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 OBJECTIVES OF THE WORKSHOP 

Aging infrastructure within the US Department of Energy (DOE) and the National Nuclear 

Security Administration (NNSA) nuclear facilities poses a major challenge to their resiliency 

against natural phenomenon hazards. Examples of mission-critical facilities located in regions of 

high seismicity can be found at a number of  NNSA sites including Lawrence Livermore National 

Laboratory, Los Alamos National Laboratory, and the Nevada National Security Site. Most of the 

nation’s currently operating nuclear facilities have already reached their operating lifetime, and 

most currently operating nuclear power plants (NPPs) have already reached the extent of their 

operating license period. While the domestic demand for electrical energy is expected to grow, if 

currently operating NPPs do not extend their operations and additional plants are not built quickly 

enough to replace them, the total fraction of electrical energy generated from carbon-free nuclear 

power will rapidly decline. The decision to extend operation is ultimately an economic one; 

however, economics can often be improved through technical advancements (McCarthy et al. 

20151) and research and development (R&D) activities.  

Similarly, the operating lifetime of the current DOE- and NNSA-owned critical infrastructure can 

be extended using the Probabilistic Risk Assessment (PRA) framework to systematically identify 

the risk associated with designing and operating existing facilities and building new ones. Using 

this framework consists of several steps, including (1) system analysis considering the interaction 

between components, such as evaluating the soil-foundation-structure system response; and (2) 

assessment of areas of uncertainty. Both of these steps are essential to assessing and reducing risks 

to the DOE and NNSA nuclear facilities.  

While the risks to the DOE’s facilities are primarily due to natural hazard phenomena,  data from 

large-scale tests of the soil-foundation-structural system response to seismic shaking is currently 

lacking. This workshop aimed to address these key areas by organizing an international workshop 

focused on advancing the seismic safety of nuclear facilities using large-scale shake table testing. 

As a result, this workshop, which was held virtually, brought together a select group of 

international experts in large-scale shake table testing from the U.S., Japan, and Europe to discuss 

state-of-the-art experimental techniques and emerging instrumentation technologies that can 

produce unique experimental data to advance knowledge in natural hazards that impact the safety 

of the DOE’s nuclear facilities. The generated experimental data followed by research and 

development activities will ultimately result in updates to ASCE 4-162, one of the primary design 

guides for DOE nuclear facilities per DOE-STD-1020-20163.  

                                                 

 
1 McCarthy, Kathryn, Hallbert, Bruce, Smith, Curtis, Barnard, Cathy, Leonard, Keith, & Corradini, Michael L. Light 

Water Reactor Sustainability Program Integrated Program Plan. United States. https://doi.org/10.2172/1408393  
2 ASCE/SEI 4-16. Seismic Analysis of Safety-Related Nuclear Structures. ASCE Standard, 2017.   
3 DOE-STD-1020-2016. Natural Phenomena Hazards Analysis and Design Criteria for DOE Facilities. Issued Dec. 

04, 2016. https://www.standards.doe.gov/standards-documents/1000/1020-astd-2016  

https://doi.org/10.2172/1408393
https://www.standards.doe.gov/standards-documents/1000/1020-astd-2016
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The ultimate objective of the workshop was to develop a “road map” for the future experimental 

campaign and innovative instrumentations using the newly constructed DOE-funded large-scale 

shake table facility at the University of Nevada, Reno (UNR) as well as other large-scale shake 

table testing facilities. This new facility resulted from a collaborative project engagement between 

UNR and Lawrence Berkeley National Laboratory. (LBNL) The workshop was planned for two 

days, May 17-18 2021, and included a virtual tour of the large-scale shake table facility at UNR. 

On both days, we saw cutting-edge research in experimental research, numerical modeling, and 

applied engineering through presentations and Q&A discussions.  

The workshop was held virtually in Spring 2021 through the Zoom online webinar platform. We 

opted to hold it virtually consistent with the format of some of the other major conferences in 2021 

rather than postponing it to a later date. This report summarizes the proceedings of the workshop 

and highlights the key outcomes from presentations and discussions. 
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 WORKSHOP PROGRAM 

2.1 PROGRAM DETAILS 

In response to the call for abstracts, we received a total of 27 abstracts from which 26 that met the 

workshop objectives were selected for presentations during the two-day virtual workshop. The 

workshop details are presented in Table 2.1 and Table 2.2. The program was broken down into 

four sessions on both days with three 15-minute breaks in between. The workshop began with 

opening and welcoming remarks and a brief introduction to the Department of Energy Natural 

Hazards Mitigation program. Following the summary of the current seismic analysis capabilities 

that support the DOE mission, researchers from all over the world presented the state-of-art shake 

table experimental research and provided insights on how best to utilize the large-scale 

experimental facilities such as the recently completed large-scale laminar soil box and shake table 

facility at the University of Nevada, Reno to fill critical gaps in the scientific knowledge of soil-

foundation-structure-interaction. Additionally, several talks followed the theme of enhancing 

nuclear safety, which is also undertaken by the DOE in the Nuclear Safety Research and 

Development (NSR&D) program. 

 

Table 2.1 Program for Monday May 17, 2021 

Time Session Details 

7:30am - 

9:00am 

1 

Moderator: 

Ramin 

Motamed 

(UNR) 

Opening Remarks (10 min) 

Presenter: Ramin Motamed (University of Nevada Reno) 

 

Welcoming Remarks (10 min) 

Presenter: Todd Lapointe (Department of Energy) 

 

Briefing on the DOE Natural Hazards Mitigation Program (15 min) 

Presenter: Sharon Jasim-Hanif (Department of Energy) 

 

Seismic Analysis Capabilities Supporting DOE Mission (30 min) 

Presenter: David McCallen (University of Nevada Reno and Lawrence Berkeley 

National Laboratory) 

 

Nonlinear Seismic Fragilities for Use in Seismic Performance Assessments 

(25 min) 

Presenter: Michael Salmon (Los Alamos National Laboratory) 

Break 
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9:15am - 

11:00am 

2 

Moderator: 

Ian Buckle 

(UNR) 

  

Design of a Large-Scale, Biaxial Soil Box and Shake Table for Seismic Soil-

Structure Interaction Studies (25 min) 

Presenter: Sherif Elfass (University of Nevada Reno) 

 

Opportunities for Improving the Seismic Safety of Critical DOE Facilities 

through Large Scale Shake Table Testing Combined with High-Fidelity 

Numerical Simulations (25 min) 

Presenter: Payman Tehrani (SC Solutions, Inc) 

 

Advanced Numerical Modeling of a Large-Scale Soil-box for Experiments in 

Soil-Structure-Interaction (25 min) 

Presenter: Denis Istrati (University of Nevada Reno) 

 

Research to Improve Seismic Provisions for Foundation Stiffness and 

Damping as Applied in Engineering Practice (25 min) 

Presenter: Jonathan Stewart (University of California Los Angeles) 

Break 

11:15am - 

12:30pm 

3 

Moderator: 

David 

McCallen 

(UNR & 

LBNL) 

  

Advances in Full Fidelity Soil-Structure-Fluid Interaction Simulation for 

Nuclear Structures (25 min) 

Presenter: Greg Mertz (Costantino and Associates) 

 

New Trends in Numerical Modeling of Seismic Soil-Structure-

Interaction (25 min) 

Presenter: Youssef Hashash (University of Illinois at Urbana-Champaign) 

 

Validation Testing for Earthquake Soil Structure Interaction Modeling and 

Simulation (25 min) 

Presenter: Boris Jeremic (University of California, Davis) 

Break 

12:45pm - 

2:25pm 

4 

Moderator: 

Khalid 

Mosalam 

(UCB & 

PEER) 

  

Modeling the Seismic Response of Spent Nuclear Fuel in Dry Storage (25 

min) 

Presenter: Nicholas Klymyshyn (Pacific Northwest National Laboratory) 

 

Design Verification of Large Scale Laminar Soil Box (25 min) 

Presenter: Jenna Wong (San Francisco State University) 

 

Shake Table Tests for Validation of Numerical FSI Models of Advanced 

Reactors (25 min) 

Presenter: Faizan Ul Haq Mir (State University of New York at Buffalo) 

 

E-Defense Shaking Table Test of 3-Story R/C Frame Structure with Pile 

Foundation (25 min) 

Presenter: Koichi Kusunoki (University of Tokyo)  

2:25pm - 

2:30pm 

Closing Day 1 concluding remarks (5 min) 

Presenter: Ramin Motamed (University of Nevada, Reno) 
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Table 2.2 Program for Tuesday May 18, 2021 

Time Session Details 

7:30am - 

9:00am 

1 

Moderator:  

Ramin 

Motamed 

(UNR) 

Briefing on the DOE Nuclear Safety Research and Development Program 

(15 min) 

Presenter: Patrick Frias (Department of Energy) 

 

Modeling Vertical Free-Field Motion for SSI Analysis Consistent with 

Vertical Design Motion Development (25 min) 

Presenter: Farhang Ostadan, (Bechtel Corporation) 

 

The Different Phenomenology of Dynamic SSI for Buildings, Bridges and 

Power Plants: Numerical and In-Situ Full-Scale Tests (25 min) 

Presenter: Guido Andreotti (University School for Advanced Studies IUSS Pavia 

and EUCENTRE) 

 

Dynamic Distributed Fiber Optic Strain Sensing for Lab Testing (25 min) 

Presenter: Matthew DeJong (University of California Berkeley) 

Break 

9:15am -

11:00am 

2 

Moderator:  

Steve 

McDuffie 

(DOE)  

Assessing Kinematic Soil-Structure Interaction in Nuclear Power Plant 

Structures based on Field and Experimental Data (25 min) 

Presenter: Ramin Motamed (University of Nevada Reno) 

 

Modeling Input Needs from Large-Scale Shake Table Testing – Case Study 

from Safety Analysis of a DOE Facility (25 min) 

Presenter: Mohamed Talaat (Simpson Gumpertz & Heger Inc) 

 

Physical Modeling of Soil-Structure Systems in Unsaturated Soils: 

Challenges and Opportunities (25 min) 

Presenter: Majid Ghayoomi (University of New Hampshire) 

Break 

11:15am - 

12:30pm 

3 

Moderator: 

Amarnath 

Kasalanati 

(PEER) 

  

Results from Shaking Table Tests on Full-Scale Rail Embankments (25 min) 

Presenter: John McCartney (University of California San Diego) 

 

LBNL NERSC Base Isolated Floor – Using Science to Protect Science (25 

min) 

Presenter: Tim Hart (Lawrence Berkeley National Laboratory)  

 

Model-in-the-loop Testing of a Base-Isolated Cylindrical Tank (25 min) 

Presenter: Sai Sharath Parsi (State University of New York at Buffalo) 

Break 

12:45pm - 

2:25pm 

4 

Moderator: 

Mike Salmon 

(LANL) 

Advanced Instrumentation for Large-Scale Laminar Soil Box Shake Table 

Testing (25 min) 

Presenter: David McCallen (University of Nevada Reno and Lawrence Berkeley 

National Laboratory) 
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Distributed Fiber-Optic Sensing for Subsurface Vibration and Deformation 

Monitoring (25 min) 

Presenter: Elnaz Seylabi (University of Nevada Reno) 

  

3D Effective Stress Analysis on Soil Behavior Around Closely Spaced Pile 

Group in Centrifugal Shaking Table Tests (25 min) 

Presenter: Yuta Nakagama (Tokyo Electric Power Services Co., Ltd.) 

 

Virtual Tour of Large-Scale Shaking Table Facility at UNR to Study Soil-

Structure Interaction Phenomenon(link is external) (25 min) 

Presenter: Ramin Motamed (University of Nevada Reno) 

2:25pm - 

2:30pm 

Closing Day 2 concluding remarks (5 min) 

Presenter: David McCallen 
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 ABSTRACTS 

A total of 27 abstracts were received  in response to the call for abstracts, most of which were 

presented at the workshop. This chapter provides details on all the submissions. Full slides for the 

presentations that were made at the workshop can be found in Appendix A. However, due to the 

confidential nature of some of the presentations, they are not included in the appendix but the key 

issues discussed in them relevant to the conclusions of this workshop are included in Chapter 4. 

The call for abstracts invited for presentations in the following areas within the common theme of 

“large-scale shake table testing”: 

• R&D activities related to the resiliency of nuclear facilities against natural phenomenon 

hazards 

• Probabilistic Risk Assessment (PRA) advancements 

• Soil-foundation-structure system analysis considering the interaction 

• Advanced simulations and validations 

• Assessment of areas of uncertainty and quantification 

• State-of-the-art experimental techniques 

• Emerging instrumentation technologies 

• Large-scale shake table facilities, design basis, and performance objectives, experimental 

capabilities, example recent projects 

• Technical standard developments 

• Other areas related to large-scale shake table testing 

The submitted abstracts were grouped based on the proposed themes and Figure 2.1 illustrates the 

distribution. As can be seen, topics related to “R&D Research” and Large-Scale Testing” covered 

more than half of the presentations. The abstracts are presented hereafter.  

 

Figure 2.1 Distribution of the submitted abstracts based on the proposed workshop 

themes.   

8%

33%

22%

19%

7%

11%

PRA Advancements R&D Research

Large-Scale Shake Table Testing Simulations & Validations

Shake Table System Design Emerging Instrumentation Technologies
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3.1 DESIGN OF A LARGE-SCALE, BIAXIAL SOIL BOX AND 

SHAKE TABLE FOR SEISMIC SOIL-STRUCTURE 

INTERACTION STUDIES  

Presenter: Sherif Elfass 

 

Institution/Organization: University of Nevada, Reno 

 

Email: elfass@unr.edu   

 

Abstract: Large-scale experiments in geotechnical earthquake engineering have considerably 

advanced in recent years. Enhancing experimental capabilities has addressed significant interest 

in such phenomena as site amplification, dynamic soil behavior, and soil-structure interaction 

(SSI). One-g shake table tests using a laminar soil box present a viable methodology to investigate 

these phenomena. This presentation describes the design of a novel, biaxial, 400ton, laminar soil 

box at the University of Nevada, Reno, for soil–structure interaction studies at a scale not currently 

possible in the U.S. The box is an octagon in plan. The inner dimension between any two parallel 

sides is 21.5 ft and the fully assembled height is 15 ft. The box is, however, designed to allow 

experiments in segments that are 5, 10, and 15 ft high. It consists of nineteen steel frames 

(laminates) made of hollow structural sections. Each frame is connected to the frame below 

through a number of elastomeric bearings. The use of elastomeric instead of mechanical bearings 

adopted elsewhere is intended to improve the robustness of boxes of this size. The number and 

physical properties of these bearings change at specified levels to accommodate the change in soil 

stiffness with depth. However, due to the complementary shear developed in the soil during 

shaking, these bearings are expected to experience significant tension, especially near the bottom 

of the box walls. Since elastomeric bearings are rarely used to carry high tensile loads, an 

experimental program was undertaken to confirm their tensile capacity. In addition, base shear is 

transferred from the table to the soil through a grid of shear connectors at the table/soil interface.  

 

This large-scale laminar soil box is being developed under a collaborative project involving 

Lawrence Berkeley National Laboratory, UC Davis, and the University of Nevada, Reno. The 

sponsor is the U.S. Department of Energy.  
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3.2 ADVANCED NUMERICAL MODELING OF A LARGE-SCALE 

SOIL-BOX FOR EXPERIMENTS IN SOIL-STRUCTURE-

INTERACTION 

Presenter: Denis Istrati 

 

Institution/Organization: University of Nevada, Reno 

 

Email: distrati@unr.edu   

Abstract: Nuclear power plants are designed to withstand environmental hazards, including 

earthquakes, to ensure public safety and continuity of function. However, it has been observed that 

large embedded structures, such as reactor buildings, can affect the response of the soil around 

them and the nature of the ground shaking they have to withstand, leading to significant soil-

structure-interaction (SSI) effects. This presentation describes a series of numerical analyses that 

were conducted during the design of a large-scale laminar soil box (LLSB) at the University of 

Nevada, Reno, which is sponsored by the U.S. Department of Energy with the aim to quantify the 

seismic SSI of nuclear facilities.  

The design phase included finite element modeling and nonlinear dynamic analyses of one-, two- 

and three-dimensional models. These nonlinear analyses were compared with linear and equivalent 

linear ones for a suite of recorded ground motions with scaled PGAs between 0.25g and 1.0g, 

revealing the limitations of each modeling approach. Parameters of interest in these analyses 

included the base shear, overturning moment, pressures below the box, response spectra at the 

surface, forces and displacements in the walls, as well as, soil accelerations, stresses, and strains.   

Different material properties were considered for the walls of the box, and the effect of their lateral, 

vertical, and rotational stiffness was investigated. The advanced numerical modeling: (i) helped 

understand the fundamental interaction of the soil with the walls of the box, (ii) provided data for 

the design of this novel system, and (iii) revealed that an ideal soil box should have walls with low 

lateral stiffness but high axial and bending stiffness in order to minimize any flexural effects and 

associated soil distortion close to the walls. The results presented herein provide an insight into 

the expected performance of the soil box and will help guide future validation efforts. 
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3.3 RESEARCH TO IMPROVE SEISMIC PROVISIONS FOR 

FOUNDATION STIFFNESS AND DAMPING AS APPLIED IN 

ENGINEERING PRACTICE 

Presenter: Jonathan Stewart 

 

Institution/Organization: University of California, Los Angeles 

 

Email: jstewart@seas.ucla.edu   

 

Abstract: Current seismic provisions for analysis of foundation stiffness and damping for use in 

seismic response analyses are well established and validated for stiff foundation elements under 

linear and nonlinear conditions. However, with the exception of mat foundations, the most 

commonly used foundation systems consist of inter-connected discrete elements that comprise a 

foundation system. The stiffness and energy dissipation properties of such systems are relatively 

poorly understood, particularly for rotational responses. For tall structures, the rotational response 

is dominant, so this uncertainty substantially impacts our ability to predict inertial soil-structure 

interaction effects. A combined program of laboratory testing and simulations, considering 

different foundation configurations and excitation levels, would produce significant insights that 

could have a substantial practical impact. We encourage the design of a research program, 

organized in consultation with engineers familiar with practical design procedures, that would 

address these needs. 
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3.4 ADVANCES IN FULL FIDELITY SOIL-STRUCTURE-FLUID 

INTERACTION SIMULATION FOR NUCLEAR STRUCTURES 

Presenter: Greg Mertz 

 

Institution/Organization: Costantino and Associates 

 

Email: greg@gemertz.com   

 

Abstract: Proper seismic modeling of next-generation nuclear structures in accordance with ASCE 

4 now requires the triad coupling relationship of complex structural systems, encased fluids, and 

surrounding soil foundations. This presentation demonstrates a new method to completely capture 

the benefits and validation of the SASSI soil-structure interaction approach within a modern 

commercial finite element package such as ANSYS, which can couple fluids and structures. This 

is accomplished by using SASSI to develop pre-calculated soil impedance substructures and 

associated seismic load vectors and to store them in the Soil Library.  

This method overcomes the limited structural element types in SASSI and allows fluid interactions 

in the structure and fluid to be fully coupled to the soil response in an equivalent linear manner in 

frequency and time domains. Greater efficiency can be obtained by working within a single once 

the soil library is developed without the inefficiencies of data interchange between two software 

platforms and analysis teams.  

An example is presented that demonstrates the method’s functional equivalence to SASSI for 

comparative models and capabilities beyond SASSI for soil-structure-fluid interaction models. 

Experimental studies are suggested for the UNR soil column test apparatus to learn more about 

the triad coupling approach. 
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3.5 NEW TRENDS IN NUMERICAL MODELING OF SEISMIC SOIL-

STRUCTURE-INTERACTION 

Presenter: Youssef Hashash 

 

Institution/Organization: University of Illinois at Urbana-Champaign 

 

Email: hashash@illinois.edu   

 

Abstract: Rapid urbanization and infrastructure development in areas with seismic hazard 

throughout the world require a detailed understanding of their anticipated performance during 

anticipated shaking events. These evaluations are essential to the assessment of the resiliency and 

post-earthquake performance of individual infrastructure elements such as buildings, tunnels, and 

bridges as well as overall post-earthquake system performance. While designing for life safety 

remains a primary objective of seismic design, performance-based design, and functional recovery 

are increasingly important considerations. Conventional and simplified approaches whereby 

separate evaluations of the seismic response of a structure and the supporting soil are performed 

are often insufficient for performance-based and functional recovery design. Advances in analysis 

software, computing hardware, and big data management tools have made it possible to analyze 

complex nonlinear seismic soil-structure-fluid interactions in three dimensions (3D) in research 

and more importantly engineering practice. Large-scale laboratory experiments can provide us 

with insights into such complex interactions. They complement centrifuge experiments and are 

invaluable for the calibration of advanced numerical simulations. This presentation will describe 

recent developments in 3D seismic soil-structure interaction (SSSI) modeling of a range of 

infrastructure systems. Available state-of-the-art and practice numerical analysis tools will be first 

described with a focus on computational efficiency, high-fidelity modeling of both the soil and the 

structure systems, and scalability of analysis from desktop computers to high-performance 

computing systems and management of large data volumes. Developments made by our research 

group will be presented covering several problems including tall buildings, tunnels, etc. The 

analyses provide insights into the system response that would not be possible using simpler 

decoupled analysis approaches. The presented examples demonstrate that the age of advanced 3D 

SSSI is upon us providing the tools to tackle what otherwise would have been considered 

intractable problems and will benefit greatly from large-scale experiments. 
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3.6 VALIDATION TESTING FOR EARTHQUAKE SOIL 

STRUCTURE INTERACTION MODELING AND SIMULATION 

Presenter: Boris Jeremic 

 

Institution/Organization: University of California, Davis 

 

Email: jeremic@ucdavis.edu   

 

Abstract: Presented will be numerical modeling validation concept and field and laboratory testing 

suggestions for problems involving earthquakes, soil, structures, and their interaction (ESSI). The 

focus will be on modeling requirements for ESSI problems and on the determination of the 

accuracy of available models to represent the real world. A number of suggested field and 

laboratory testing setups will be illustrated in view of their use for ESSI modeling and simulation. 

Modeling and simulation of wave propagation in solids and structures, inelastic behavior of solids, 

structures and interfaces, and interaction of solids/structures and fluids, both internal and external, 

main modeling problems for successful ESSI analysis, will be used to motivate a suggested set of 

tests. The need for quantification of variability and uncertainty in test data will be analyzed and 

illustrated as well. 

  



14 

3.7 MODELING THE SEISMIC RESPONSE OF SPENT NUCLEAR 

FUEL IN DRY STORAGE 

Presenter: Nicholas Klymyshyn 

 

Institution/Organization: Pacific Northwest National Laboratory 

 

Email: nicholas.klymyshyn@pnnl.gov   

 

Abstract: The US Department of Energy’s Spent Fuel and Waste Science and Technology 

(SFWST) program is investigating the mechanical loading of spent nuclear fuel (SNF) to close 

knowledge gaps and inform the range of relevant loads for mechanical testing of irradiated SNF. 

The SFWST program has performed full-scale dynamic testing of multimodal transportation and 

cask drop scenarios related to normal conditions of transportation and is now preparing for a full-

scale SNF dry storage system shake table test to measure the dynamic response of SNF to 

hypothetical ground motion. The SFWST test team includes several US organizations and potential 

international collaborators from Spain, South Korea, and Germany. The test plan is still being 

developed and discussions with international collaborators are ongoing, but this presentation will 

include an overview of the test program and the project team.  

Researchers at Pacific Northwest National Laboratory (PNNL) are developing explicit dynamic 

finite element models of SNF and SNF cask systems to support the shake test program. Vertical 

and horizontal SNF canister storage systems are being modeled with a range of features to explore 

the structural dynamics of the canister systems and to ultimately make pre-test predictions of their 

response to shake table excitation. This presentation will describe PNNL’s current progress in 

finite element modeling the SNF cask systems to inform the test plan. It will also cover the 

remaining modeling steps needed to support the test campaign and briefly describe the next 

modeling steps after the test data is collected.    
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3.8 DESIGN VERIFICATION OF LARGE SCALE LAMINAR SOIL 

BOX 

Presenter: Jenna Wong 

 

Institution/Organization: San Francisco State University 

 

Email: jewong@sfsu.edu 

 

Abstract: As part of a collaborative United States Department of Energy (US DOE) project, a 

large-scale laminar soil box is currently under construction at the University of Nevada, Reno 

(UNR). This box will expand the experimental capability for soil-structure-interaction (SSI) 

research providing new data, especially for SSI numerical model validations. This project brings 

together the engineering expertise of faculty from Lawrence Berkeley National Laboratory, the 

University of California, Davis, UNR, and San Francisco State University (SFSU). At SFSU, 

extensive work has focused on design verification of the soil box which once completed will be a 

4.6m tall octagonal-shaped system with an inner radius of 6.6m. Comprised of steel and 

elastomeric bearings, the structural system of the box is quite complex and unique harnessing the 

natural flexibility of bearings to provide containment without restraining natural soil movement. 

As this is a first-of-its-kind experimental system, the design verification is quite complex. 

Throughout this project, computational simulations have been conducted to explore not only the 

box’s structural response but more importantly the nonlinear soil behavior with the goal of looking 

ahead to future experimental studies. To achieve this, various models have been used including 

single brick elements, soil columns, cores, and full-scale finite element models on OpenSees. This 

also has expanded work into examining soil constitutive models for calibration and sensitivity. 

Through a systematic approach, design verification for this study progressively worked from static 

to dynamic analyses to fully characterize the dynamic properties of the box and explore potential 

responses of experimental test specimens. This presentation covers the verification studies used to 

develop large-scale computational models and build the foundation for future SSI validation 

efforts. 
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3.9 SHAKE TABLE TESTS FOR VALIDATION OF NUMERICAL FSI 

MODELS OF ADVANCED REACTORS 

Presenter: Faizan Ul Haq Mir 

 

Institution/Organization: State University of New York at Buffalo 

 

Email: faizanul@buffalo.edu   

 

Abstract: Some safety-critical components in advanced nuclear reactors contain fluids (e.g. 

coolant) or are submerged in fluids. Dynamic analysis of such components for seismic design 

should consider the interaction effects of the contained or surrounding fluid, referred to as fluid-

structure interaction (FSI) effects. Analytical solutions for evaluating such effects are available, 

but their application is restricted to simple structural and fluid domain geometries, simple 

boundary conditions, small amplitude seismic inputs, and linear fluid responses. Full-scale testing 

of advanced reactor vessels and their internal components for informing their seismic design is not 

feasible given their size and cost. The only plausible alternative for performing seismic design and 

risk assessment calculations with consideration of FSI effects is the use of verified and validated 

numerical models.  

Physical test data that could be used for validating numerical FSI models over a wide range of 

earthquake shaking do not exist. An experimental program involving a scaled model of a reactor 

vessel and simplified representations of submerged internals was executed on a six-degrees-of-

freedom earthquake simulator at the University at Buffalo to generate such data. Hydrodynamic 

responses (pressure, wave height, base reactions) and submerged component responses 

(acceleration, strain, reduction in frequency due to submergence) to a wide range of multi-

component shaking were generated. The data from the experiments are being used to validate a 

previously verified FSI solver: Arbitrary Lagrangian and Eulerian (ALE) in LS-DYNA. The 

presentation will involve details of the experimental program and ongoing validation studies.  
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3.10 E-DEFENSE SHAKING TABLE TEST OF 3-STORY R/C FRAME 

STRUCTURE WITH PILE FOUNDATION 

Presenter: Koichi Kusunoki 

 

Institution/Organization: Earthquake Research Institute, the University of Tokyo  

 

Email: kusunoki@eri.u-tokyo.ac.jp   

 

Abstract: Since the E-Defense was built in 2005, several large-scale shaking table tests were 

conducted. When the superstructures were shaken, the bottom of the specimen was fixed to the 

table. On the contrary, when the test's objective is Soil-Structure-Interaction (referred to as SSI, 

hereafter), soil layers and pile foundations were constructed in a large-scale laminar shear box. 

The superstructure was simplified down to the elastic single-degree-of-freedom system. However, 

the SSI is affected by the non-linear behavior of not only the soil layer and foundation but also the 

superstructures.  

Kumamoto Earthquake occurred in 2016 in the far west of Japan. In a complex, three low-rise R/C 

apartment buildings supported by pile foundations, designed and constructed in the same year, 

tilted a lot during the earthquake. The superstructures, however, suffered minor damage. The pile 

foundations were investigated by digging out the surrounding soil, and it was observed that they 

failed in shear.  

We planned to conduct a shaking table test with a three-story R/C specimen supported by a pile 

foundation. The test was the first shaking table test at E-Defense with a realistic superstructure and 

pile foundation. One of the main results was that the piles were severely damaged without any 

crack in the soil surface or tilting of the superstructure. There were two more apartment buildings 

constructed nearby the tilted three buildings in almost the same year. No damage could be observed 

from the outside. According to the shaking table test result, the piles of the buildings were 

investigated, too, and it was found that some of them were severely damaged as the shaking table 

test. It is required to develop a damage detection system for piles, such as a structural health 

monitoring system.    
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3.11 MODELING VERTICAL FREE-FIELD MOTION FOR SSI 

ANALYSIS CONSISTENT WITH VERTICAL DESIGN MOTION 

DEVELOPMENT 

Presenter: Farhang Ostadan 

 

Institution/Organization: Bechtel Corporation 

 

Email: fostadan@bechtel.com   

 

Abstract: The current approach to developing horizontal design motion for structural design is 

based on ground motion models that provide horizontal motion and incorporates site amplification 

to develop horizontal design motion. For vertical design motion, the soil column analysis is no 

longer performed; instead, the applicable frequency-dependent empirical spectral vertical-to-

horizontal (V/H) ratios are applied to obtain the vertical design motion. The steps used by the 

industry today are described in ASCE 43-05, ASCE 4-16, and NUREG/CR 6728. Once the free-

field horizontal and vertical design motions are determined, the motions are specified in the soil-

structure interaction (SSI) model at the foundation level of the structure in the free field and SSI 

analysis is performed to develop seismic structural responses for the design of the structure and 

equipment.   

In the computer program SASSI SSI formulation for vertical SSI analysis, free-field soil column 

analysis is performed first to obtain the free-field ground motion at the site layers within the 

embedment depth of the structure using P-wave formulation. Consequently, the vertical motion in 

the free field amplifies from the foundation level to the ground surface with the resulting V/H ratio 

exceeding the pre-determined value determined for the site. Thus, the structure is inherently 

subjected to higher vertical motion resulting in higher vertical seismic demand for the structure 

and equipment design.   

Increasing the vertical SSI input motion not only increases the vertical structural responses but 

also challenges the seismic stability of the structure in the vertical direction when both buoyancy 

forces and seismic loads are considered.   

In this presentation, a new formulation for vertical motion for SSI analysis is described. The 

applicable site V/H ratio used for the development of the vertical design motion is also used as a 

basis for the development of the free-field motion for SSI analysis.  
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3.12 THE DIFFERENT PHENOMENOLOGY OF DYNAMIC SSI FOR 

BUILDINGS, BRIDGES AND POWER PLANTS: NUMERICAL 

AND IN-SITU FULL-SCALE TESTS 

Presenter: Guido Andreotti 

 

Institution/Organization: IUSS-EUCENTRE 

 

Email: guido.andreotti@eucentre.it   

 

Abstract: The study of Soil-Structure-Interaction is traditionally decomposed into “kinematic” and 

“inertial” effects, which are respectively due to: (i) the stiffness of structural elements in contact 

with the ground that modifies the free-field input motion and (ii) the transmission of the structural 

inertial forces back to the soil. For buildings, the dynamic SSI problem is typically solved using 

the so-called substructure method, which is based on decomposing the superstructure-foundation-

soil system into two subsystems whose response is determined independently. The response of the 

overall system is obtained from the application of the superposition theorem, in which the basic 

assumption is represented by the linearity of the superstructure-foundation-soil system. However, 

when both structural and soil nonlinearities are significant, this method is not reliable. We 

demonstrated that the dynamic SSI problems of bridges with Cast-In- Drilled-Hole (CIDH) pile 

columns and the underground structures of power plants (e.g. hydraulic tunnels) are governed by 

the relative variation of stiffness and strength of soil and structural elements, as a consequence of 

the different evolution of nonlinearity. Moreover, providing evidence that the mechanical 

properties of soil influence the capacity of the structure (i.e. length and position of plastic hinges) 

and vice-versa, we showed that “kinematic” and “inertial” effects cannot be treated separately in 

this kind of structure. Aiming to study the SSI problem experimentally at EUCENTRE has been 

developed the “MobiLab”, which is a mobile laboratory to perform in-situ dynamic tests of full-

scale structures and geotechnical systems. The advantage of this approach is to perform SSI 

experimental tests directly in situ on full-scale systems, considering the real soil conditions and 

imposing real ground motions.  
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3.13 ASSESSING KINEMATIC SOIL-STRUCTURE INTERACTION 

IN NUCLEAR POWER PLANT STRUCTURES BASED ON FIELD 

AND EXPERIMENTAL DATA 

Presenter: Ramin Motamed   

 

Institution/Organization: University of Nevada Reno 

 

Email: motamed@unr.edu 

 

Abstract: Recorded earthquake motions at free-field ground accelerometers and at the foundation 

level of adjacent instrumented structures can provide insight into the extent of the kinematic Soil-

Structure Interaction (SSI) phenomenon. Kinematic SSI effects are divided into two main 

categories namely (1) base slab averaging, and (2) embedment effects. Although considering 

kinematic interaction effects reduces foundation-level motions relative to the free-field motions, 

the current design guidelines are specific to regular buildings and irrelevant to nuclear structures 

with much larger foundation dimensions and depths. The objective of this research is to develop a 

simplified procedure for evaluating the extent of kinematic SSI in nuclear facilities. In this study, 

we utilized data from five well-instrumented nuclear facilities in Japan where a free-field 

downhole array was located adjacent to each instrumented structure with sensors at the foundation 

level enabling the empirical assessment of kinematic SSI. This presentation features two example 

instrumented sites namely the Kashiwazaki-Kariwa Nuclear Power Plant and the Hamaoka 

Nuclear Power Plant in Japan.  

The extent of kinematic SSI was quantified at these sites using the ratio of response spectra (RRS) 

between foundation motions and the corresponding free-field motions and compared with the 

recommended RRS based on ASCE/SEI 4117. This presentation illustrates that ASCE/SEI 41-17 

recommended RRS can overpredict the foundation motion in nuclear structures by 50%. Data from 

the five selected nuclear facilities in Japan will be supplemented with results from a series of 

moderate-scale shake table tests at the University of Nevada Reno to fill the data gaps. Overall, 

this presentation highlights the need to develop a technical basis for simplified formulations for 

assessing kinematic SSI in nuclear structures for inclusion in future design guides such as ASCE 

4 “Seismic Analysis of Safety-Related Nuclear Structures” which is one of the primary design 

guides for DOE nuclear facilities per DOE-STD-1020-2016.   
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3.14 PHYSICAL MODELING OF SOIL-STRUCTURE SYSTEMS IN 

UNSATURATED SOILS: CHALLENGES AND 

OPPORTUNITIES 

Presenter: Majid Ghayoomi 

 

Institution/Organization: University of New Hampshire 

 

Email: majid.ghayoomi@unh.edu   

 

Abstract: Understanding the fundamental mechanisms and performance of soil-foundation-

structure systems requires assessing the collective response of the superstructure, foundation, and 

surrounding soil under monotonic or seismic loads. Accounting for soil-foundation-structure 

interaction (SFSI) effects, regardless of the approach, has one major component; i.e., the 

surrounding soil. Under earthquakes, for example, soil characteristics impact the motion 

transferred to the foundation through the soil-foundation interface, change the flexibility and 

natural frequency of the system related to soil-foundation stiffness and damping, and alter 

seismically induced settlements. Shallow soils that support the surface structures are often 

unsaturated, with complex dynamic behavior that differs from dry and saturated soil deposits 

because of inter-particle suction stresses. Despite the proven significant effects of the degree of 

saturation on dynamic soil properties, the current practice relies on procedures that do not directly 

include the effects of the degree of saturation. Physical modeling plays a key role in expounding 

these effects and calibrating and validating coupled numerical models. However, in the past, 

difficulties in modeling unsaturated soils and controlling and measuring the degree of saturation 

have slowed down these efforts. The use of geotechnical centrifuge, as much as it has been 

attractive to the geotechnical engineering community due to its capacity to capture soil’s stress-

dependent response, often poses procedural and analytical challenges when dealing with 

unsaturated soils. Large-scale physical models, however, can address these challenges and better 

simulate both the state of suction stress and hydromechanical conditions in unsaturated soils. This 

presentation discusses the existing challenges and potential opportunities in modeling soil-

structure systems in unsaturated ground, how to control and measure the state of saturation, and 

the impacts of the degree of saturation on the overall performance of different systems such as 

kinematic and inertial soil-structure interaction, rocking foundations, pile lateral response, and 

seismic compression.   
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3.15 RESULTS FROM SHAKING TABLE TESTS ON FULL-SCALE 

RAIL EMBANKMENTS 

Presenter: John McCartney   

 

Institution/Organization: University of California, San Diego 

 

Email: mccartney@ucsd.edu   

 

Abstract: A series of earthquake motions of increasing amplitude was applied to a full-scale rail 

embankment using the Powell Laboratory shaking table at UCSD. The goal of this study was to 

evaluate the differential settlement of the rails during an earthquake and to identify the primary 

causes of settlement (lateral slope movement or seismic compression of the soil layers underlying 

the rails). This presentation will present the process used in designing the shaking table tests, some 

of the key results from the experiments, and a comparison with preliminary simulations performed 

using FLAC2D. Although greater settlements were observed for the rail closest to the slope face, 

the magnitude of the measured tilt angle between the rails was within acceptable limits. 
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3.16 ADVANCED INSTRUMENTATION FOR LARGE-SCALE 

LAMINAR SOIL BOX SHAKE TABLE TESTING 

Presenter: David McCallen 

 

Institution/Organization: University of Nevada Reno and Lawrence Berkeley National Laboratory 

 

Email: dbmccallen@lbl.gov   

 

Abstract: Recent developments in advanced sensors and agile communications are providing 

transformational new methods for monitoring the earthquake response of engineered systems in 

real-time. Over the past four years, a laser-based optical sensor system for directly measuring 

earthquake-induced building drift has been under progressive development with support from the 

DOE Office of Nuclear Safety’s Nuclear Safety Research and Development Program. The 

underlying technology base has undergone three generations of improvement and has matured to 

the point of readiness for initial field deployments. This technology has been extensively tested in 

the laboratory under simulated earthquake conditions, and careful value engineering has resulted 

in a system that can measure building dynamic inter-story drifts to within ~2mm, as well as 

permanent drifts due to nonlinear system response. The individual optical sensors – termed 

Discrete Diode Position Sensors (DDPS) – have been fitted with on-board wireless communication 

nodes so that the sensors can form a self-configuring network for agile sensor-to-sensor data 

transmission. This technology has been deployed on a building situated just adjacent to the 

Hayward Fault in the San Francisco Bay Area at the DOE’s Lawrence Berkeley National 

Laboratory and has been operating reliably under real-world field conditions for the past 19 

months.  

This presentation will provide an overview of the unique features of the optical sensor technology, 

including the ability to measure very broad-band dynamic response and summarize extensive 

experimental evaluations of sensor performance and accuracy. The most recent work in developing 

an advanced generation four, biaxial version of the sensor will be summarized. The presentation 

will also describe how a DDPS network could be deployed on the UNR large-scale laminar soil 

box experimental system to facilitate agile, wireless shake table system data acquisition on this 

very large experimental system.  
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3.17 DISTRIBUTED FIBER-OPTIC SENSING FOR SUBSURFACE 

VIBRATION AND DEFORMATION MONITORING 

Presenter: Elnaz Seylabi 

 

Institution/Organization: University of Nevada Reno  

 

Email: elnaze@unr.edu   

 

Abstract: Distributed fiber-optic sensing technologies convert fiber-optic cables into massive 

sensing arrays by sending a laser pulse down the cable and measuring changes in the profile of 

light backscattered from every point along a continuous fiber caused by perturbations in the 

environment surrounding the cable. In this way, fiber-optic techniques can be used to spatially 

resolve measurands such as strain rate, strain, and temperature at resolutions of a few meters along 

several kilometers, providing a sensing coverage equivalent to tens of thousands of point sensors. 

Classically, most studies have been focused on measuring absolute temperature (Distributed 

Temperature Sensing, DTS) and (pseudo-) static strain (Distributed Strain Sensing, DSS). In recent 

years, research on the development of Distributed Acoustic Sensing (DAS) for measuring dynamic 

strain caused by vibrations affecting the cable has accelerated. DAS has proven successful in 

various applications such as exploration geophysics, earthquake monitoring, and geotechnical 

characterization. Therefore, it is developing growing demand in the oil and gas industry, 

geothermal energy, seismology, and structural health monitoring applications.  

This presentation discusses the potential of using these novel distributed fiber-optic sensing 

technologies for health monitoring and performance assessment of subsurface infrastructures such 

as deep foundations, which are often inaccessible for inspections after extreme events and under 

long-term service loads. In particular, we will focus on exploring the use of DAS for accurately 

measuring the dynamic (and permanent) strain inflicted on a buried structure and surrounding soil 

during and after significant seismic events at unprecedented spatial and temporal resolution. The 

presentation will also demonstrate how the large-scale soil box experimental facility at the 

University of Nevada Reno provides a unique opportunity to assess the performance, capabilities, 

and limitations of this sensing technology in broadband measurement of subsurface deformations 

and vibrations compared to the conventionally used point sensors such as strain gauges and 

accelerometers.   
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3.18 3D EFFECTIVE STRESS ANALYSIS ON SOIL BEHAVIOR 

AROUND CLOSELY SPACED PILE GROUP IN CENTRIFUGAL 

SHAKING TABLE TESTS 

Presenter: Yuta Nakagama   

 

Institution/Organization: Tokyo Electric Power Services Co., Ltd. 

 

Email: y.nakagama@tepsco.co.jp 

 

Abstract: Behaviors of soil around closely spaced pile groups with a normalized pile spacing of 

2.5 were investigated based on a series of dynamic effective stress analyses of the three-

dimensional (3D) finite element method (FEM). Soil-pile structure system in both dry sand and 

saturated sand model in the centrifuge shaking table tests with 30g in the previous study (Suzuki 

et al., 2006) was simulated by using FLIP ROSE 3D ver.1.6 (FLIP consortium, 2018), considering 

three-dimensional multiple shear mechanisms for soil (Iai, 1993). The major findings as obtained 

from the present study are shown as follows:  

1) The pile group effect was successfully simulated by analysis in the dry sand model. While 

the group pile effect in the saturated sand model during liquefaction was not remarkable as 

compared with dry sand. These results agreed with the previous findings. 

2) The computed result shows that the mechanism of subgrade reaction in a pile group is 

different between dry and saturated ground; the horizontal compression normal stress of soil at the 

front side of the pile mainly contributes to the subgrade reaction in dry sand, while pore water 

pressure reduction at the back side of a pile is the main cause in saturated sand.  

3) The calculated hysteresis of pore water pressure and relative displacement between soil 

and pile was qualitatively consistent with the observed hysteresis in the large-scale shaking table 

tests (Tokimatsu and Suzuki 2004). That was, the pore water pressure tended to decrease as the 

relative displacement increased at the back side of the pile in the trailing row, and the trend was 

more significant in the pile outside of the pile group than the pile inside.  

We confirmed that a series of computed results supported the presumed mechanisms revealed in 

the previous shaking table tests.  

  



26 

3.19 EQUIPMENT ISOLATION IN ADVANCED NUCLEAR POWER 

PLANTS 

Presenter: Kaivalya Lal 

 

Institution/Organization: University at Buffalo 

 

Email: klal@buffalo.edu   

 

Abstract: Seismic isolation can substantially reduce earthquake loadings on structures, systems, 

components (SSCs), and equipment, and is being considered for application to advanced nuclear 

reactors. The conventional implementation isolates the reactor building at its base and was the 

focus of several completed research projects funded by the U.S. Department of Energy (DOE) and 

the U.S. Nuclear Regulatory Commission (NRC). An alternate implementation of seismic isolation 

involves the protection of SSCs and equipment inside a reactor building, which is the focus of an 

ongoing MEITNER project funded by the DOE Advanced Research Projects Agency–Energy 

(ARPA-E).  

The MEITNER project includes an experimental program that is investigating the application of 

seismic isolation to equipment. Four models are being evaluated, with three isolated at the base, 

and one isolated at its mid-height. This study examines a non-traditional solution for seismic 

isolation of safety-related equipment, wherein a cylindrical vessel was isolated at its mid-height 

and near its center of gravity. The test specimen was 240 inches tall and had an outer diameter of 

60 inches. The vessel was supported on a stiff steel frame by three equally spaced mounts. Friction 

Pendulum bearings were installed between each mount and the steel frame. The test specimen was 

subjected to three component ground motions using a 6-degrees-of-freedom earthquake simulator 

at the University at Buffalo. The vessel was filled with water and sample internals were attached 

to the vessel head. The total weight of the vessel including the water, head, and internals was 

approximately 40 kips. Three configurations were tested, non-isolated, isolated using single 

Friction Pendulum bearings, and isolated using triple Friction Pendulum bearings. Data from the 

experiments show that mid-height isolation enables significant reductions in seismic demands in 

both the vessel and its internals.   
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3.20 DYNAMIC DISTRIBUTED FIBER OPTIC STRAIN SENSING 

FOR LAB TESTING 

Presenter: Matthew DeJong   

 

Institution/Organization: University of California, Berkeley 

 

Email: dejong@berkeley.edu   

 

Abstract: Distributed fiber optic sensing (DFOS) is emerging as a viable sensing option for both 

field and laboratory applications. In particular, Brillion Optical Frequency Domain Reflectometry 

(BOFDR) is a DFOS technique that is particularly suited to laboratory testing and dynamic 

loading. This presentation will highlight the benefits of BOFDR for laboratory testing and then 

summarize recent laboratory tests that demonstrate these benefits.   

BOFDR allows strain measurement at approximately every millimeter along a fiber optic cable up 

to 50 meters long at a sampling rate of up to 250 Hz, depending on the sensing cable length. Fiber 

optic cables can be embedded in concrete, epoxied to the surface of steel beams or reinforcing 

bars, or embedded in the soil. Our research has recently quantified the performance of 6 different 

types of sensing cable, providing different sensing options for different applications. Thus, for 

measuring SSI under earthquake loading, BOFDR could enable high-resolution measurement of 

dynamic distributed strain in the soil, within the structure, or on the surface of the structure, while 

minimizing cabling.   

To demonstrate these benefits, three laboratory testing campaigns will be summarized. First, a 

testing campaign involving tensile testing of reinforced concrete members with cables embedded 

in both the concrete and rebar will be used to demonstrate the ability of BOFDR to measure strain 

inside reinforced concrete elements and to detect the onset of concrete cracking very early. Second, 

test results from cyclic loading of a beam-column joint will be used to demonstrate the ability to 

detect distributed damage (e.g. plastic hinge length) up to large strain levels. Third, results from 

dynamic tests of a scaled wind turbine tower model with bolted sections and surface epoxied cables 

will be used to demonstrate the ability to detect damage in both steel connections and material.  
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3.21 NONLINEAR SEISMIC FRAGILITIES FOR USE IN SEISMIC 

PERFORMANCE ASSESSMENTS 

Presenter: Michael Salmon 

 

Institution/Organization: Los Alamos National Laboratory 

 

Email: salmon@lanl.gov   

 

Abstract: This presentation presents a novel approach for the computation of seismic fragilities 

which incorporates the nonlinear response of soil and structure elements. The presentation 

summarizes the key features of the approach which includes capturing nonlinear response at 

multiple hazard levels and the consideration of realistic ground motions.  

DOE O-420.1c mandates that the national laboratories examine changes in seismic hazard on a 

10-year basis. If the hazard has changed significantly, then re-analysis of structures, systems, and 

components important to safety must be performed. The challenge for existing facilities is to 

compute the performance for a hazard that is frequently above the design basis. This has been 

typically done using probabilistic risk approaches wherein the seismic fragility of a structure 

system or component is derived based on a response analysis of the structure to a given design-

level or review-level ground motion. The risk assessment approach then inherently assumes a 

linear response of the structure for other ground motion levels. This may be unnecessarily 

conservative for robust structures and/or when beneficial response nonlinearities exist, wherein 

functional performance is maintained for much larger ground motions than was analyzed.   

The novel seismic performance approach being undertaken at Los Alamos for a key critical nuclear 

facility addresses unintended conservatism by explicitly computing the mean probability of failure 

of the structure to performance at multiple ground motion hazard levels. It is suggested that this 

new paradigm is appropriate and promising for critical facilities to obtain a more accurate 

calculation of seismic performance. The framework for the project is presented in detail so that 

other projects wanting to undertake new seismic risk assessments may learn from lessons on this 

project. Early lessons learned from the application of the novel approach are presented.   
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3.22 MODELING INPUT NEEDS FROM LARGE-SCALE SHAKE 

TABLE TESTING – CASE STUDY FROM SAFETY ANALYSIS 

OF A DOE FACILITY 

Presenter: Mohamed Talaat   

 

Institution/Organization: Simpson Gumpertz & Heger Inc 

 

Email: Mtalaat@sgh.com   

 

Abstract: This presentation summarizes a state-of-the-art seismic risk assessment of a DOE 

structure and focuses on the opportunities that large-scale shake table testing capabilities provide 

for increasing confidence in simulated behavior under extreme conditions. The facility is located 

in a deep soil site with soil layer inversions and significant soil nonlinear response expected at 

high shaking levels. The seismic response characterization uses explicit nonlinear dynamic 

analysis of the structure and surrounding soil domain. The subject of this presentation is motivated 

by the characterization of seismic demands on the structure components using the soil-structure 

interaction (SSI) simulation and the strong effect of nonlinear soil response on these demands.   

Preliminary risk assessment indicated that annual frequencies of some structural failure modes of 

interest are influenced by the effect of soil nonlinearities on structure demands. The nonlinear soil 

response at risk-significant ground shaking levels exhibits soil deformations that exceed what is 

typically involved in physical testing performed for site characterization. The fidelity of the 

simulation model to generate estimates of the structure demand, and therefore risk estimates, can 

therefore be strongly influenced by judgment involved in defining soil material properties at large 

strains, e.g., hysteretic damping.   

This fidelity is also strongly influenced by the idealizations involved in computationally 

propagating a constitutive soil material model based on in-situ test location or a small-sized sample 

response to the dynamic response of a large soil domain, whose adequacy is not presently 

benchmarked against test data at high deformation levels. This calls into focus whether and how 

numerical models should adapt soil properties and modeling parameters extracted from individual 

samples to represent nonlinear behavior that engages a relatively large soil domain.  

We will summarize the preliminary results of the case-study project where insights indicate a 

strong influence of such soil behavior, and underscore model improvement opportunities from 

shake-table testing.   
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3.23 OPPORTUNITIES FOR IMPROVING THE SEISMIC SAFETY OF 

CRITICAL DOE FACILITIES THROUGH LARGE SCALE 

SHAKE TABLE TESTING COMBINED WITH HIGH-FIDELITY 

NUMERICAL SIMULATIONS 

Presenter: Payman Tehrani 

 

Institution/Organization: SC Solutions, Inc. 

 

Email: PTehrani@scsolutions.com   

 

Abstract: The soil-foundation-structure system response of a critical DOE facility was evaluated 

as part of its seismic safety assessment. The assessment used an integrated 3D nonlinear seismic 

Soil-Structure Interaction (SSI) analysis methodology in which the structure, site, and their 

interaction are modeled explicitly. The semi-embedded reinforced concrete building is supported 

on a site with varying geomaterial properties over depth including multiple shear stiffness reversals 

where a relatively soft geomaterial is sandwiched between significantly more competent 

geomaterial layers.  

The adopted integrated seismic assessment approach would accommodate the incorporation of 

spatial variability of site stratigraphy and dynamic geomaterial properties, e.g. density, shear 

stiffness and strength, and hysteretic damping through continuum finite element discretization for 

3D site response characterization. However, it is common practice to idealize the site as 

horizontally layered with uniform “average” properties assigned to each layer considering the 

limited footprint of the structure and in many cases the limited scope of geotechnical investigations 

and site characterization programs. Additionally, the benefit of investment in a more rigorous 

representation of the 3D site effects cannot be reliably quantified due to the scarcity of large-scale 

experimental data documenting the impact of such considerations on the site response and 

ultimately structural demands. Large-scale shake table testing combined with high-fidelity SSI 

simulations provides a unique opportunity to quantify the sensitivity of the structural response to 

common site response analysis idealizations.   

The seismic SSI analysis results of the DOE facility under study will be used in this presentation 

to identify the key inputs into 3D site response analysis whose impact on the structural response 

should be quantified via large-scale shake table testing and simulations of various resolutions.    
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3.24 MODEL-IN-THE-LOOP TESTING OF A BASE-ISOLATED 

CYLINDRICAL TANK 

Presenter: Sai Sharath Parsi 

 

Institution/Organization: University at Buffalo 

 

Email: parsisaisharath@gmail.com   

 

Abstract: Model-in-the-loop (MIL) testing, also referred to as real-time hybrid testing, could be 

used as an alternate strategy for seismic qualification of structures, systems, or equipment because 

only part/parts of an equipment or a system are physically constructed and tested, referred to herein 

as a physical subsystem (PS), and the effects of the remaining components on the test specimen 

are simulated virtually using numerical models, referred to as a virtual subsystem (VS). The 

Advanced Research Program Agency–Energy (ARPA-E) is currently funding a MEITNER project 

to investigate opportunities for the application of MIL for the qualification of large safety-class 

nuclear equipment. As a part of this project, an experimental program is currently underway at the 

University at Buffalo wherein MIL is conceptualized, implemented, and demonstrated for a base-

isolated cylindrical tank (4 feet high and 4 feet in diameter). The tank and the contained fluid are 

part of the PS, and a system of seismic isolators at its base constitute the VS. In the MIL 

experiments, the tank is mounted atop a uniaxial hydraulic shake table, 4 feet x 3 feet in plan, 

which is used to mimic the isolation system motion at the base of the tank. MIL controls are 

designed to drive the shake table actuator, the shear force at the interface is measured using load 

cells and it is provided as feedback to the VS model, so the PS and VS interact in real-time 

throughout the test. The goal of the control design is to drive the shake table platform such that the 

acceleration at the base of the vessel is equivalent to that which the isolation system represented 

in the VS would have imposed. The test system modeling, design, verification, and validation of 

controls, and test results for this MIL demonstration will be discussed in this presentation.  
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3.25 LBNL NERSC BASE ISOLATED FLOOR – USING SCIENCE TO 

PROTECT SCIENCE 

Presenter: Tim Hart 

 

Institution/Organization: Lawrence Berkeley National Laboratory 

 

Email: thart@lbl.gov   

 

Abstract: The National Energy Research Scientific Computing Center (NERSC), located at the 

Lawrence Berkeley National Laboratory, is the high-performance supercomputer center for the 

Department of Energy Office of Science. This 149,000-square-foot facility, which opened in 2015, 

houses the supercomputers supporting research projects of more than 7,000 active users from 

national laboratories, universities, and private industry.  

The NERSC facility is directly adjacent to the Hayward Fault, which according to USGS estimates 

has a 72 percent chance of generating a large magnitude earthquake within the next thirty years. 

Given this high probability and the importance of the supercomputer systems to DOE research, 

the supercomputers are located on a base isolated floor system that was constructed with the 

building. This floor was the first of its kind installed at a DOE national laboratory.  

The floor was designed to accommodate 18 inches of lateral building movement and utilizes a 

system of steel-framed carts on wheels. The carts are isolated from the building floor by large 

springs that are tuned to isolate the floor, allow for maximum flexibility in the layout of the 

computing systems, and allow for the computers to be installed and replaced as needed for 

research.   

To validate the design, full-scale sections of the isolated floor were tested at the UC Berkeley 

Richmond Field Station shake table. The sections were tested for 7 different ground motion time 

histories and for a variety of layouts to simulate the incremental installations of the computers. 

The tests showed that the system isolated approximately 50 percent of the ground motions 

imparted from the floor.  

The proposed presentation will review the procedures used to design the isolated floor, the shake 

table testing done to verify the design, the challenges that were encountered during the design and 

construction process, and how those challenges were overcome.  
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3.26 INVESTIGATING THE INTEGRITY OF BURIED STRUCTURES 

AND FACILITIES DURING EARTHQUAKES: EXPERIMENTAL 

CONCEPTS FOR THE SOIL-STRUCTURE-INTERACTION 

EXPERIMENTAL FACILITY AT UNR IN RENO 

Presenter: Yves Guglielmi 

 

Institution/Organization: Lawrence Berkeley National Laboratory 

 

Email: yguglielmi@lbl.gov   

 

Abstract: The integrity of buried structures important for subsurface energy applications such as 

hydrocarbon and geothermal wells, pipelines, and underground storage facilities can be severely 

impacted during earthquakes. LBNL and the Nuclear Waste Management Organization of Japan 

have collaborated since 2016 on understanding the modification of fault hydrogeology during and 

following earthquakes. This phenomenon has great importance for the geologic disposal of 

radioactive waste, where the long-term performance depends on the capability of the natural 

system to contain radionuclides for hundreds of thousands of years. Within the frame of a 

California Energy Commission-funded project, LBNL researchers are modeling how the complex 

vertical-to-horizontal strain associated to the passage of the seismic waves can potentially damage 

hydrocarbon wells and pipelines. LBNL is developing new broadband sensors for measuring the 

co-seismic three-dimensional displacement in boreholes and is using these and other high-

resolution instrumentation in dedicated field experiments (San Juan Bautista, CA) that are 

analyzed with full-physics numerical modeling to explore these complex dynamic hydro-

mechanical processes. Adding the 21.5 ft x 15 ft soil box facility at UNR in Reno to this research 

portfolio offers a unique opportunity to study the response of the complex soil-buried structure 

system to controlled dynamic wave loadings at the relevant multi-meter scale, and thus to bridge 

the gap between field-scale experiments and numerical models. One experimental concept 

comprises installing a vertical well assembly replica fully instrumented with advanced 

displacement sensors in the soil box which would be filled with layered soils. This would allow 

studying the consequences of dynamically triggered shear at the soil layer interfaces and assessing 

the vertical ground motion amplification due to variations in seismic wave velocities on borehole 

integrity. A following step would be to saturate the soil and explore the effects of dynamic shaking 

on the characteristics of the soil layers and their interfaces.  
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 CONCLUSIONS 

4.1 SUMMARY 

The objective of the workshop was to take stock of the current state-of-art in large-scale shake 

table testing and identify the scope of application for the newly constructed DOE-funded laminar 

soil box shaking facility at the University of Nevada, Reno (UNR) to fill scientific and engineering 

knowledge gaps.  

The workshop was well attended on both days with a broad scientific representation. The 

discussions between the presentations were live and the viewers participated enthusiastically in 

the polls. Figures 4.1a and 4.1b show the maximum number of unique viewers at any given time 

on Day 1 and Day 2 respectively. These numbers may be assumed to be the maximum number of 

potential responders to the polling questions, of which more than 50% responded on Day 1 and 

almost 100% participated on Day 2.  

 

      
(a)        (b) 

Figure 4.1 Viewer participation in the polls carried out to understand the background 

and needs of the audience on (a) Day 1, and (b) Day 2 of the workshop. 

Figure 4.2 summarizes the responses to individual polling questions which highlights the 

interest of the scientific community in large-scale shake table testing despite having little to no 

familiarity with the domain (Figure 4.2a). The background of participants was evenly distributed 

between geotechnical and structural engineering (Figure 4.2b), though most of them were joining 

from the United States (Figure 4.2c). Most interesting was the background of the participants in 

the shake table experimental research presented in Figure 4.2d. It shows that the majority of 

experimentalists wanted to use large-scale shake tables to advance research and development-type 

research as well as simulations and validations, a theme observed in tandem with the presentations 

made during the workshop.  
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(a)      (b) 

 

 
(c)      (d) 

 

Figure 4.2 Individual polling responses to (a) Day 1: question – Familiarity with large-

scale shake table testing, (b) Day 1: question – Engineering background, (c) Day 1: 

question – Joining location, and (d) Day 2: question – Background in shake table 

experiments. 

According to the presentation, discussions and post-workshop assessment of abstracts, the 

following key areas of the workshop were identified: 

 1. Practical design and numerical modeling of the large-scale laminar soil box 

 2. Knowledge gaps in soil-structure interaction 

 3. Seismic monitoring systems and laboratory instrumentation 

 4. Importance of verification and validation (V&V) exercises 

 5. The need for experimental data to refine PRA methodologies  
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4.1.1 Practical design and numerical modeling of the laminar soil box 

Detailed presentations on the engineering design considerations explained the novel approach of 

using elastomeric bearings to fulfill two competing demands of using a rubber compound that can 

resist high tensile forces and also have a high shear modulus while keeping in mind that high shear 

modulus translates to a stiffer shear response, which is undesirable. This complex design 

optimization was achieved after several iterations and extensive numerical testing. Eigenvalue 

analysis with elemental mass showed excellent comparison with hand calculations demonstrating 

that the box is “invisible” to the soil. The increasing complexity of 1-dimensional (1D), 2-

dimensional (2D), and 3-dimensional (3D) numerical models of the soil box were also discussed 

and emphasized the need for 2D or 3D models to model the complex nature of soil-structure 

interaction, quantifying its capabilities, and parameterize the final design. 

4.1.2 Knowledge gaps in soil-structure interaction (SSI) 

The presentations in this workshop were not limited to soil-structure interaction but rather 

expanded to fluid-soil interaction, fluid-structure interaction, and soil-pile-structure interaction. 

The data gathered from some of these studies will be made available on DesignSafe, a popular 

collaborative platform for scientists and engineers, while some of them will be used to make 

recommendations to existing code provisions. For example, one study identified smaller 

damping in the convective mode under fluid-structure interactions than prescribed in ASCE 4, 

whereas another study highlighted the limitations of ASCE 4 provisions for kinematic SSI 

because they are based on simple structures with regular foundation footprint and embedment 

depths which makes them inapplicable to nuclear power plant structures. A centrifuge shaking 

test at 30 g to study soil-pile-structure interaction concluded that the pile group effect is more 

significant in dry sand than saturated sand and that this effect causes much greater shear forces in 

the piles in the leading row compared to the piles in the trailing rows. Another study recognized 

two types of soil nonlinearities that are coupled– primary soil nonlinearity due to material, and 

secondary soil nonlinearity due to induced in nearby structures due to SSI. It identified stiffness 

contrast ratio to be one of the main variables of SSI and proposed to test this coupled effect in 

the soil box. From the DOE/NNSA perspective, this soil box system can be utilized to answer 

fundamental questions related to equivalent linear versus fully nonlinear analysis methods for 

representation of soil-structure interaction in the seismic analysis of mission-critical facilities.      

4.1.3 Seismic monitoring systems and laboratory instrumentations 

Fiber optic strain sensing is an emerging field in seismic monitoring systems. These sensors 

measure cracks opening in concrete more accurately than DIC (digital image correlation). Fiber 

optic cables respond to changes in the environment around the fiber (temperature, strain, etc) 

which alters the light backscattering profile, meaning that the cable itself is the sensor. A single 

continuous fiber-optic cable laid around a soil column or SSI system may be able to replace a 

dense instrumentation consisting of potentiometers, accelerometers, strain gauges, and bender 

elements while capturing the same quantities of interest. It was recommended in a presentation to 

establish a seismic monitoring system to detect the damage in pile systems because the failure of 

pile systems does not always show surface manifestation or damage to the upper structure. 
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Another developing technology is to use light-sensitive diodes as a direct, physical alternative to 

record inter-story drift, as opposed to the conventional method of calculating it indirectly from 

double integration of measured acceleration, which is rife with complications. Diffused lasers 

were recommended as part of system diagnostics of the laminar soil box at UNR. 

4.1.4 Importance of verification and validation (V&V) exercises 

The goal of simulations is to predict and inform engineers so they can assess safety and improve 

the economy. Verification and validation procedures are used to build confidence and credibility 

in modeling and computational simulations. The best way to carry out validation experiments 

was proposed to be a joint design and execution by experimentalists and computationalists to 

capture the physics within the confines of experimental uncertainty. Third-party analysts were 

advocated to validate more advanced simulations and follow a parameter selection protocol. The 

importance of inter-code comparisons for the purpose of V&V was re-iterated in several 

presentations. Shake table experiments were suggested to be complemented with numerical 

models with carefully constrained constitutive relationships. 

4.2 SUGGESTED EXPERIMENTS/STUDIES 

As the seismic demands increase everywhere and we move from conservative to best estimate 

performance analysis, the value of nonlinear analysis and characterization of soil at large strains 

was universally acknowledged. Before leveraging the unique capabilities of the large-scale laminar 

soil box to answer some of the toughest questions in SSI, all agreed to fully characterize the soil 

box without any structure in it as the first order of business. An advisory panel was recommended 

consisting of researchers and practitioners. The hope is that the proposed experiments/studies will 

fill the gaps in knowledge and generate validation data for SSI: 

• Understand the importance of rotational coupling of systems that are not rigidly 

connected at the foundation level and use instrumentation to evaluate resulting 

load distributions.  

• A parametric study was proposed for partially embedded structures with 

different levels of emptiness containing different volumes of fluid and free 

surface with heavy instrumentation to monitor divergence from analytical 

solution at different shaking levels to identify an acceptable range of equivalent 

linear analysis. 

• Centrifuge tests can be utilized as a complement to large-scale 1g testing to 

study key mechanisms of soil-foundation-structure system response. 

• Reproduce existing centrifuge experiments to further enhance the fidelity of 

simulations. 

• Base slab averaging versus inelastic interface and inelastic behavior experiment 

– Validate or investigate the effects of incoherent motions on SSI by applying 

Love waves and SV waves with variable soil profiles and variable surface soil 
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layers. The above experiment is also vital to analyze deeply embedded 

structures such as small modular reactors (SMR). 

• Create an opportunity to test multi-degree-of-freedom excitations. 

• Understand the failure mechanism of the SSI systems. 

• Investigate kinematic and inertial interaction. 

• The effect of spatial variability on response variability may diminish at higher 

nonlinear responses. Hence, it is important to constrain soil layer variability at 

those large strains, especially applicable to structures with a large footprint like 

nuclear power plant structures. 

• Model soil layers with different water retention regimes. Distribution of soil 

moisture in depth will help build suction versus degree of saturation profiles 

which should be included in the design of SSI systems. 

• Investigate SSI effects on equipment isolation systems. 

• A comparative study to evaluate equivalent linear versus fully nonlinear models 

of structure/soil systems 
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