The maximum S.I. of 41,568 psi and 
41,157 are well below the allowable stress of 70,000 psi. 

The results of the analyses presented in this section show that 3-60B package can withstand the drop on 
the puncture bar, without rupture. Therefore, the requirements of 10 CFR 71.73(c)(3) are satisfied. 

2.7.4 Thermal 

The thermal evaluation of the 3-60B package for the HAC fire test specified in 10 CFR 71.73(c)(4) has 
been performed in Section 3.4. Damage to the package resulting from the free drop and puncture tests 
have been incorporated into the initial conditions of the analyses. It has been shown in the free drop 
analyses that the rupture of the impact limiter skin near the point of impact is possible. Also during the 
puncture test, the bar will pierce through the impact limiter skin and compress the foam. Thus during the 
HAC fire test, the portion of foam that is incased inside the impact limiter, may be directly exposed to the 
pool fire. Although the polyurethane foam is self-extinguishing and produces intumescent char when 
thermally degraded, it is assumed in the analysis that the foam provides no thermal insulation during the 
fire test. Only the inner casings of the impact limiters, which have been shown to remain intact during the 
free drop tests (see Section 2.7.1.6), have been used as the thermal insulator during the fire test. 

Using the results of the thermal analysis of Section 3.4, structural evaluation of the package has been 
performed in this section. The finite element model described in Section 2.6 has been employed in the 
analyses. The details of the model, including the assumptions, modeling details, boundary conditions, and 
input and output data are included in the EnergySolutions document ST-502 (Reference 2-22).  
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2.7.4.1 Summary of Pressure and Temperatures 

Based on the thermal analysis of the package during the HAC fire test, presented in Section 3.4, the 
maximum temperatures in various parts of the package are presented in Table 3-2 and plotted in Figure 
3-12. These stresses are summarized here as follows: 

 Fire Shield = 1,379°F 
 Outer Shell =    263°F 
 Inner Shell =    227°F 
 Lead  =    233°F 
 Seal  =    225°F 
 Baseplate =    247°F 

It should be noted that the maximum temperature in various components of the package occur at different 
time instants. The maximum average temperature of the cask cavity during the entire HAC fires test and 
subsequent cool-down is 225°F. This temperature is used in Section 3.4.3 for calculating the maximum 
internal pressure of the package during the HAC fire test. The calculated internal pressure of the package 
during the HAC fire test is 55.0 psig. 

2.7.4.2 Differential Thermal Expansion 

The structural finite element model used for the analyses of the 3-60B package under HAC fire test uses 
temperature dependent material properties of the cask components. The differential thermal expansion of 
various components of the cask is automatically included in the stress evaluation of the package. 

2.7.4.3 Stress Calculations 

The stresses in the package under the HAC fire test have been calculated in EnergySolutions document 
ST-502 (Reference 2-22). The loading combination used for the HAC fire test is listed in Table 2-1.  
Table 2-23 presents the maximum stresses in various component of the package.  

2.7.4.4 Comparison with Allowable Stresses 

The stresses in the package under the HAC fire test are compared with their allowable values in 
Table 2-23. The allowable values in various components of the package are listed in Table 2-2. It is 
noticed from the comparison with the allowable values that all the components of the package experience 
stresses well below their allowable values. A minimum factor of safety of 1.02 occurs in the bolting ring 
skirt extension. It should be noted that the largest stresses under the HAC fire test occur at the location 
where the fire-shield is welded to the bolting ring skirt extension. These stresses are secondary in nature; 
slight local deformation of the skirt can easily accommodate these stresses. Of all components, a minimum 
factor of safety in the package at other locations is 1.25. 

2.7.5 Immersion – Fissile material 

Not applicable for 3-60B package; since it does not contain fissile material. 

2.7.6 Immersion – All packages 

All the Type-B packages are required to meet the water immersion test specified in 10CFR71.73(c)(6). 
According to which, an undamaged package must be subjected to a pressure of 21.7 psig. 

The package has been analyzed for an increased external pressure of 25 psig in Section 2.6.4. Therefore, 
the stresses presented in that section envelope those that will arise due to the immersion test.  

2.7.7 Deep Water Immersion Test 

Not applicable; 3-60B package does not contain irradiated nuclear fuel. 
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2.7.8 Summary of Damage 

It has been demonstrated by several analyses performed in Section 2.7 that the 3-60B package can withstand 
the HAC test, specified in 10 CFR 71.73, including the free drop, puncture and fire. During these drop tests 
the protective impact limiters may undergo some damage, which is summarized as follows: 

• During the HAC drop tests, the impact limiter skin may buckle and/or rupture in the vicinity of 
impact. The rupture may expose a portion of the polyurethane foam that is contained inside the steel 
skin. 

• During the side and corner drop tests, the skirt extension of the bolting-ring may deform slightly near 
the point of impact. This component is away from the containment boundary of the package and a 
slight local deformation will not have any effect on the package performance prior to fire tests. 

• During the puncture drop test on the sidewall of the package, the fire-shield which is designed to have 
a separation from the outer shell, may come in contact with the outer shell due to deformation of the 
helically wound wire. The loss of separation will only be in the close vicinity of the puncture bar end. 
This will decrease the thermal resistance in that local area. The temperature there may increase 
slightly from those calculated for the intact package. In the area of the outer shell surface, the 
temperatures are well within the acceptable value. No significant stress increase is expected because 
of slight increase in the local temperature. 

• During the puncture drop test on the impact limiters, the outer steel skin will deform significantly due 
to large compression of polyurethane foam at the impact point. This may expose a portion of the 
polyurethane foam that is contained inside the steel skin. The seating surface of the impact limiters, 
which includes the impact limiter attachments, will remain intact as shown in the analysis. Therefore, 
during the HAC fires test, only this component of the impact limiters is assumed to provide thermal 
insulation (see Section 3.1.1)   

• Puncture drop test will not cause a direct impact with any of the port closure plates. 

Based on the assessment of the above damage it is concluded that the 3-60B package can safely withstand the 
HAC free drop, puncture, and fire tests performed in sequence. The package structural components under 
these drop tests have been shown to meet the design criteria set forth in Section 2.1.2.  

2.8 ACCIDENT CONDITIONS FOR AIR TRANSPORT OF PLUTONIUM 

Not applicable for 3-60B package since it is not transported by air. 

2.9 ACCIDENT CONDITIONS FOR FISSILE MATERIAL PACKAGES FOR AIR 
TRANSPORT 

Not applicable for 3-60B package since it is not transported by air. 

2.10 SPECIAL FORM 

Not applicable for 3-60B package since the package contents are not limited to special form. 

2.11 FUEL RODS 

Not applicable for 3-60B package; since the contents do not include fuel rods. 
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Table 2-1 
Summary of Load Combinations for Normal and Accident Condition Loading 

 

Pressure (psi) 
Loading Conditions 

Ambient 
Temperature

(°F) 
Insolation

Heat 
Load 

(Watt) Internal External 
Stress 

Table(2) 

NORMAL CONDITIONS(1) 

Hot Environment 100  500 35  2-4 

Cold Environment -40  0 0  2-5 

Increased External 
Pressure -20  0  20 2-6 

Minimum External 
Pressure 100  500 50  2-7 

Free Drop + Max. 
Internal Pressure 100  500 35  2-9, 2-11 

& 2-13 

Free Drop + Min. 
Internal Pressure -20  0  0 2-10, 2-12 

& 2-14 

ACCIDENT CONDITIONS(1) 

Free Drop + Max. 
Internal Pressure 100  500 35  2-16, 2-18 

& 2-20 

Free Drop + Min. 
Internal Pressure -20  0  0 2-17, 2-19 

& 2-21 

Puncture + Max. 
Internal Pressure 100  500 35  Fig. 2-52 

Puncture + Min. 
Internal Pressure -20  0  0 Fig. 2-53 

Fire 1475  500 55  2-23 

 
NOTES: 

(1)   These loading combinations have been derived from the NRC Regulatory Guide 7.8 (Reference 2-2). 

(2) See these tables for the stress analysis results of the corresponding loading combinations.
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Table 2-2 
Allowable Stresses 

Material → ASTM A240  
Type 304L 

ASTM A182 
Gr.F45 & A240 
Gr. 45 

ASTM A354     
Gr. BD 

Yield Stress, Sy                                (psi) 25,000(1) 45,000(1) 130,000(1) 

Ultimate Stress, Su                           (psi) 70,000(1) 87,000(1) 150,000(1) 

Design Stress Intensity, Sm              (psi) 16,700(1) 24,900(1) 30,000(1) 

Membrane Stress 16,700(2) 24,900(2) 60,000(2) 

Mem. + Bending Stress 25,050(2) 37,350(2) 90,000(2) Normal 
Conditions  

Peak Stress 50,100(3) 74,700(3) 150,000(3) 

Membrane Stress 40,080(4) 59,760(4) 105,000(4) 

Mem. + Bending Stress 60,120(4) 87,000(4) 150,000(4) 
Hypothetical 
Accident 
Conditions 

Peak Stress 140,000(5) 174,000(5) 300,000(5) 

 

Notes:  

(1) From ASME B&PV Code (Reference 2-4), Section II, Part D. 

(2) Established from Regulatory Guide 7.6 (Reference 2-3). 

(3) Regulatory Guide 7.6 does not provide any criteria. These allowable values have 
been established here based on the ASME, Section III, Division 3, WB-3200 
criteria. 

(4) Regulatory Guide 7.6 does not provide any criteria.  ASME B&PV Code, Section 
III, Appendix F has been used to establish these criteria. 

(5) Regulatory Guide 7.6 does not provide any criteria. The ASME Section III, 
Division 3, WB-3200 criteria of 2Sa @ 10 cycles results in an unreasonably high 
stress allowable. This criterion is conservatively set to be 2Su for limiting the peak 
stresses. 
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Table 2-3 
Material Properties 

Strength (ksi) 

Material Temp. 
(°F) 

Yield  
(Sy) 

Ultimate 
(Su) 

Membrane 
Allowable 

(Sm) 

Young’s 
Modulus 
(106 psi) 

Coefficient 
of Thermal 
Expansion 
(10-6 in/in) 

ASTM A240 
Type 304L 

 

 

-20 
70 

100 
200 
300 
400 
500 

(1) 
25.0 
25.0 
25.0 
21.4 
19.2 
17.5 
16.4 

(1) 
70.0 
70.0 
70.0 
66.1 
61.2 
58.7 
57.5 

(1) 
16.7 
16.7 
16.7 
16.7 
16.7 
15.8 
14.7 

(1) 
28.8 
28.3 

- 
27.5 
27.0 
26.4 
25.9 

(1) 
- 

8.5 
8.6 
8.9 
9.2 
9.5 
9.7 

 

ASTM A240 
Gr. 45 & 

ASTM A182 
Gr. F45 

 

 

-20 
70 

100 
200 
300 
400 
500 

(1) 
45.0 
45.0 
45.0 
37.5 
33.0 
29.9 
27.8  

(1) 
87.0 
87.0 
87.0 
86.4 
81.6 
78.5 
76.4  

(1) 
24.9 
24.9 
24.9 
24.7 
23.3 
22.4 
21.8 

(1) 
28.8 
28.3 

- 
27.5 
27.0 
26.4 
25.9 

(1) 
- 

8.5 
8.6 
8.9 
9.2 
9.5 
9.7 

 

ASTM A354 
Gr. BD 

(Lid Bolts) 

 
-20 
70 

100 
200 
300 
400 
500 

(1) 
130 
130 
130 

119.1 
115 
111 

105.9 

(1) 
150 
150 
150 
150 
150 
150 
150 

          (1) 
30 
30 
30 
30 
30 
30 
30 

(1) 
29.7 
29.2 

- 
28.6 
28.1 
27.7 
27.1 

(1) 
- 

6.4 
6.5 
6.7 
6.9 
7.1 
7.3 

ASTM B29 
Lead 

 
-20 
70 

100 
200 
300 
400 
500 

(2) 
- 
5 
- 
- 
- 
- 
-  

    
- 
- 
- 
- 
- 
- 
- 

 
- 
- 
- 
- 
- 
- 
- 

(2) 
2.43 
2.27 
2.21 
2.01 
1.85 
1.70 
1.52 

(2) 
15.65 
16.06 
16.22 
16.70 
17.33 
18.16 
19.12 

 Notes:  

(1) From ASME B&PV Code (Reference 2-4), Section II, Part D. 

(2) From NUREG/CR 0481 (Reference 2-8). 
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Table 2-4 
Stress Intensities in 3-60B Cask under Hot Environment Loading 

 

Component Stress 
Category 

Allowable S.I. 
(psi) 

Calculated S.I.(1) 
(psi) 

F.S.(2) 

Pm 24,900 14,040(3) 1.77 
Pm + Pb 37,350 24,120(3) 1.55 Bolting Ring 

F 74,700 24,127(3) 3.10 

Pm 24,900 7,558 3.30 
Pm + Pb 37,350 7,558 4.94 Inner Shell 

F 74,700 7,558 9.88 

Pm 16,700 9,727(4) 1.72 
Pm + Pb 25,050 17,720(4) 1.41 Outer Shell 

F 50,100 17,720(4) 2.83 

Pm 16,700 4,699 3.55 
Pm + Pb 25,050 4,699 5.33 Lid 

F 50,100 4,699 10.66 

Pm 16,700 12,237 1.36 
Pm + Pb 25,050 12,237 2.05 Base Plates 

F 50,100 12,237 4.09 

Seal Plates Pm + Pb 25,050 12,223 2.05 

Pm 60,000 20,871 2.87 
Pm + Pb 90,000 20,871 4.31 Bolts 

F 150,000 20,871 7.19 
 

Notes:  

(1) Unless otherwise indicated in this column, the peak stress intensity (F) values have 
been conservatively reported as Pm and Pm + Pb stress intensities. 

(2) Factor of Safety, F.S. = (Allowable S.I.) / (Calculated S.I.) 

(3) See Figure 20 of ST-501 (Reference 2-14) for the location of the section over which 
the stresses are linearized. 

(4) See Figure 21 of ST-501 (Reference 2-14) for the location of the section over which 
the stresses are linearized. 
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Table 2-5 
Stress Intensities in 3-60B Cask under Cold Environment Loading 

 

Component Stress 
Category 

Allowable S.I. 
(psi) 

Calculated S.I.(1) 
(psi) 

F.S.(2) 

Pm 24,900 9,477(3) 2.63 
Pm + Pb 37,350 15,230(3) 2.45 Bolting Ring 

F 74,700 15,256(3) 4.90 

Pm 24,900 9,713 2.56 
Pm + Pb 37,350 9,713 3.85 Inner Shell 

F 74,700 9,713 7.69 

Pm 16,700 1,731 9.65 
Pm + Pb 25,050 1,731 14.47 Outer Shell 

F 50,100 1,731 28.94 

Pm 16,700 7,346 2.27 
Pm + Pb 25,050 7,346 3.41 Lid 

F 50,100 7,346 6.82 

Pm 16,700 11,264 1.48 
Pm + Pb 25,050 11,264 2.22 Base Plates 

F 50,100 11,264 4.45 

Seal Plates Pm + Pb 25,050 12,696 1.97 

Pm 60,000 9,941 6.04 
Pm + Pb 90,000 9,941 9.05 Bolts 

F 150,000 9,941 15.09 
 

Notes:  

(1) Unless otherwise indicated in this column, the peak stress intensity (F) values have 
been conservatively reported as Pm and Pm + Pb stress intensities. 

(2) Factor of Safety, F.S. = (Allowable S.I.) / (Calculated S.I.) 

(3) See Figure 22 of ST-501 (Reference 2-14) for the location of the section over which 
the stresses are linearized.
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Table 2-6 
Stress Intensities in 3-60B Cask under Reduced External Pressure 

 

Component Stress 
Category 

Allowable S.I. 
(psi) 

Calculated S.I.(1) 
(psi) 

F.S.(2) 

Pm 24,900 13,169 1.89 
Pm + Pb 37,350 13,169 2.84 Bolting Ring 

F 74,700 13,169 5.67 

Pm 24,900 6,420 3.88 
Pm + Pb 37,350 6,420 5.82 Inner Shell 

F 74,700 6,420 11.64 

Pm 16,700 9,404 1.78 
Pm + Pb 25,050 9,404 2.66 Outer Shell 

F 50,100 9,404 5.33 

Pm 16,700 2,515 6.64 
Pm + Pb 25,050 2,515 9.96 Lid 

F 50,100 2,515 19.92 

Pm 16,700 11,544 1.45 
Pm + Pb 25,050 11,544 2.17 Base Plates 

F 50,100 11,544 4.34 

Seal Plates Pm + Pb 25,050 5,882 4.26 

Pm 60,000 10,962 5.47 
Pm + Pb 90,000 10,962 8.21 Bolts 

F 150,000 10,962 13.68 
 

Notes:  

(1) Unless otherwise indicated in this column, the peak stress intensity (F) values have 
been conservatively reported as Pm and Pm + Pb stress intensities. 

(2) Factor of Safety, F.S. = (Allowable S.I.) / (Calculated S.I.) 
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Table 2-7 
Stress Intensities in 3-60B Cask under Increased External Pressure and Immersion 

 

Component Stress 
Category 

Allowable S.I. 
(psi) 

Calculated S.I.(1) 
(psi) 

F.S.(2) 

Pm 24,900 11,610(3) 2.14 
Pm + Pb 37,350 18,420(3) 2.03 Bolting Ring 

F 74,700 18,437(3) 4.05 

Pm 24,900 11,890 2.09 
Pm + Pb 37,350 11,890 3.14 Inner Shell 

F 74,700 11,890 6.28 

Pm 16,700 2,406 6.94 
Pm + Pb 25,050 2,406 10.41 Outer Shell 

F 50,100 2,406 20.82 

Pm 16,700 6,925 2.41 
Pm + Pb 25,050 6,925 3.62 Lid 

F 50,100 6,925 7.23 

Pm 16,700 10,510(4) 1.59 
Pm + Pb 25,050 15,070(4) 1.66 Base Plates 

F 50,100 15,814(4) 3.17 

Seal Plates Pm + Pb 25,050 13,854 1.81 

Pm 60,000 10,044 5.97 
Pm + Pb 90,000 10,044 8.96 Bolts 

F 150,000 10,044 14.93 
 

Notes:  

(1) Unless otherwise indicated in this column, the peak stress intensity (F) values have 
been conservatively reported as Pm and Pm + Pb stress intensities. 

(2) Factor of Safety, F.S. = (Allowable S.I.) / (Calculated S.I.) 

(3) See Figure 23 of ST-501 (Reference 2-14) for the location of the section over which 
the stresses are linearized. 

(4) See Figure 24 of ST-501 (Reference 2-14) for the location of the section over which 
the stresses are linearized.
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Table 2-8 
Normal Condition Drop Test Summary 

 

Drop 
Orientation 

Thermal 
Environment 

Maximum 
Impact Limiter 

Reaction(1) 

(lb) 

Average 
Acceleration(2) 

(g) 

Approximate 
Pulse 

Duration 

(sec) 

Maximum 
Crush(3) 

(in) 

Cold 1.267×106 31.7 0.02 0.591 
End 

Hot 1.018×106 25.5 0.03 0.783 

Cold 8.060×105 20.2 0.03 1.33 
Side 

Hot 6.734×105 16.8 0.03 1.46 

Cold 8.475×105 21.2 0.08 4.11 
Corner 

Hot 7.008×105 17.5 0.09 4.97 

Cold 7.333×105 18.3 0.03 2.40 Shallow 
Angle Hot 6.320×105 15.8 0.03 2.73 

 

NOTES: 

(1) See Figures 16, 20, 24, 28, 32, 36, 40 and 44 of ST-557 (Reference 2-15) for the 
time-history plots of the impact limiter reactions during various drop tests. 

(2) The average accelerations are obtained by dividing the maximum reaction with ½ 
of the package mass of 80,000 lb. Reactions are for half model. 

(3) See Figures 19, 23, 27, 31, 35, 39, 43 and 47 of ST-557 (Reference 2-15) for the 
time-history plots of the impact limiter crush during various drop tests. 
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Table 2-9 
Stress Intensities in 3-60B Cask under 1-ft End Drop – Hot Condition 

 

Component Stress 
Category 

Allowable S.I. 
(psi) 

Calculated S.I.(1) 
(psi) 

F.S.(2) 

Pm 24,900 8,192 3.04 
Pm + Pb 37,350 15,310 2.44 Bolting Ring 

F 74,700 15,342 4.87 

Pm 24,900 4,245 5.87 
Pm + Pb 37,350 4,245 8.80 Inner Shell 

F 74,700 4,245 17.60 

Pm 16,700 13,760 1.21 
Pm + Pb 25,050 15,030 1.67 Outer Shell 

F 50,100 15,035 3.33 

Pm 16,700 10,138 1.65 
Pm + Pb 25,050 10,138 2.47 Lid 

F 50,100 10,138 4.94 

Pm 16,700 10,182 1.64 
Pm + Pb 25,050 10,182 2.46 Base Plates 

F 50,100 10,182 4.92 

Seal Plates Pm + Pb 25,050 16,808 1.49 

Pm 60,000 6,725 8.92 
Pm + Pb 90,000 6,725 13.38 Bolts 

F 150,000 6,725 22.30 
 

Notes:  

(1) Unless otherwise indicated in this column, the peak stress intensity (F) values have 
been conservatively reported as Pm and Pm + Pb stress intensities. 

(2) Factor of Safety, F.S. = (Allowable S.I.) / (Calculated S.I.)
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Table 2-10 
Stress Intensities in 3-60B Cask under 1-ft End Drop – Cold Condition 

 

Component Stress 
Category 

Allowable S.I. 
(psi) 

Calculated S.I.(1) 
(psi) 

F.S.(2) 

Pm 24,900 20,970 1.19 
Pm + Pb 37,350 28,920 1.29 Bolting Ring 

F 74,700 28,928 2.58 

Pm 24,900 20,190 1.23 
Pm + Pb 37,350 21,180 1.76 Inner Shell 

F 74,700 21,183 3.53 

Pm 16,700 7,467 2.24 
Pm + Pb 25,050 7,467 3.35 Outer Shell 

F 50,100 7,467 6.71 

Pm 16,700 11,125 1.50 
Pm + Pb 25,050 11,125 2.25 Lid 

F 50,100 11,125 4.50 

Pm 16,700 10,210 1.64 
Pm + Pb 25,050 17,040 1.47 Base Plates 

F 50,100 18,208 2.75 

Seal Plates Pm + Pb 25,050 19,186 1.31 

Pm 60,000 5,301 11.32 
Pm + Pb 90,000 5,301 16.98 Bolts 

F 150,000 5,301 28.30 
 

Notes:  

(1) Unless otherwise indicated in this column, the peak stress intensity (F) values have 
been conservatively reported as Pm and Pm + Pb stress intensities. 

(2) Factor of Safety, F.S. = (Allowable S.I.) / (Calculated S.I.)
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Table 2-11 
Stress Intensities in 3-60B Cask under 1-ft Side Drop – Hot Condition 

 

Component Stress 
Category 

Allowable S.I. 
(psi) 

Calculated S.I.(1) 
(psi) 

F.S.(2) 

Pm 24,900 18,480 1.35 
Pm + Pb 37,350 30,410 1.23 Bolting Ring 

F 74,700 30,441 2.45 

Pm 24,900 14,490 1.72 
Pm + Pb 37,350 16,470 2.27 Inner Shell 

F 74,700 16,467 4.54 

Pm 16,700 9,915 1.68 
Pm + Pb 25,050 20,060 1.25 Outer Shell 

F 50,100 20,069 2.50 

Pm 16,700 7,440 2.24 
Pm + Pb 25,050 7,440 3.37 Lid 

F 50,100 7,440 6.73 

Pm 16,700 12,645 1.32 
Pm + Pb 25,050 12,645 1.98 Base Plates 

F 50,100 12,645 3.96 

Seal Plates Pm + Pb 25,050 5,415(3) 4.63 

Pm 60,000 24,328 2.47 
Pm + Pb 90,000 24,328 3.70 Bolts 

F 150,000 24,328 6.17 
 

Notes:  

(1) Unless otherwise indicated in this column, the peak stress intensity (F) values have 
been conservatively reported as Pm and Pm + Pb stress intensities. 

(2) Factor of Safety, F.S. = (Allowable S.I.) / (Calculated S.I.) 

(3) The maximum stress intensity in the seal plates is 22,040 psi. However, the plates are 
under compression and the maximum stress intensity may be categorized as bearing 
stress. The reported stress here is the maximum principal stress (tensile).
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Table 2-12 
Stress Intensities in 3-60B Cask under 1-ft Side Drop – Cold Condition 

 

Component Stress 
Category 

Allowable S.I. 
(psi) 

Calculated S.I.(1) 
(psi) 

F.S.(2) 

Pm 24,900 19,340 1.29 
Pm + Pb 37,350 31,690 1.18 Bolting Ring 

F 74,700 31,694 2.36 

Pm 24,900 16,167 1.54 
Pm + Pb 37,350 16,167 2.31 Inner Shell 

F 74,700 16,167 4.62 

Pm 16,700 12,440 1.34 
Pm + Pb 25,050 16,800 1.49 Outer Shell 

F 50,100 16,807 2.98 

Pm 16,700 11,179 1.49 
Pm + Pb 25,050 11,179 2.24 Lid 

F 50,100 11,179 4.48 

Pm 16,700 14,290 1.17 
Pm + Pb 25,050 22,330 1.12 Base Plates 

F 50,100 24,154 2.07 

Seal Plates Pm + Pb 25,050 10,399(3) 2.41 

Pm 60,000 19,916 3.01 
Pm + Pb 90,000 19,916 4.52 Bolts 

F 150,000 19,916 7.53 
 

Notes:  

(1) Unless otherwise indicated in this column, the peak stress intensity (F) values have 
been conservatively reported as Pm and Pm + Pb stress intensities. 

(2) Factor of Safety, F.S. = (Allowable S.I.) / (Calculated S.I.) 

(3) The maximum stress intensity in the seal plates is 24,543 psi. However, the plates are 
under compression and the maximum stress intensity may be categorized as bearing 
stress. The reported stress here is the maximum principal stress (tensile). 
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Table 2-13 
Stress Intensities in 3-60B Cask under 1-ft Corner Drop – Hot Condition 

 

Component Stress 
Category 

Allowable S.I. 
(psi) 

Calculated S.I.(1) 
(psi) 

F.S.(2) 

Pm 24,900 19,580(6) 1.27 
Pm + Pb 37,350 26,170(6) 1.43 Bolting Ring 

F 74,700 55,516 1.35 

PL 24,900 13,350 1.87 
PL + Pb 37,350 14,530 2.57 Inner Shell(3) 

F 74,700 14,534 5.14 

Pm 16,700 8,248 2.02 
Pm + Pb 25,050 16,270 1.54 Outer Shell 

F 50,100 16,269 3.08 

Pm 16,700 9,966 1.68 
Pm + Pb 25,050 18,347(5) 1.37 Lid 

F 50,100 41,359 1.21 

Pm 16,700 10,896 1.53 
Pm + Pb 25,050 10,896 2.30 Base Plates 

F 50,100 10,896 4.60 

Seal Plates Pm + Pb 25,050 12,606(4) 1.99 

Pm 60,000 18,243 3.29 
Pm + Pb 90,000 18,243 4.93 Bolts 

F 150,000 18,243 8.22 
 

Notes:  
(1) Unless otherwise indicated in this column, the peak stress intensity (F) values have been 

conservatively reported as Pm and Pm + Pb stress intensities. 
(2) Factor of Safety, F.S. = (Allowable S.I.) / (Calculated S.I.) 
(3) The stresses in the inner shell under corner drop loading are mostly longitudinal. These 

stresses are the highest near the impact location and subside greatly away from the plane of 
impact. Therefore, they are classified as average linearized stress, PL and not Pm.  

(4) The maximum stress intensity in the seal plates is 77,292 psi. However, the plates are under 
compression and the maximum stress intensity may be categorized as bearing stress. The 
reported stress here is the maximum principal stress (tensile). 

(5) The reported stress here is the maximum principle stress (tensile). 
(6) Membrane and membrane plus bending stresses calculated in non-skirt elements. 
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Table 2-14 
Stress Intensities in 3-60B Cask under 1-ft Corner Drop – Cold Condition 

 

Component Stress 
Category 

Allowable S.I. 
(psi) 

Calculated S.I.(1) 
(psi) 

F.S.(2) 

Pm 24,900 23,580(6) 1.06 
Pm + Pb 37,350 30,260(6) 1.23 Bolting Ring 

F 74,700 49,660 1.50 

PL 37,350 30,150 1.24 
PL + Pb 37,350 32,220 1.20 Inner Shell(3) 

F 74,700 32,217 2.32 

Pm 16,700 9,999 1.67 
Pm + Pb 25,050 14,390 1.74 Outer Shell 

F 50,100 14,387 3.48 

Pm 16,700 9,940 1.68 
Pm + Pb 25,050 18,199(5) 1.38 Lid 

F 50,100 39,298 1.27 

Pm 16,700 10,880 1.53 
Pm + Pb 25,050 18,310 1.37 Base Plates 

F 50,100 18,310 2.74 

Seal Plates Pm + Pb 25,050 19,456(4) 1.29 

Pm 60,000 13,725 4.37 
Pm + Pb 90,000 13,725 6.56 Bolts 

F 150,000 13,725 10.93 
 

Notes:  
(1) Unless otherwise indicated in this column, the peak stress intensity (F) values have been 

conservatively reported as Pm and Pm + Pb stress intensities. 
(2) Factor of Safety, F.S. = (Allowable S.I.) / (Calculated S.I.)  
(3) The stresses in the inner shell under corner drop loading are mostly longitudinal. These 

stresses are the highest near the impact location and subside greatly away from the plane of 
impact. Therefore, they are classified as average linearized stress, PL and not Pm.  

(4) The maximum stress intensity in the seal plates is 69,165 psi. However, the plates are under 
compression and the maximum stress intensity may be categorized as bearing stress. The 
reported stress here is the maximum principal stress (tensile). 

(5) The reported stress here is the maximum principle stress (tensile). 
(6) Membrane and membrane plus bending stresses calculated in non-skirt elements. 
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Table 2-15 
Hypothetical Accident Condition Drop Test Summary 

 

Drop 
Orientation 

Thermal 
Environment 

Maximum 
Impact Limiter 

Reaction(1) 

(lb) 

Average 
Acceleration(2) 

(g) 

Approximate 
Pulse 

Duration 

(sec) 

Maximum 
Crush(3) 

(in) 

Cold 4.192×106 104.8 0.03 4.02 
End 

Hot 3.110×106 77.8 0.03 5.67 

Cold 3.431×106 85.8 0.03 6.78 
Side 

Hot 3.180×106 79.5 0.03 8.95 

Cold 1.974×106 49.4 0.12 14.13 
Corner 

Hot 1.854×106 46.4 0.12 14.19 

Cold 1.800×106 45.0 0.03 8.25 Shallow 
Angle Hot 1.789×106 44.7 0.03 10.02 

 

NOTES:  

(1) See Figures 48, 53, 58, 63, 68, 73, 78 and 83 of ST-557 (Reference 2-15) for the 
time-history plots of the impact limiter reactions during various drop tests. 

(2) The average accelerations are obtained by dividing the maximum reaction with ½ of 
the package mass of 80,000 lb. Reactions are for half model. 

(3) See Figures 52, 57, 62, 67, 72, 76, 82 and 87 of ST-557 (Reference 2-15) for the 
time-history plots of the impact limiter crush during various drop tests. 
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Table 2-16 
Stress Intensities in 3-60B Cask under 30-ft End Drop – Hot Condition 

 

Component Stress 
Category 

Allowable S.I. 
(psi) 

Calculated S.I.(1) 
(psi) 

F.S.(2) 

Pm 59,760 32,855 1.82 
Pm + Pb 87,000 32,855 2.65 Bolting Ring 

F 174,000 32,855 5.30 

Pm 59,760 17,652 3.39 
Pm + Pb 87,000 17,652 4.93 Inner Shell 

F 174,000 17,652 9.86 

Pm 40,080 31,224 1.28 
Pm + Pb 60,120 31,224 1.93 Outer Shell 

F 140,000 31,224 4.48 

Pm 40,080 30,311 1.32 
Pm + Pb 60,120 30,311 1.98 Lid 

F 140,000 30,311 4.62 

Pm 40,080 14,924 2.69 
Pm + Pb 60,120 14,924 4.03 Base Plates 

F 140,000 14,924 9.38 

Seal Plates Pm + Pb 60,120 4,185(3) 14.37 

Pm 105,000 9,023 11.64 
Pm + Pb 150,000 9,023 16.62 Bolts 

F 300,000 9,023 33.25 
 

Notes:  

(1) Unless otherwise indicated in this column, the peak stress intensity (F) values have 
been conservatively reported as Pm and Pm + Pb stress intensities. 

(2) Factor of Safety, F.S. = (Allowable S.I.) / (Calculated S.I.) 

(3) The maximum stress intensity in the seal plates is 51,854 psi. However, the plates are 
under compression and the maximum stress intensity may be categorized as bearing 
stress. The reported stress here is the maximum principal stress (tensile).
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Table 2-17 
Stress Intensities in 3-60B Cask under 30-ft End Drop – Cold Condition 

 

Component Stress 
Category 

Allowable S.I. 
(psi) 

Calculated S.I.(1) 
(psi) 

F.S.(2) 

Pm 59,760 44,400 1.35 
Pm + Pb 87,000 60,610 1.44 Bolting Ring 

F 174,000 58,779 2.96 

Pm 59,760 43,130 1.39 
Pm + Pb 87,000 46,060 1.89 Inner Shell 

F 174,000 43,700 3.98 

Pm 40,080 24,687 1.62 
Pm + Pb 60,120 24,687 2.44 Outer Shell 

F 140,000 24,687 5.67 

Pm 40,080 5,482 7.31 
Pm + Pb 60,120 35,126 1.71 Lid 

F 140,000 35,126 3.99 

Pm 40,080 27,593 1.45 
Pm + Pb 60,120 27,593 2.18 Base Plates 

F 140,000 27,593 5.07 

Seal Plates Pm + Pb 60,120 4,971(3) 12.09 

Pm 105,000 7,442 14.11 
Pm + Pb 150,000 7,442 20.16 Bolts 

F 300,000 7,442 40.31 
 

Notes:  

(1) Unless otherwise indicated in this column, the peak stress intensity (F) values have 
been conservatively reported as Pm and Pm + Pb stress intensities. 

(2) Factor of Safety, F.S. = (Allowable S.I.) / (Calculated S.I.) 

(3) The maximum stress intensity in the seal plates is 57,706 psi. However, the plates are 
under compression and the maximum stress intensity may be categorized as bearing 
stress. The reported stress here is the maximum principal stress (tensile). 
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Table 2-18 
Stress Intensities in 3-60B Cask under 30-ft Side Drop – Hot Condition 

 

Component Stress 
Category 

Allowable S.I. 
(psi) 

Calculated S.I.(1) 
(psi) 

F.S.(2) 

Pm 59,760 45,960(3) 1.30 
Pm + Pb 87,000 81,730(3) 1.07 Bolting Ring 

F 174,000 125,360 1.39 

Pm 59,760 36,420 1.64 
Pm + Pb 87,000 44,210 1.97 Inner Shell 

F 174,000 44,216 3.94 

Pm 40,080 33,800 1.19 
Pm + Pb 60,120 44,150 1.36 Outer Shell 

F 140,000 44,151 3.17 

Pm 40,080 26,280(4) 1.53 
Pm + Pb 60,120               32,940(6) 1.83 Lid 

F 140,000 40,684 3.44 

Pm 40,080 31,876 1.26 
Pm + Pb 60,120 31,876 1.89 Base Plates 

F 140,000 31,876 4.39 

Seal Plates Pm + Pb 60,120 45,515(5) 1.32 

Pm 105,000 57,103 1.84 
Pm + Pb 150,000 57,103 2.63 Bolts 

F 300,000 57,103 5.25 
 

Notes:  
(1) Unless otherwise indicated in this column, the peak stress intensity (F) values have been 

conservatively reported as Pm and Pm + Pb stress intensities. 
(2) Factor of Safety, F.S. = (Allowable S.I.) / (Calculated S.I.) 
(3) Stress intensity in parts other than the skirt. The skirt is expected to deform under HAC side 

drop. 
(4) Average value over the section of maximum stress intensity. 
(5) The maximum stress intensity in the seal plates is 104,460 psi. However, the plates are under 

compression and the maximum stress intensity may be categorized as bearing stress. The 
reported stress here is the maximum principal stress (tensile). 

(6) The reported stress here is the maximum principle stress (tensile).
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Table 2-19 
Stress Intensities in 3-60B Cask under 30-ft Side Drop – Cold Condition 

 

Component Stress 
Category 

Allowable S.I. 
(psi) 

Calculated S.I.(1) 
(psi) 

F.S.(2) 

Pm 59,760 44,900(3) 1.33 
Pm + Pb 87,000 81,360(3) 1.07 Bolting Ring 

F 174,000 128,091 1.36 

Pm 59,760 40,200 1.49 
Pm + Pb 87,000 43,390 2.01 Inner Shell 

F 174,000 43,486 4.00 

Pm 40,080 36,710 1.09 
Pm + Pb 60,120 49,360 1.22 Outer Shell 

F 140,000 49,364 2.84 

Pm 40,080 27,360(4) 1.46 
Pm + Pb 60,120 35,719(6) 1.68 Lid 

F 140,000 41,878 3.34 

Pm 40,080 29,690 1.35 
Pm + Pb 60,120 53,950 1.11 Base Plates 

F 140,000 57,405 2.44 

Seal Plates Pm + Pb 60,120 45,153(5) 1.33 

Pm 105,000 54,432 1.93 
Pm + Pb 150,000 54,432 2.76 Bolts 

F 300,000 54,432 5.51 
 

Notes:  
(1) Unless otherwise indicated in this column, the peak stress intensity (F) values have been 

conservatively reported as Pm and Pm + Pb stress intensities. 
(2) Factor of Safety, F.S. = (Allowable S.I.) / (Calculated S.I.) 
(3) Stress intensity in parts other than the skirt. The skirt is expected to deform under HAC side 

drop. 
(4) Average value over the section of maximum stress intensity. 
(5) The maximum stress intensity in the seal plates is 103,850 psi. However, the plates are under 

compression and the maximum stress intensity may be categorized as bearing stress. The 
reported stress here is the maximum principal stress (tensile). 

(6)     The reported stress here is the maximum principle stress (tensile).
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Table 2-20 
Stress Intensities in 3-60B Cask under 30-ft Corner Drop – Hot Condition 

 

Component Stress 
Category 

Allowable S.I. 
(psi) 

Calculated S.I.(1) 
(psi) 

F.S.(2) 

Pm 59,760 41,620 1.44 
Pm + Pb 87,000 50,330 1.73 Bolting Ring 

F 174,000 139,619 1.25 

Pm 59,760 35,571 1.68 
Pm + Pb 87,000 35,571 2.45 Inner Shell 

F 174,000 35,571 4.89 

Pm 40,080 31,297 1.28 
Pm + Pb 60,120 31,297 1.92 Outer Shell 

F 140,000 31,297 4.47 

Pm 40,080 27,550 1.45 
Pm + Pb 60,120 42,817(4) 1.40 Lid 

F 140,000 100,030 1.40 

Pm 40,080 10,203 3.93 
Pm + Pb 60,120 10,203 5.89 Base Plates 

F 140,000 10,203 13.72 

Seal Plates Pm + Pb 60,120 34,765(3) 1.73 

Pm 105,000 27,642 3.80 
Pm + Pb 150,000 27,642 5.43 Bolts 

F 300,000 27,642 10.85 
 

Notes:  

(1) Unless otherwise indicated in this column, the peak stress intensity (F) values have been 
conservatively reported as Pm and Pm + Pb stress intensities. 

(2) Factor of Safety, F.S. = (Allowable S.I.) / (Calculated S.I.)  

(3) The maximum stress intensity in the seal plates is 185,160 psi. However, the plates are under 
compression and the maximum stress intensity may be categorized as bearing stress. The 
reported stress here is the maximum principal stress (tensile). 

(4) The reported stress here is the maximum principle stress (tensile).
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Table 2-21 
Stress Intensities in 3-60B Cask under 30-ft Corner Drop – Cold Condition 

 

Component Stress 
Category 

Allowable S.I. 
(psi) 

Calculated S.I.(1) 
(psi) 

F.S.(2) 

Pm 59,760 46,380 1.29 
Pm + Pb 87,000 52,140 1.67 Bolting Ring 

F 174,000 126,480 1.38 

Pm 59,760 55,586 1.08 
Pm + Pb 87,000 55,586 1.57 Inner Shell 

F 174,000 55,586 3.13 

Pm 40,080 26,917 1.49 
Pm + Pb 60,120 26,917 2.23 Outer Shell 

F 140,000 26,917 5.20 

Pm 40,080 26,050 1.54 
Pm + Pb 60,120 42,578(4) 1.41 Lid 

F 140,000 95,863 1.46 

Pm 40,080 21,989 1.82 
Pm + Pb 60,120 21,989 2.73 Base Plates 

F 140,000 21,989 6.37 

Seal Plates Pm + Pb 60,120 37,834(3) 1.59 

Pm 105,000 26,079 4.03 
Pm + Pb 150,000 26,079 5.75 Bolts 

F 300,000 26,079 11.50 
 

Notes:  

(1) Unless otherwise indicated in this column, the peak stress intensity (F) values have been 
conservatively reported as Pm and Pm + Pb stress intensities. 

(2) Factor of Safety, F.S. = (Allowable S.I.) / (Calculated S.I.)  

(3) The maximum stress intensity in the seal plates is 169,950 psi. However, the plates are under 
compression and the maximum stress intensity may be categorized as bearing stress. The 
reported stress here is the maximum principal stress (tensile). 

(4) The reported stress here is the maximum principle stress (tensile).
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Table 2-22 
Maximum Impact Limiter Attachment Force during Various HAC Drop Tests 

 

Drop Orientation Thermal Environment 
Maximum Attachment 

Force 

(lb) 

Cold 31,027 

End 
Hot 30,917 

Cold 20,248 
Side 

Hot 19,995 

Cold 36,979 
Corner 

Hot 33,154 

Cold 21,260 
Shallow Angle 

Hot 20,723 

 

NOTES:  

(1) See Figures 50, 55, 60, 65, 70, 75, 80 and 85 of ST-557 (Reference 
2-15) for the time-history plots of the maximum attachment forces 
during various drop tests. 
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Table 2-23 
Maximum Stress Intensities in 3-60B Cask HAC Fire(1) 

 

Component Stress 
Category 

Allowable S.I. 
(psi) 

Calculated S.I.(2) 
(psi) 

F.S.(3) 

Pm + Pb 87,000 55,436 1.57 Bolting Ring 
F 174,000 170,961 1.02 

Pm + Pb 87,000 14,721 5.91 Inner Shell 
F 174,000 14,721 11.82 

Pm + Pb 60,120 33,584 1.79 Outer Shell 
F 140,000 33,584 4.17 

Pm + Pb 60,120 30,485 1.97 Lid 
F 140,000 30,485 4.59 

Pm + Pb 60,120 43,337 1.39 Base Plates 
F 140,000 71,609 1.96 

Pm + Pb 60,120        48,199        1.25 
Seal Plates 

F 140,000        48,199        2.90 

Pm + Pb 150,000        88,580        1.69 
Bolts 

F 300,000        88,580        3.39 
 

 
Notes:  

(1) ST-502 (Reference 2-22) presents the plot of temperature distribution and stresses in 
the cask at various time instants. The stress values presented here are the maximum 
stress in a particular component during the entire HAC fire. 

(2) Unless otherwise indicated in this column, the peak stress intensity (F) values have 
been conservatively reported as Pm + Pb stress intensities. 

(3) Factor of Safety, F.S. = (Allowable S.I.) / (Calculated S.I.) 

 
 














































































































