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On dynamic response of vertical dry storage casks under
three-dimensional earthquake wave fields
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Reno, Nevada, United States
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3Lawrence Berkeley National Laboratory, Berkeley, California, United States

Abstract1

Ensuring the seismic safety of dry storage casks (DSCs) has become increasingly2

critical as these systems evolve into longer-term storage solutions for spent nuclear3

fuel. This paper presents a high-fidelity modeling framework that leverages the Domain4

Reduction Method (DRM) and perfectly matched layers (PML) to accurately transfer5

three-dimensional (3D) simulated earthquake motions from regional-scale fault-rupture6

models into local-scale finite element analyses of DSCs. Both single-cask (SC) and7

multi-cask (MC) configurations are evaluated under near-field and far-field scenarios for a8

generic Mw 7.0 strike-slip event. Emphasis is placed on capturing complex soil-structure9

interaction (SSI), spatial variability in the ground motion, and nonlinear phenomena such10

as cask rocking and sliding. Numerical results demonstrate that near-field conditions,11

where forward directivity and fling-step effects dominate, lead to significantly higher12

DSC rocking and sliding. Far-field cases, by contrast, generally exhibit modest responses.13

Incorporating SSI tends to amplify or alter DSC response spectra, underscoring the14

need for site-specific evaluations and robust modeling approaches to ensure the seismic15

integrity of DSCs in interim spent fuel storage installations.16

∗Corresponding author. Email: elnaze@unr.edu
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1 Introduction17

Spent nuclear fuel generated by nuclear power plants (NPPs) is initially stored in spent fuel18

pools to manage heat dissipation and prevent cladding damage. After several years, these19

assemblies are transferred to dry storage casks (DSCs), which are typically housed at Interim20

Spent Fuel Storage Installations (ISFSIs). Although DSCs are generally licensed for relatively21

short periods, the suspension of the Yucca Mountain repository licensing and the ease of22

decommissioning and transportation has effectively transformed them into a longer-term23

storage solution in the United States.24

A DSC is generally a free-standing cylindrical system installed vertically on a reinforced25

concrete pad. When subjected to strong earthquake ground motions, these characteristics26

pose stability concerns, including sliding, rocking, tipping potential, and inter-cask collisions27

[1, 2, 3]. Consequently, numerous studies have investigated the seismic response of DSCs28

through a combination of numerical simulation and shake-table experimentation. Broadly,29

these works have focused on (i) the effect of friction at the cask-pad interface on sliding30

and rocking [3, 4], (ii) the role of vertical accelerations in promoting partial uplift [5, 6],31

(iii) the influence of soil properties on cask displacements and tipping risk [7], and (iv) the32

complex behavior of free-standing casks under multi-directional ground motions [8, 9]. Parallel33

researches on fragility analysis has also concluded that while tipping and canister failure34

probabilities can be extremely low, certain sites and seismic scenarios pose a heightened risk35

of exceeding allowable rocking angles [10, 11].36

Because DSCs rest directly on a concrete pad above a soil foundation and are low-rise and37

stiff, soil-structure interaction (SSI) has emerged as a key factor in their seismic performance.38

Several early studies demonstrated that the flexibility of the pad can significantly affect cask39

responses, often leading to amplified accelerations and displacements if the pad is relatively40

thin [7, 12]. Subsequent numerical analyses refined these findings by examining multi-cask41

layouts, variable soil profiles, and frictional contact at the pad-cask interface [8, 13, 14],42
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but generally relied on one-dimensional (1D) deconvolution methods or simplified boundary43

conditions to approximate vertically propagating shear waves. These simplifications are44

computationally attractive yet neglect the complexities of truly three-dimensional (3D) wave45

propagation—particularly relevant for near-fault excitations and multi-component ground46

motions.47

The present study aims to address these limitations by developing a higher-fidelity modeling48

framework that captures 3D seismic wave fields, including inclined body and surface waves,49

and advanced SSI effects. Specifically, it employs perfectly matched layer (PML) elements50

and the Domain Reduction Method (DRM) to transfer simulated regional-scale earthquake51

motions into local-scale finite element models of the soil-cask system. Unlike conventional52

large-domain or soil-spring approaches, this DRM-based technique accommodates spatially53

varying ground motion components in three dimensions while mitigating artificial wave54

reflections at model boundaries. Additionally, the DSC is explicitly modeled with sufficient55

detail to resolve global structural behavior, including center-of-gravity (CG) accelerations56

and any potential rocking-sliding interaction. By examining both near-field and far-field57

earthquake scenarios, as well as fault-parallel versus fault-normal motion components, this58

research offers a more comprehensive characterization of DSC seismic performance.59

The paper is organized as follows: Section 2.1 provides details on generating 3D earthquake60

wavefields using the EQSIM framework [15]. Then, Sections 2.3 and 2.4 discusses the steps61

adopted to perform the finite element modeling the response of single and multi-casks under62

3D earthquake wavefields using the DRM. Finally, Section 3 presents the results with the63

concluding remarks provided in Section 4.64

2 Modeling approach65

This section summarizes our two-scale coupling approach to model the response of DSCs66

under 3D seismic wavefields. Section 2.1 outlines the details of the EQSIM framework67

3

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=5234265

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

wed



for generating the 3D earthquake wavefields and Section 2.2 presents our assumptions to68

develop the localized soil island in LS-DYNA, taking advantage of the DRM and PML. Lastly,69

Sections 2.3 and 2.4 describes the finite element models for single and multi-cask settings.70

2.1 Modeling synthetic 3D earthquake wavefields71

To generate the 3D earthquake wavefields, a generic Mw7.0 central hypocenter seismic event72

with a strike-slip fault was considered in the EQSIM framework. The EQSIM (EarthQuake73

SIMulation) is a multidisciplinary platform that leverages the power of high-performance74

computing to facilitate regional-scale 3D fault-to-structure simulation, enabling risk-informed75

decision-making for critical infrastructure. The core engine of EQSIM is SW4 (Seismic Waves,76

4th order), a summation-by-parts finite difference code for solving the viscoelastic wave77

equation, optimized to work with massive parallel computing architecture [16, 17].78

SW4 achieves fourth-order accuracy in space and time, ensuring highly accurate represen-79

tations of complex earthquake wavefields. It is extensively verified and offers advanced80

capabilities, including topography-following curvilinear grids, efficient deep-region Cartesian81

grids, far-field absorbing boundaries, anelastic attenuation for realistic energy dissipation, and82

3D heterogeneous material models. These features allow the simulation of fully deterministic,83

broadband synthetic motions comparable to real earthquake records [18]. For a more detailed84

overview of the framework, readers are referred to [15].85

Figure 1a shows the idealized 100km×40km×30km computational domain with a free flat86

600m deep canonical shallow basin model. The basin’s shear wave velocity (Vs) increases87

incrementally from 353m/s at the free surface to 800m/s at the base. The variation of the88

material properties for the simulation is modeled using the equations provided herein:89

4
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Vp(z) = 1000 + 1.2z (m/s)

Vs(z) = 320 + 19
√
z (m/s)

ρ(z) = 2140 + 0.125z (kg/m3)

qp(z) = 80

qs(z) = 40

(1)

where z is depth, Vp and Vs are the longitudinal (P-wave) and shear wave (S-wave) velocities,90

respectively, ρ is density, and qs and qp represent the quality factors, indicating attenuation91

of shear and longitudinal waves passing through the basin. Additional modeling assumptions,92

including the details of the surrounding rock, are explained in [19].93

The fault, extending 62.5km in length and 16km in width, with its hypocenter at 9km depth,94

ruptures to 200m below the surface and is located next to the rock-basin interface. The95

rupture scenario is modeled using the Graves-Pitarka kinematic rupture technique [20] with96

spatial slip rate enhancement [21]. Consistent with observations from mature crustal faults,97

the rupture velocity was set to 80% of the local shear wave velocity alongside an average rake98

angle of 0◦ with allowance of random spatial perturbations.99

As shown in Figure 1a, the study considers five different sites positioned in the XY plane100

to assess DSC behavior under both near- and far-field earthquake scenarios. Site A (50, 15)101

and B (50, 20), situated respectively 5km and 10km from the fault, represents near-field102

conditions, while Site C (50, 35), D (25, 35), and E (75, 35) reflects far-field cases. The103

latter three sites, each situated at a primary distance of 25km from the fault, maintain an104

additional inter-site spacing of 25km. All locations identified here are measured in km from105

the origin of the XYZ coordinate system shown in Figure 1a.106

The ground motion simulations were configured to resolve frequencies up to 5Hz while107
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Figure 1: The (a) 100km×40km×30km idealized computational domain showing site locations
with a (b) snippet of the whole soil domain (c) cross-section of the soil model at II-II', and
(d) shear wave velocity (Vs) of the soil island, DRM and elastic soil layers.

maintaining a minimum of eight grid points per shortest wavelength. This reflects the108

computational constraints of 3D wave propagation modeling, where doubling the maximum109

frequency resolution requires a sixteen-fold increase in computational resources.110

2.2 Modeling the soil island111

The soil domain was modeled using a direct approach with a soil island of dimensions112

80m× 80m× 80m in LS-DYNA (Figure 1b and c), implementing linear elastic solid elements.113
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As material nonlinearity was beyond the scope of this study, the initial aspect ratio remained114

constant, eliminating potential problems regarding shear locking [22]. Hence, full integration115

techniques were employed for the 8-node hexahedral elements. The discretizations of the116

layered soil was carried out incrementally, with the central domain comprising elements of117

1m dimension and the outer domain utilizing 4m elements. Figure 1c presents the 17 distinct118

layers within the DRM model with their corresponding dimensions. The shear wave velocity119

(Vs) obtained in the elastic soil domain region (up to 96m from the surface) is illustrated in120

Figure 1d.121

The DRM layer, positioned immediately outside the soil island, was generated with a 4m122

grid spacing. Material properties, namely the elastic modulus, Poisson’s ratio, and density,123

assigned to the DRM model were identical to those implemented in the SW4 code. SSI124

interface keywords were defined at inner and outer DRM layer boundaries to specify ground125

motion application locations. The soil island and DRM layer were encapsulated by four bands126

of PML elements, where the PML utilized material properties from its adjacent bounded layer.127

PML serves as an advanced non-reflecting boundary for linear wave equations, providing128

near-perfect absorption of outgoing waves across nontangential incidence angles and non-zero129

frequencies [23]. Its mathematical formulation incorporates complex coordinate stretching130

within the elastic wave equation, enabling complete absorption of waves at all frequencies131

and incident angles without reflection at the interface. This local formulation distinguishes132

PML from traditional absorbing boundaries, offering superior performance through wave133

attenuation within the layer. As a result, these elements can effectively simulate unbounded134

domain behavior with minimal wave reflection [24].135

The *DAMPING_FREQUENCY_RANGE_DEFORM keyword with a coefficient of 0.0078125136

was also implemented using Equation (2) across the 1− 10 Hz frequency range to model the137
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small strain damping, with the qs being consistent with Equation (1).138

ξ =
1

2qs
(2)

As it will be discussed later, this modeling approach offers twofold advantages: it enables139

the direct generation of free-field ground motions for uncoupled fixed-base models, identified140

as the No-SSI case, while also enabling a straightforward SSI incorporation by placing the141

DSCs on the surface of the soil island.142

2.3 Modeling the single cask system143

The considered DSC has four main components: inner and outer steel shells, concrete shielding144

between the shells, the spent fuel canister assembly, and a base plate. However, a simplified145

model was implemented for all analyses, omitting the internal components to assess global146

SSI behavior while reducing computational demands. To ensure the dynamic characteristics147

of the simplified model reflect the considered DSC, a group of modal analyses were carried148

out to achieve the equivalent mass, center of gravity (CG), and stiffness. The final system149

consisted of two components - the bottom part with a height of 0.56m and a top part with a150

height of 5.15m consisting of a total mass of 147, 117kg and a radius of 1.73m.151

The contact surface between the DSC and the foundation pad underneath was modeled using152

an automatic surface-to-surface contact algorithm considering the static (µs) and dynamic153

(µk) frictional coefficients of 0.74 and 0.6, respectively. This penalty-based contact definition154

introduces stiff springs between the two interacting surfaces (i.e., SURFA and SURFB) to155

prevent penetration. For a concrete pad with light to medium sandblast finish, µs was found156

to be 0.74± 0.035 and µk as 0.60± 0.046, according to the 48 pull-off tests conducted in [25].157

Several options are available to model small-strain material damping beyond frictional energy158

dissipation to suppress numerical noise at higher frequencies. For this study, a composite159
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damping model was adopted, combining mass proportional Rayleigh Damping with a damping160

constant of 0.25 and frequency-independent damping with a coefficient of 0.005 by inserting161

the *DAMPING_PART_MASS and *DAMPING_FREQUENCY_RANGE_DEFORM162

cards respectively in the input deck. This configuration targets 0.5Hz to 50Hz frequency163

range, achieving approximately 1% constant damping at the element level, while preserving164

rigid body motions by activating the DEFORM option.165

The elements of the foundation pad with a dimension of 5m×6m×0.15m and the DSC were166

generated with the linear elastic material model *MAT_ELASTIC considering fully-integrated167

8-node hexahedral solid elements. The material properties, namely the elastic modulus (E),168

density (ρ) and Poisson’s ratio (ν), can be found in Table 1.

Table 1: Material properties used to generate the DSC model

Part Name ρ (kg/m3) E (GPa) ν

Foundation Pad 2400 2.43 0.2
Cask Top Part 2830.5 32.88 0.2

Cask Bottom Part 2400 32.88 0.2

169

For SSI analyses, the cask and the foundation pad are attached to the top center of the170

soil surface using a constraint-based surface-to-surface tied contact scheme. This contact171

algorithm was selected based on [8], who demonstrated that bonded interfaces between172

concrete pad and soil tend to amplify the responses of DSCs, rendering the most adverse173

condition. The DRM motions, extracted from the EQSIM computational domain presented174

in Section 2.1, were specified at the outer interface of the soil island as acceleration time175

histories using *INTERFACE_SSI keyword card. The generated finite element model is176

presented in Figure 2.177
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Figure 2: Developed single cask model on the surface of the soil island.

2.4 Modeling the multi-cask system178

A separate foundation pad with a dimension of 61.5m×9.5m×0.91m was constructed for the179

models with multiple DSCs (MC) to reflect more realistic ISFSI conditions. An array of 2×13180

single DSC (SC) was arranged in a grid pattern with a CG to CG distance being 4.72m×4.72m181

with 0.67m edge distance. Each SC of the array retained the same dimensional and material182

properties outlined in Table 2. The *CONTACT_AUTOMATIC_SURFACE_TO_SURFACE183

definition was updated to handle interactions between each DSC and the surface of the con-184

crete pad modeled underneath, ensuring accurate force transfer and accounting for potential185

overlaps. For the MC SSI model, the implemented tied contact algorithm for the SC was186

expanded to account for the larger pad interface and attachment to the soil domain. This187

approach allowed for a direct comparison under the same loading conditions, facilitating188

an analysis of how introducing MC impacts deformation patterns, load distribution, and189

responses of a typical ISFSI system.190

The original MC model was transformed so that the long direction of the foundation pad191

was oriented in parallel to the X-axis of the global coordinate shown in Figure 1a, forming192

the MC model oriented in the fault-normal (FN) direction, or the MC FN No-SSI case.193

Conversely, the foundation pad was reoriented to position its long direction parallel to the194
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global Y-axis, establishing the fault-parallel configuration, or the MC FP No-SSI model.195

Both configurations were placed on the soil island, as shown in Figure 3, creating the coupled196

MC FN and MC FP SSI models. With a similar procedure described in Section 2.1, DRM197

motions were applied at the soil interface to perform the SSI analyses.

Figure 3: Developed MC models for FN SSI (bottom left), FP SSI (bottom right), and DSCs
configuration (top) to use in all three cases.

198

The response analysis of DSCs exhibits significant nonlinearity, primarily due to rocking,199

impacts at contact surfaces, and sliding behaviors. Hence, explicit time integration scheme200

was adopted for both fixed- and flexible-base DSC analyses. Furthermore, LS-DYNA’s efficient201

parallelization capabilities through the Message Passing Interface, robust material models,202

and seamless integration with the EQSIM, using DRM and PML, made it an attractive203

candidate for this application. All computations were carried out on a server using 32 cores204

of AMD EPYC 7763 with 1TiB memory and the consistency flag turned on.205
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3 Results and discussion206

3.1 Free field motion characteristics207

To verify the developed workflow of coupling the 3D earthquake wavefields generated using208

SW4 with the LS-DYNA model using the DRM, we used the developed soil island to generate209

the free-field motion and compare it against the SW4 results. Due to the absence of localized210

features within the soil island, the developed model in LS-DYNA under DRM motions should211

generate the same ground motions as the one simulated using the SW4. Figure 4 compares212

the generated free-field motions at the center point on the surface of the soil island for Site213

(A) from Figure 1a. The excellent agreement in all three directions confirms the accuracy of214

the developed model and the correct implementation of the DRM motions from the local-scale215

finite element model. It is worth noting that the results at other sites have achieved similar216

accuracy and are excluded for brevity.217

As shown in Figure 4, near-field strike-slip seismic events (i.e., Sites (A) and (B)), exhibit218

characteristic displacement signatures. These include permanent ground deformation (“fling219

step”) in the fault-parallel direction and long-period, high-amplitude pulses (“forward direc-220

tivity effect”) in the fault-normal direction during arrival of the motions, aligning with the221

observations of [26].222

Table 2: Hazard Overview of All Five Rupture Distances

Considered
Sites

PGA (g) PGV (m/s) PGD (m) Real World
Counterpart [27]X Y Z X Y Z X Y Z

A 0.43 0.56 0.18 0.71 0.62 0.21 0.57 0.75 0.17 Hanford NPP
B 0.21 0.66 0.15 0.32 0.70 0.21 0.37 0.55 0.09 Palo Verde NPP
C 0.07 0.18 0.06 0.15 0.28 0.07 0.12 0.16 0.04 −
D 0.10 0.24 0.06 0.15 0.32 0.06 0.16 0.15 0.03 −
E 0.08 0.28 0.07 0.09 0.35 0.08 0.08 0.30 0.03 −

Table 2 presents an overview of the hazard levels at all five sites. Among them, we can223

observe that the free-field motion at Site (A) is more dominant with the peak ground224

acceleration (PGA) of 0.43g in the X-direction. On the contrary, the Y-direction PGA and225
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peak ground velocity (PGV) are higher for the free-field motion at Site (B), but the peak226

ground displacement (PGD) is lower than in Site (A). The PGAs and PGVs of the far-field227

sites (C-E) are significantly lower in all three directions. In contrast, their Y-directional228

motions are comparable with the X-directional free-field responses at site (B).229
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Figure 5 portrays the ratio of pseudo spectral acceleration (PSA) to PGA of free-field motions230

at the considered sites, compared with three different design PSA/PGA prescribed by the US231

Nuclear Regulatory Commission (NRC) regulatory guidelines [28, 29, 30]. We can observe232

that the PSA/PGA ratios of the considered sites exceed the NUREG CR6728 design spectra233

across a broad frequency range but in better agreement with the NUREG 1.60 and CR0098234

design spectra. Disagreements are particularly noticeable in the 2-4 Hz range, where the235

considered free-field responses reach values 1.5-3 times higher than the design spectra.236
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Figure 5: PSA/PGA of the obtained free-field ground motions in (a) X, (b) Y and (c) Z
directions against NUREG–1.60 [28], NUREG–CR0098 [29] and NUREG–CR6728 [30].

3.2 Single cask response characteristics237

This section discusses the response characteristics of a single cask in terms of CG-level238

response spectra, sliding, and rocking. Due to the rigidity of the structure, the cask is239

expected to follow the foundation pad motions before sliding or rocking.240

3.2.1 CG-level response spectra241

Figure 6 shows the acceleration response spectra for the input free field motions and CG-level242

accelerations for the single cask No-SSI and SSI cases, compared in each direction. The243

dashed vertical lines at 0.3, 0.8, 1.3, 1.8, 2.3, 2.8, 3.3, 3.8, 4.3, and 4.8 Hz represent the244

natural frequencies of a 1D slice of the basin structure considered in this study. Since the245

generated earthquake wave fields are resolved up to 5Hz, the following discussions will be246

limited to the response characteristics observed from 0.1 to 5Hz. As evident, the spectral247
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accelerations amplifications in free-field cases show correlations with the computed natural248

frequencies of the basin.249

Generally speaking, the far-field cases follow the free-field spectra closely due to a lower250

level of ground motion intensity, while the near-field cases exhibit significant amplifications.251

These response characteristics agree with the sliding and rocking trends discussed in the next252

section.253

The SSI analysis for far-field sites, (C)-(E), shows a more pronounced response amplification254

at the predominant 2–4Hz input frequency than the fixed-base analysis, especially for the255

two horizontal components. In the near-field sites, for the intermediate distance (B), the256

difference between the SSI and No-SSI cases is more noticeable than in site (A), suggesting257

the complex dynamic behavior induced by taking SSI into account.258

3.2.2 Rocking and sliding259

The rocking angle is measured as the angle between the axis of the cylindrical DSC and the260

normal established at the center of the cask base in its initial position. The relative sliding261

response of the casks can be described as the horizontal displacements of the center of the262

base surface of the modeled DSC relative to the center of the top surface of the storage pad.263

It is important to note that this interpretation ignores the pad’s elastic deformation. However,264

analysis suggests that the contribution of elastic pad deformations to the relative horizontal265

displacement between a cask and any selected point on the pad surface is insignificant266

compared to the relative sliding displacement. The rocking and sliding for far-field cases,267

sites (C)-(E), were negligible and are not presented here.268

As shown in Figure 7, for Site (A), 5km from the fault, the rocking reaches approximately269

3.95◦ for the SSI configuration, indicating a 25% increase than the No-SSI case. Site (B),270

situated 10km from the fault rupture, demonstrates a similar trend; however, the rocking271

angle for the SSI case does not exceed 3◦ this time, marking 15% higher rocking than the272
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Figure 6: Comparison of acceleration response spectra for SC No-SSI and SC SSI at the CG
level against the free-field in (a) X, (b) Y and (c) Z directions (dashed vertical lines indicate
the natural frequencies of the sedimentary basin).
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Figure 7: Rocking responses comparison for the SC No-SSI and SC SSI for sites (A) and (B)
in terms of absolute value (abs) of rocking angle (θ).
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Figure 8: Sliding responses in the horizontal directions for the SC model and their traces
without and with SSI effects for Sites (A) and (B).

273

As illustrated in Figure 8, the sliding starts at a timestamp close to rocking initiation.274

Although the rocking patterns of the SSI and No-SSI cases are pretty similar, especially275

for Site (B), their sliding patterns deviate significantly from each other. This underscores276
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the highly nonlinear behavior of the free-standing vertical casks where changes in the input277

motion due to SSI can significantly affect rigid body responses. Nevertheless, the maximum278

relative sliding for SC DSCs did not exceed 11cm for the cases considered.279

3.3 Multi cask response characteristics280

This section discusses casks’ response characteristics in MC settings to determine how SSI281

may affect their dynamic behavior in terms of foundation pad and CG-level response spectra,282

sliding, and rocking.283

3.3.1 Pad-level response spectra284

The multi-cask setting comprises 26 casks; therefore, 26 pad-level acceleration responses285

are measured under each configuration. To better demonstrate the scatter of the pad-level286

acceleration response spectra compared to the free-field motions discussed in Section 3.1, we287

compute the mean and the standard deviation of the 26 pad-level spectral accelerations at288

each frequency.289

Figure 9 compares the results of FN and FP configurations for No-SSI and SSI cases. As290

expected, in both near and far-field cases, the pad-level response spectra are comparable to291

the free-field response spectra in both horizontal directions. The No-SSI cases’ results again292

agree with the free-field case for the vertical direction. This is because the foundation pad293

is relatively rigid, and all nodes at the base move together following the free-field motion.294

For SSI cases, on the other hand, the FP case, followed by the FN case, shows variations295

in the vertical direction, demonstrating the pad rocking due to spatial variability of the 3D296

earthquake wave field at the footprint of the foundation pad.297

3.3.2 CG-level response spectra298

Figure 10 presents the CG-level acceleration spectra for all the FN and FP MC configurations299

compared to SC No-SSI and SSI cases. As shown, the near- and far-field cases show different300
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Figure 9: Comparison of spectral acceleration of the free-field with the mean (µ) and standard
deviation (σ) of responses obtained from the MC models’ concrete pad for sites (A)-(E)
(dashed lines indicate basin natural frequencies).
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response characteristics.301

At far-field sites, the CG-level response spectra closely match the pad-level responses presented302

in Figure 9. This similarity arises primarily because the seismic intensities were insufficient303

to initiate sliding or rocking in the far-field cases considered in this study. Conversely,304

CG-level responses exhibit noticeable variations and amplifications at near-field sites in all305

three directions compared to the pad-level responses. These discrepancies result mainly from306

induced rocking and sliding behaviors, which are discussed in detail in the subsequent section.307

Additionally, the observed reduction in cask CG-level response, relative to the MC No-SSI308

case for both FN and FP scenarios, can be attributed to energy dissipation associated309

with SSI. Moreover, comparing MC SSI models against the No-SSI cases, the latter shows310

less scatter in CG-level response spectra. This variance suggests that sliding and rocking311

motions demonstrate more significant variability in the SSI cases compared to the No-SSI312

configurations. These differences in response characteristics can be attributed to the kinematic,313

and subsequent inertial, interaction in the SSI analysis.314

3.3.3 Maximum sliding and rocking patterns315

The maximum resultant relative sliding responses and maximum absolute rocking angles for316

each DSC were plotted simultaneously to facilitate a clear interpretation of their responses.317

This comprehensive visualization enables a better understanding of energy dissipation mecha-318

nisms and potential correlations between maximum sliding and rocking responses for specific319

scenario.320

In Figures 11 to 14, the initial cask positions are denoted by gray dashed circles, while arrows321

indicate cask displacement from the original to the final center positions. To enhance the322

visibility of the relatively small sliding displacements compared to overall system dimensions,323

a displacement scale factor (DSF) of 8 is applied to generate the illustrations. Each cask is324

color-coded according to its maximum experienced rocking angle, with an accompanying color325
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Figure 10: Response Spectra comparison of CG level acceleration responses for the MC mean
(µ), and standard deviation (σ) with the SC models for sites (A)-(E) (vertical dashes indicate
basin natural frequencies).
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bar indicating the range. We note that the resultant relative displacement and maximum326

rocking may occur at different time instances during the simulation.327
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Figure 11: Plan view: maximum resultant sliding vectors (δr, visualized with DSF 8) and
maximum absolute rocking (max(θabs)) responses of DSCs for FN No-SSI case.

Figure 11a provides an overview of the resultant sliding and maximum rocking observed for328

each DSC at Site (A) for the No-SSI FN case. The response patterns demonstrate notable329

variability, with some casks exhibiting high sliding and rocking at the same instance, while330

others show opposite relationships between these parameters. The two casks at the center of331

the concrete pad demonstrate moderate sliding and rocking, whereas three of the four DSCs332

positioned at the two opposite edges of the pad experience maximum sliding and/or rocking333

amplitudes. For Site (B), presented in Figure 11b, the DSCs exhibited uniform rocking and334

sliding responses with consistent directional patterns. This behavior aligns with theoretical335

expectations for fixed base No-SSI conditions, where fixed-base analysis combines identical336

natural frequencies across all DSCs and uniform ground motion input.337

A similar observation can be made for the FP No-SSI configurations, illustrated in Figure 12,338

with variance in the rocking and sliding for Site (A) and uniformity of responses for Site (B).339

For Site (A), compared to the fixed based FN No-SSI analysis, the FP orientation exhibits340
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Figure 12: Plan view: maximum resultant sliding vectors (δr, visualized with DSF 8) and
maximum rocking responses (max(θabs)) of DSCs for FP No-SSI case (transformed counter-
clockwise).

higher response variability, with coefficients of variation (CV) of 0.262 for rocking and 0.307341

for sliding, compared to 0.193 and 0.250 respectively for the FN case. This translates to342

percent differences between maximum and minimum values of 219% for rocking and 247% for343

sliding in the FP orientation, versus 204% and 176% in the FN orientation. As discussed, Site344

(B) displays comparatively uniform responses in No-SSI configurations, with CVs below 0.015345

for both rocking and sliding. The percent differences between maximum and minimum values346

at Site (B) are just 3% for rocking and 6.8% for sliding, almost identical in both fixed-based347

orientations, implying the reduction of nonlinearity observed during these analyses.348

Figures 13a and 13b presents the resultant sliding and rocking for MC FN SSI cases at Sites349

(A) and (B). In this case, the responses observed at Site (A) demonstrate increased complexity350

due to the kinematic and inertial interactions of the SSI effect. Unlike the No-SSI case, three351

of the four casks on the two edges exhibit minimal rocking and sliding. One of the two casks352

in the center of the foundation pad displays moderate sliding with substantial rocking, while353

the other shows reduced sliding and rocking magnitudes. Site (B) exhibits arbitrary DSC354
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Figure 13: Plan view: maximum resultant sliding vectors (δr, visualized with DSF 8) and
maximum rocking responses (max(θabs)) of DSCs for FN SSI case.

responses, though no significant variability is detected in the rocking. Similar to the MC FN355

SSI in site (A), peripheral casks demonstrate reduced sliding and rocking responses.356
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Figure 14: Plan view: maximum resultant sliding vectors (δr, visualized with DSF 8) and
maximum rocking responses (max(θabs)) of DSCs for FP SSI case (transformed counter-
clockwise).

The MC FP SSI configuration results are portrayed in Figures 14a and 14b for site (A) and (B).357
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Site (A), for this case, exhibits maximum sliding and rocking among all four configurations,358

with rocking values ranging from 0.73◦ to 4.10◦ and sliding values from 1.2cm to 7.8cm. The359

corresponding CV values (0.355 for rocking, 0.479 for sliding) are the highest among all tested360

configurations, indicating that FP SSI creates the most chaotic dynamic environment for361

DSCs. Site (B) shows slightly increased sliding compared to other cases, but reduced rocking362

compared to MC FN SSI. In addition, both sites reveal response patterns similar to those of363

MC FN SSI, which is characterized by arbitrary behavior.364

To better visualize the differences between all the eight near-field cases, two separate box-365

and-whisker diagrams were generated for the maximum resultant sliding (Figure 15b) and366

absolute rocking values (Figure 15a) obtained in the previous plots.
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Figure 15: Statistical distribution of (a) maximum absolute rocking and (b) maximum
resultant sliding responses observed for the No-SSI and SSI cases for Sites A and B.

367

The analysis reveals noticeable differences in response characteristics between configurations,368

with Site (A) exhibiting greater rocking variability than Site (B) across all arrangements,369

while sliding behavior follows a more complex pattern. For rocking responses, the introduction370
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of SSI reduces the median values while substantially increasing response variability – a pattern371

especially pronounced in the FP arrangements. Interestingly for sliding, Site (B) demonstrates372

higher variability than Site (A) when SSI is considered, with sliding interquartile range (IQR)373

values reaching 4.09cm (FN) and 3.06cm (FP) compared to Site (A)’s 2.56cm (FN) and374

3.09cm (FP), suggesting that distance from fault influences rocking and sliding behaviors375

differently. Similarly for sliding at Site (A), though median responses decrease, significant376

variability emerges when transitioning from fixed-base to flexible-base conditions. The FP SSI377

configuration at Site (A) demonstrates the most extreme response diversity, with the rocking378

IQR almost doubling when transitioning from No-SSI FP to SSI FP (from 0.433◦ to 1.044◦),379

while the sliding IQR increases from 2.1cm to 3.1cm. This indicates that even the middle380

50% of casks experience substantially wider response variations under SSI conditions. These381

discussions suggest that incorporating SSI generally provides a damping effect on the overall382

magnitude of response while simultaneously introducing significant response variability and383

highlights the necessity of site-specific analyses for ISFSIs, specifically in the vicinity of faults.384

Further, in spite of assigning an identical modeling assumptions and parameters for all385

casks, an arbitrary pattern in DSC responses can be noticed in Figures 11a, 12a, 13a386

and 14a for Site (A). This phenomenon aligns with the observations discussed by previous387

researchers [3, 9]. The chaotic behavior can be attributed to the nonlinear contact interactions388

between DSCs and the concrete pad during impact sequences [31], modal energy exchange389

between competing vibration modes [32], and extreme sensitivity to slight variation of response390

at a time instance [33]. The SSI cases (Figures 13a and 14a) exhibit even greater complexity391

due to a flexible base. In contrast, Site (B) demonstrates comparatively uniform, predictable392

response patterns despite having almost similar frequency content to Site (A) because of the393

reduced intensity of the input excitation, which remains below the critical velocity threshold394

required to drive the system into a chaotic regime [31, 32].395
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4 Conclusions396

This study demonstrates the importance of fully 3D seismic wavefield simulations and advanced397

soil-structure interaction modeling for accurately predicting the seismic performance of dry398

storage casks. By coupling the DRM with PML boundaries and explicit finite element399

analyses in LS-DYNA, we were able to:400

• Capture near-field complexities: Spatially varying ground motions in near-field sites401

resulted in pronounced rocking and sliding, with some casks exhibiting chaotic behavior402

and large displacements.403

• Quantify far-field trends: Far-field simulations showed that DSC responses were closer404

to free-field motions, with negligible sliding and rocking due to reduced ground motion405

intensity.406

• Highlight the influence of SSI: Inclusion of SSI effects led to altered responses relative407

to fixed-base scenarios, sometimes increasing variability in cask displacements and408

accelerations.409

• Emphasizing the need for site-specific analysis: Multi-cask (MC) arrays, in particular,410

exhibited significant variability across individual casks, even when identical frictional411

properties and soil profiles were employed.412

Overall, the findings underscore that simplified methods (e.g., one-dimensional deconvolu-413

tion or rigid-base assumptions) may underestimate critical interactions that govern DSC414

performance in actual earthquakes. This research thus supports using more comprehensive,415

physics-based numerical frameworks for assessing seismic risks to DSCs.416
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