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ABSTRACT

     Current regulations in the United States (10CFR Part 72) allow the power reactor spent fuel and other radioactive
materials associated with the spent fuel to be stored at an independent spent fuel storage installation, using a free-standing
dry cask system, approved by the U. S. Nuclear Regulatory Commission.  Even though a cask is designed to preclude tip-
over during a design basis earthquake event, structural integrity of the cask is required to be evaluated for a tip-over event.
This paper examines the behavior of one of the dry cask storage systems (HI-STORM 100) for a tip-over event.  

     Behavior of the structural integrity of the HI-STORM 100 cask was examined using a finite-element method of analysis
in a computer program, ANSYS/LS-DYNA.  A detailed model of the foundation and the cask, including the exterior
concrete overpack, the multi-purpose canister and the fuel basket with the spent-fuel, was developed for the explicit method
of dynamic analysis.  Results of the analysis were evaluated to conclude that the multi-purpose canister of the HI-STORM
100 cask system has significant margins of safety to maintain the structural integrity during a tip-over event.

INTRODUCTION

     The high-level nuclear waste, including the spent nuclear fuel, is planned to be stored permanently in the United States
(U. S.) in a geologic repository.  The U. S. Department of Energy (DOE) is responsible for designing and building the
geologic repository facility, and is working towards submitting an application for the geologic repository facility at Yucca
Mountain, Nevada.  The U. S. Nuclear Regulatory Commission (NRC) is responsible for licensing the facility.  However,
until such a facility is ready to receive the spent nuclear fuel, the owners of the nuclear power plants can store the nuclear
spent-fuel either in the spent fuel pools of the nuclear power plants or in a separate interim storage facility.  The separate
storage facility is referred to as an Interim Spent Fuel Storage Installation (ISFSI).  The ISFSIs are licensed by the Nuclear
Regulatory Commission of the U. S. Government under the Code of Federal Regulation, Title 10 (10CFR), Part 72 [1].
These regulations apply to the spent fuel storage facilities in wet or dry modes of storage.  

     The NRC approves standardized spent fuel storage cask design systems in accordance with the 10CFR Part 72
regulations.  The owners of the nuclear power plants can then use the NRC-approved dry cask storage system at the same
site as the nuclear power plant under a Part 72 general license.  Private individuals or companies and owners of the nuclear
power plants can also obtain a Part 72 site-specific license to store high-level waste using one of the NRC-approved dry-
cask storage systems. The dry mode of storage of the spent fuel and other high-level nuclear waste generally consists of a
multi-purpose canister (MPC) and an overpack system.  The MPC is cylindrical in shape and is made of structural steel.
The MPC is placed in either a cylindrical overpack system made up of steel or concrete and steel, or a concrete vault-type
overpack system.  The overpack protects the MPC against external man-made events and external natural phenomena, and
functions as a shielding/thermal barrier.  The dry-cask storage system is placed as a free-standing structure on a concrete
pad supported on a firm foundation.

     The dry-cask storage system (DCSS) is designed to withstand man-made events due to handling accidents, and external
natural events, such as earthquakes, tornadoes, floods etc. without impairing its capability to perform its intended design
functions.  Since the DCSS is a free-standing structure, one of the failure modes of the storage system could be a tip-over
event due to earthquake induced inertia loads.  The regulations under 10CFR Part 72 require the applicants of the DCSS to
design structures, systems and components important to safety to withstand the effects of all man-made events and external
natural phenomena, without impairing their capability to perform their intended design functions.  The Standard Review
Plans NUREG-1536 [2] and NUREG-1567 [3] provide the NRC staff guidance in reviewing the license applications, and
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suggest that the storage cask be designed not to tip-over for all man-made events and external natural phenomena.
However, consistent with the NRC’s defense-in-depth policy, these guidelines suggest that the DCSS structural integrity
should be evaluated for a non-mechanistic tip-over event.  

     The purpose of the investigation in this paper was to assess the structural integrity of the HI-STORM 100 dry-cask [4]
for a non-mechanistic tip-over event due to earthquake induced inertia loads.  The investigations were performed for a
proposed site in the Western United States, and thus represent a realistic evaluation of the system.  

STORAGE SYSTEM DESCRIPTION 

     The HI-STORM 100 dry-cask storage system, shown in Figure 1, consists of a sealed metallic canister, referred to as the
Multi-Purpose Canister (MPC), contained within a steel-concrete-steel overpack.  The HI-STORM 100 System is designed
to accommodate a wide variety of spent nuclear fuel assemblies in a single overpack design by utilizing different MPCs.
While the external dimensions of all MPCs are identical to allow the use of a single overpack, each of the MPCs has
different internal baskets to accommodate distinct fuel characteristics.  Each MPC is identified by the maximum quantity of
fuel assemblies it is capable of storing.  The MPC-24 contains a maximum of 24 PWR fuel assemblies, and the MPC-68
contains a maximum of 68 BWR fuel assemblies.

Figure 1 HI-STORM 100 Overpack and Canister

     The HI-STORM 100 overpack is constructed of two cylindrical steel shells filled with un-reinforced concrete.   The
outside diameter of the overpack is approximately 3.37 m [132.5 in], while the height is approximately 5.87 m [231 in].
The weight of the HI-STORM cask is approximately 163 kg [360000 lbs].  The material properties are shown in Table 1.
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Table 1 HI-STORM Cask Material Properties

Component Thickness or diameter
mm[in]

ASTM Material
Specification

Yield strength
MPa [psi]

Ultimate Strength
MPa [psi]

Overpack Outer
Shell

19 [0.75] SA 516, Gr. 70 229 [33,150] 483 [70,0001 ]

Overpack Inner
Shell

32 [1.25] SA 516, Gr. 70 229 [33,150] 483 [70,0001] ]

Overpack Lid
Top Plate

102 [4.0] SA 516, Gr. 70 229 [33,150] 483 [70,0001 ]

Overpack Base
Plate

51 [2.0] SA 516, Gr. 70 229 [33,150] 483 [70,0001]

Overpack
concrete

679 [26.75] Concrete N/A 28 [4,0002]

MPC steel, 
Fuel Basket

13 [0.5] 304 Stainless
Steel

139 [20,200] 440 [63,8003]

Lid bolts 80 [3.25] SA 705-
630/SA564-630

641 [93,000] 931 [135,0001]

1 at 350F 2 unconfined compression 3 at 441F

FOUNDATION DESCRIPTION 

     The foundation for the HI-STORM 100 dry-cask storage system was selected based on the proposed facility in the
Western United States.  The concrete foundation pad supporting the HI-STORM storage system is 9.1 m (30 ft) wide x 20.4
m (67 ft) long x 0.91 m (3 ft) thick.  The concrete pad is supported on a layered soil foundation made up of 5 layers.  The
material properties of the concrete pad and the soil layers are as shown in Table 2.

Table 2 Foundation Material Properties

Slab/Soil
Layer

Number

Layer
Thickness
mm [in]

Modulus of Elasticity
MPa [psi]

Poisson’s
Ratio

Unit Weight
Kg/m3 [lbs/ft3]

1 914 [36] 25.5E03 [3.7E06] 0.220 2403 [150]
2 610 [24] 7.9E02 [1.14E05] 0.177 1602 [100]
3 1524 [60] 7.9E02 [1.14E05] 0.177 1602 [100]
4 610 [24] 5.8E01 [8.47E03] 0.422 1281 [80]
5 1829 [72] 1.2E02 [1.78E04] 0.422 1281 [80]
6 2438 [96] 2.4E02 [3.42E04] 0.306 1602 [100]

ANALYSIS DESCRIPTION 

     Structural analysis for the HI-STORM cask tip-over event was performed using the explicit method of dynamic analyses
in the finite-element computer code LS-DYNA, Version 960 [5]. A three-dimensional half-symmetrical model was
prepared for the HI-STORM 100 storage cask, including detailed models of the MPC canister and fuel basket (Figure 2).
For the tip over analysis, the cask was placed on a layered soil foundation and the concrete pad, as shown in Figure 3.  The
foundation size used was the same as the concrete pad size with the vertical and horizontal boundaries modeled as non-
reflecting to simulate the behavior of the actual foundation.  The analysis was performed for a cask angular velocity of 1.7
radians/sec at the time of impact on the pad.  The cask angular velocity of 1.7 radians/sec was based on the gravity fall with
an initial zero velocity at the start of the tip-over (center of gravity over the cask corner), plus an additional 10 percent
increase to account for a potential for a non-zero initial velocity during an earthquake event.
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Figure 2 LS-DYNA Model of HI-STORM Cask              Figure 3 Finite-Element Model for the Tip-over Analysis      

Finite-Element Model
     Overpack exterior and interior shells, top lid and base plate were modeled using a half-symmetry three-dimensional
model (Fig. 2).  Lid bolts are modeled as linear beam members.  The MPC canister and the fuel basket were modeled using
a combination of three-dimensional shell and brick elements.  Fuel assemblies within the fuel basket were not explicitly
modeled in the tip over analysis, but the mass of the fuel assemblies was distributed over the fuel basket plates.  Contact
elements were used between the overpack and the MPC, and between the MPC and the fuel basket to simulate the gaps.
The concrete pad and the soil layers were modeled using solid elements (Fig. 3).  No structural damping was used in the
analysis.  The total number of elements in the model was approximately 45000, while the maximum number of degrees of
freedom was approximately 235000.  

Material Properties
     The overpack steel, the MPC steel and overpack concrete were modeled as non-linearly elastic materials (Figures 4 -
6)[6-9], while the concrete pad and the soil layers were modeled as linearly elastic materials, as shown in Table 2.  The
material models used in the LS-DYNA computer Code were as shown in Table 3. 

Table 3 Material Properties Input in LS-DYNA

Material Material Model Figure Reference
Overpack steel Mat_Piecewise_Linear_Plasticity without rate effects Figure 4
Overpack concrete Mat_Pseudo_Tensor for confined concrete with Equation of

State (EOS) 
Figure 5

Lid bolts Linear Beam element none
MPC, Fuel Basket Mat_Piecewise_Linear_Plasticity with rate effects Figure 6
Concrete Pad and Soil Layers Mat_Elastic none
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Figure 4 Stress versus Strain for SA 516, Gr. 70 Steels
at 350F  

Figure 5 Equation of State (EOS) for Confined Concrete
in the Overpack Cask  
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Figure 6.  Stress versus Strain for 304 Stainless Steel at 441F  

ANALYSIS RESULTS

     Results of the analysis are shown as peak strains in the MPC in Figure 7, and the deceleration time-histories at the
overpack bolt locations on the cask are shown in Figure 8.  The maximum strain in the MPC is 2.2 percent, compared to the
ultimate failure strain of 40 percent.  Therefore, there is significant margin of safety against the MPC failure to confirm the
structural integrity of the HI-STORM 100 DCSS.  Decelerations were comparable to those calculated in Reference 4. 
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Figure 7.  Peak Strains in the MPC Shell

Figure 8.  Deceleration Time-histories at 90 degrees to Impact
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CONCLUSIONS

      Based on the review of the analysis results, it can be concluded that the HI-STORM 100 dry cask storage system has
significant margin of safety to maintain the structural integrity during a non-mechanistic tip-over event.

CONSIDERATIONS FOR LICENSING EVALUATION

1. Response of the cask and the MPC during a tip-over event depends on the amount of impact energy absorbed in
the system of the concrete pad and the foundation.  Therefore, the effects of the variation in the foundation
properties on the cask and the MPC response need to be considered in a licensing evaluation. 

2.    The present analysis does not model the fuel assemblies explicitly, but includes the mass of the fuel assemblies
with the fuel basket plates.  Since the fuel assemblies are freely placed in the fuel baskets, the fuel assemblies
could absorb some impact energy, and thus may reduce the MPC response.  This effect is expected to be
insignificant, but should be considered for more realistic evaluation. 

3.    Since the results of the analysis depends significantly on the material properties, effects of the variation in concrete
and steel material properties need to be considered in a licensing evaluation.
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DISCLAIMER NOTICE

     The opinions expressed in this paper are those of the authors, and do not necessarily reflect the views of the U. S.
Nuclear Regulatory Commission or the Southwest Research Institute.
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