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Abstract 

Nuclear power plants (NPPs) and other safety-related nuclear facilities offer unique design 

challenges not encountered with commercial infrastructure. One such challenge is the 

characterization of the effects of soil-structure interaction on the response of such facilities, which 

are generally stiff, strong and heavy. Period elongation due to soil flexibility can lead to an increase 

in seismic demands in these stiff structures. 

Unlike the commercial building industry, soil-structure-interaction (SSI) analysis is required for 

the design and qualification of all nuclear power plants and most safety-related nuclear facilities. 

Legacy analysis methods use equivalent linear procedures but there is a push to adopt non-linear 

(time-domain) procedures for new build plants. Regardless of the SSI analysis method used, a 

necessary precursor is site-response analysis. Site-response analysis is used to benchmark results 

of and to generate input motions to SSI analysis. 

The numerical models used for analysis of nuclear structures are required to be verified and 

validated. However, models of soil columns and domains analyzed to date for nuclear-facility 

applications have not undergone formal verification and validation, and that is the focus of this 

dissertation. Herein, a controlled dataset of the seismic response of ID soil columns in the UB 

geotechnical laminar box is developed to aid in the validation of numerical models for site

response analysis: a first-of-a-kind study. The soil is dry Ottawa F-55 sand. The curated dataset 

comprises results from 145 tests performed in 2016. The curated data are archived at the NHERI 

Design Safe-CI website. 
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This dissertation describes the goals of the experimental program, instrumentation used, and key 

results, all with a focus on 1D site-response analysis. The challenges encountered in building a 

robust dataset are identified, including conflicting results from different sensors. The dynamic 

properties of the Ottawa sand, as existing in the laminar box, are identified. The variability in the 

dynamic properties of the sand is characterized, and its impact on reliable site-response 

calculations is identified. The results of a benchmarking study on 1D site-response analysis using 

the open-source code MASTODON is described. Recommendations for the execution of future 

experiments in the laminar box, including improved instrumentation and its deployment, are 

presented, based on the lessons learned in the evaluation of results from the 2016 tests. 
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Chapter 1 
Introduction 

1.1 Background 

Many universities in the United States and abroad pursue research and development in retrofitting 

and modernizing infrastructure to resist the damaging effects of earthquakes. The focus is 

primarily on infrastructure, such as tall buildings, bridges, and tunnels. These have unique seismic 

considerations, but analysis of the interaction ofthe structure and its supporting soil is not currently 

required by the American Society of Civil Engineers (ASCE) Standard 7 (ASCE/SEI, 2016). 

Nuclear power plants (NPPs) and other safety-related nuclear facilities offer unique challenges not 

encountered in commercial infrastructure. Most nuclear structures are relatively stiff and heavy 

and are constructed primarily using low-aspect-ratio-reinforced concrete shear walls for resistance 

to lateral loadings, including those induced by earthquakes. During earthquakes, these heavy, stiff 

structures interact with the supporting soil, creating composite dynamic properties that are 

different from those of the structure and soil alone. The interaction of the structure with the soil 

generates Rayleigh waves that propagate away from the structure, as well as strains in the soil 

surrounding the structure's foundation that can be much higher than those in the free field (i.e., at 

a distance from the building where soil behavior is not affected by the presence of the structure). 

Soil-structure interaction (SSI) is the term used to describe these phenomena. Free-field soil 

response is an important component of SSI analysis and is a focus of this dissertation. Consensus 

standards, such as ASCE/SEI Standard 4 (ASCE, 2016) and ASCE/SEI Standard 43 (ASCE, 2005) 
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provide target performance goals for components in nuclear facilities. Numerical simulations are 

used to perform analysis and design in accordance with the target performance goals. 

Numerical codes for evaluating the effects of earthquakes on NPPs and other safety-related nuclear 

facilities have evolved since the early 1980s, when the equivalent linear finite element code System 

of Analysis for Soil-Structure Interaction (SASSI) (Lysmer et al., 1999) was first introduced. This 

code, which was developed at the University of California at Berkeley, is still widely used for 

seismic SSI analysis of nuclear facilities at the time of this writing. In contrast, the codes currently 

used for finite element analysis of nuclear structures are fundamentally different from those used 

to analyze the first generation ofNPPs in the 1970s. 

Nuclear facilities are analyzed and designed to resist the damaging effects of extreme earthquakes 

with varying degrees of damage. Large light water nuclear reactor buildings must meet specific 

goals with respect to the mean annual frequency of release of radionuclides. The target 

performance goals in ASCE are based on structural limit states and are used to analyze and design 

nuclear structures. ASCE/SEI 43 sets performance criteria for nuclear facilities: less than a 1 % 

probability of unacceptable performance conditioned on design-basis earthquake (DBE) shaking, 

and less than a 10% probability of unacceptable performance for ground shaking equal to 150% 

of design basis. Design-basis earthquake response spectra are determined from site-specific 

seismic hazard curves that are developed using probabilistic seismic hazard analysis (PSHA). Input 

ground motions can then be generated to be consistent with the mean DBE response spectra. NIST 

(2011) provides information of scaling ground motion to meet a uniform hazard response 

spectrum. 
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Even though numerical tools have been written to analyze seismic SSI effects for nuclear facilities, 

there is a lack ofcontrolled experimental data to validate them. Rigorous validation ofsite response 

and SSI tools has not been performed to date, although the tools have been used for over 35 years. 

This dissertation ( 1) develops and documents a robust experimental dataset for benchmarking and 

validating 1D site response and SSI tools, and (2) uses the dataset to benchmark and validate 

nonlinear SSI tools for 1D vertically propagating shear waves. The experimental dataset is built 

from 145 tests in a large-scale geotechnical laminar box located in the Structural Engineering and 

Earthquake Simulation Laboratory (SEESL) at the University at Buffalo. 

1.2 Motivation 

In the commercial nuclear industry, equivalent linear tools are currently used to perform SSI 

analysis. The most common codes include SHAKE for site response analysis (SRA) and SASSI 

for SSI analysis. The two-step process uses strain-compatible soil properties calculated in one 

dimension in SHAKE (Schnabel et al., 1972) as input into SASSI. The frequency domain code 

SASSI models a nuclear structure and the excavated soil volume. It calculates transfer functions 

at locations of interest in the structure and at user-specified frequencies. Like all linear codes, 

SAS SI cannot capture two important nonlinear behaviors that may significantly effect in-structure 

response, (1) gapping, sliding and uplift at the foundation interface and (2) locally high soil strains 

around the foundation. Figure 1-1 illustrates high soil strains just below the concrete foundation 

of a nuclear structure; the fringes in the figure are strains in the soil elements. The figure is from a 

three-dimensional nonlinear SSI finite element model with plan dimensions of 173m x 162m and 

a depth of 87m. The structure is 87m x 81m in plan with a height of 12m. 
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(a) Finite element model (b) Soil strains 

Figure 1-1: Three dimension finite element model showing soil strains below the concrete 

foundation during shaking (Coleman et al., 2017b) 

There is interest in the domestic nuclear industry to use nonlinear (time domain) tools for SSI 

analysis to address the abovementioned local nonlinear effects, enable nonlinear analysis of a large 

soil domain, and combine the two-step SHAKE-SASS! process into a one-step analysis. The one

step analysis process ( or direct method) also combines the soil and structure into one model for 

nonlinear analysis. 

The study described in this dissertation was motivated by three factors. First, the equivalent linear 

tools currently used in the nuclear industry for SSI analysis have not been formally validated. 

Second, computing power has increased to the point where time domain tools are routinely used 
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for SSI analysis. Third, the design-basis seismic hazard at nuclear facilities and NPP sites has 

increased such that nonlinear behavior is expected in soil domains and at soil-foundation 

boundaries (i.e., gapping, sliding, and uplift) for which direct nonlinear analysis is needed for 

accurate calculations. 

This dissertation accomplishes the following: (1) collects, analyzes, and curates data from 145 

geotechnical laminar box experiments; (2) identifies available models for the soil of the types 

found at nuclear power plant sites in the United States; (3) evaluates linear and nonlinear soil 

material models for sands using the laminar box data; ( 4) makes recommendations for nonlinear 

SSI analysis ofnuclear structures; and (5) provides a technical basis for others to follow to validate 

and benchmark nonlinear soil material models for use in the commercial nuclear industry. This 

will provide confidence in the ability to capture vertically propagating shear waves in soil-structure 

interaction analysis. It will provide a technical basis for moving beyond current the industry 

practice, which uses frequency domain tools in a two-step process. 

1.2.1 History of soil-structure interaction analyses of nuclear structures 

Housner published two papers in the late 1950s that introduced seismic SSI effects on buildings 

(Housner, 1957), (Housner, 1959). The vibration of a building during an earthquake stresses and 

deforms the adjacent soil, which permits rocking, and changes the dynamic properties of the 

supported structure: soil-structure interaction. From analysis of earthquake data, Housner 

determined that the interaction was only important for relatively light buildings if they were 

founded on soft (flexible) soils. However, commercial nuclear power plant buildings are heavy 

and stiff, and soil-structure interaction effects can be significant at sites with competent soils. The 
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US Nuclear Regulatory Commission (NRC) requires SSI effects to be considered at sites with soils 

with shear wave velocities less than 8,000 mis (NRC, 2013). Housner and Hudson (1966) 

identified specific considerations for evaluating earthquake effects on nuclear power plants and 

established an approach for inputting ground motions for analysis. These early calculations of SSI 

for nuclear power plants used analytical solutions. 

Computer programs were developed in the early 1960s to predict the seismic response of fixed

base, linear, multi-degree-of-freedom systems. An important development occurred in the late 

1970s when finite element analysis programs were developed for SSI calculations. One of these 

programs, still in use by the nuclear industry today, is System for Analysis of Soil-Structure 

Interaction (SAS SI) (Lysmer et al., 1999), which was first released in 1981 . Although SASSI 

performs linear analysis and operates in the frequency domain, it uses equivalent-linear soil 

properties to approximate nonlinear responses. 

Seismic analysis of NPPs, high-hazard nuclear waste facilities, and spent fuel storage systems is 

currently carried out using the guidance provided in ASCE/SEI Standard 4. The frequency-domain 

code SAS SI is typically used for SSI calculations of these facilities. Linear analysis codes, when 

used in accordance with ASCE Standard 4 and Standard 43, should generally lead to appropriate 

nuclear facility designs at sites with low- to moderate-amplitude design-basis earthquake shaking. 

However, these codes cannot address gapping, sliding, and other nonlinear effects that may result 

from intense earthquake shaking that is expected at many sites of nuclear facilities for design-basis 

and beyond-design-basis shaking. Nonlinear analysis is required to capture these effects and to 

generate appropriate in-structure response spectra for design of safety-class systems. In recent 

years, re-evaluations of seismic hazard at sites ofNPPs and other safety-related nuclear structures 
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in the United States have led to increased design-basis earthquake demands. Since the Fukushima 

accident (The National Diet of Japan, 2012), more attention has been paid to beyond-design-basis 

earthquakes (BOBE), with shaking often much more demanding than DBE shaking. Indeed, 

shaking more intense than design basis has been recorded at NPP sites in the last decade, as 

summarized in Table 1-1. These changes in seismic hazard, and the need to better understand soil

structure-interaction and structural response for levels ofground shaking greater than design basis, 

has established the need for analysis tools that can capture highly nonlinear soil behavior. 

Table 1-1: Design peak ground acceleration and recorded peak ground acceleration at NPPs. 

Kashiwazaki-
Peak ground Fukushima Daiichi, North Anna, USA, 

Kariwa, Japan, 
acceleration (g) Japan,2011 2011

2007 

Design 0.20 0.261 0.18 

Recorded 0.32 0.56 0.26 

1. Design basis updated in 2009 to 0.45 g (The National Diet of Japan, 2012) 

Nonlinear SSI (NLSSI) analysis, which can only be performed in the time domain, is needed to 

explicitly capture nonlinearity in both the material, soil and structure, and the foundation soil 

interface during design-basis and beyond-design-basis earthquake shaking. Since nonlinear time

domain analysis is not yet routinely performed in the nuclear industry, a methodology is needed 

for its implementation. Appendix B in ASCE/SEI Standard 4 (ASCE, 2016) provides guidance for 

implementing such a methodology. 
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Nonlinear soil-structure interaction analysis can be used for both design and probabilistic risk 

assessment. A necessary input for such analysis is the wave field at the boundary of the soil

structure numerical model. At this time, and for the foreseeable future, the wave field will be 

established in a two-step process, namely (1) probabilistic seismic hazard assessment to generate 

uniform hazard or scenario spectra for specified mean annual frequencies of exceedance and (2) 

selection and scaling of three-component ground motions, consistent with the chosen spectra, to 

be applied at the boundary of the model. Modem probabilistic seismic hazard assessment involves 

a formal treatment ofuncertainty and variability and returns seismic hazard curves that can be used 

to generate horizontal and vertical (translational) spectra, from which sets of ground motions can 

be developed. Techniques and tools are being developed to generate surface free field rotational 

ground motions (e.g., Basu et al. (2012b) and Basu et al. (2012a)), but these have not been 

integrated into the process described above, nor have strategies been developed to deconvolve 

them to the boundary of a soil-structure model. 

Earth scientists are developing numerical methods to propagate seismic waves from an earthquake 

source to the site of a structure. The Southern California Earthquake Center (www.scec.org) and 

its research team have made significant progress over the course of the past decade at simulating 

rupture and the resultant wave fields for large magnitude earthquakes in Southern California (e.g., 

Taborda and Bielak (2011), Day et al. (2006) and Restrepo et al. (2011)). These petascale 

simulations can predict site-specific wave fields, including body and surface waves, at frequencies 

of 1 Hz and lower. Work continues to drive the threshold frequencies towards 10 Hz and higher to 

enable simulations of wave fields at frequencies of importance to the nuclear industry. Such 

simulations could supplement recorded ground motions to support future probabilistic seismic 
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hazard assessment in regions where there is detailed knowledge ofgeologic structure ( e.g., the Los 

Angeles basin) and active faulting. However, many nuclear facility sites in the Western United 

States and all sites in the Central and Eastern United States, such knowledge is (and will be) 

unavailable, and probabilistic seismic hazard assessment, using modern ground motion prediction 

equations, will form the basis of inputs to soil-structure analysis models for the coming decades. 

1.3 Key research contributions 

The key research contributions of this dissertation include (1) testing of a uniform dry sand soil 

column in the UB laminar box with a curated dataset from 145 geotechnical laminar box tests, (2) 

recommendations for improved instrumentation of laminar box tests, (3) dynamic soil properties 

for the sand in the laminar box, ( 4) benchmarking of a nonlinear site response numerical code, and 

(5) a process for validating site response and soil-structure interaction tools in the commercial 

nuclear industry. 

Prior research in the geotechnical laminar box at UB has used a saturated sand column (Stefanaki 

et al., 2015). This dissertation shows that the laminar box can be drained of water and that useful 

data can be gathered on dry soil columns. Adjustment of the level of the water table in the laminar 

box sand column, allowing for testing of multiple soil layers is determined. The dynamic soil 

properties of the sand used in the laminar box tests which did not exist prior to this research, but 

are presented here. 

1.4 Dissertation organization 

This dissertation is organized into eight chapters, as follows: 
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o chapter 2 presents an overview of site response and SSI tools used in the nuclear 

industry, describes previous experiments that have been used to gather data for 

benchmarking and validation of site response and SSI tools, and provides a literature 

review of current geotechnical laminar box experimental capabilities in the United 

States. 

o chapter 3 describes a Nuclear Quality Assurance (NQA) 1 accepted process for 

verification and validation (V & V). The chapter then discusses how to apply this 

process for V&V of site response and SSI tools. chapter 3 also identifies available 

models for soils of the types found at the sites of nuclear power plants in the United 

States. 

o chapter 4 provides an overview of the laminar box in the SEESL at the University at 

Buffalo. It also provides information on the filling process and instrumentation of the 

box prior to testing. 

o chapter 5 describes numerical models of the laminar box, including soil properties, 

boundary conditions, mesh density, and other important finite element model 

parameters. The linear and nonlinear soil material models used to model the sand are 

described. 

o chapter 6 presents results gathered from 145 tests in the laminar box during the fall and 

winter of 2016. The chapter describes the collection, analysis, and curation of the data 

from the laminar box experiments. 
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o chapter 7 compares numerical and experimental results and benchmarks numerical 

codes using the test data. 

o chapter 8 summanzes the findings of this research project and provides 

recommendations for future research. chapter 8 also makes recommendations for 

nonlinear SSI analysis of nuclear structures. It describes why the dataset provides a 

technical basis for others to use for validating and benchmarking nonlinear soil material 

models for use in the commercial nuclear industry. 

o chapter 9 lists the references. 
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Chapter 2 
Literature Review 

Verification and validation (V & V) of numerical software is a necessary step for building 

confidence in calculation results. The process, which will be described more in chapter 3, includes 

comparing the numerical model with closed form analytical solutions (verification) and also with 

experimental results (validation). The validation process starts with gathering data from basic 

physical experiments and systematically advances complexity until the full system of interest has 

been tested and compared with numerical results. The focus here is on site response during 

earthquake shaking and development ofa dataset that can be used for benchmarking and validation 

of one-dimensional wave propagation. 

Nuclear Power Plant (NPP) design and construction must comply with federal law. Appendix B to 

10 CFR Part 50, "Quality Assurance Criteria for Nuclear Power Plants and Fuel Reprocessing 

Plants," provides requirements for ensuring quality of NPPs. This law specifically states that the 

applicant shall have an approved quality assurance (QA) program. The program applies to all 

aspects of the NPP design and construction process, including seismic analysis. Each company 

working on safety-related NPP design and construction needs to have an approved QA program. 

Many of these companies develop their QA programs by following the requirements in the 

American Society of Mechanical Engineers (ASME) Nuclear Quality Assurance (NQA)-1 

(ASME, 2015). Guidance for V&V of computational solid mechanics provides information that 

can be used to develop a QA program for analytical software (ASME, 2006). 

12 



This chapter provides an overview of standards used for site response analysis (SRA) and soil

structure interaction (SSI) analysis in the nuclear industry, describes analytical approaches for 

SRA and SSI, discusses equivalent linear and nonlinear analysis software programs for SRA, and 

describes experiments that have been executed to gather data for validation of SRA and SSI 

numerical codes. 

2.1 U.S. standards for site response and soil-structure interaction 

analysis 

Criteria for seismic SRA and SSI ofNPPs are provided in ASCE/SEI Standard 4. Nearly all site

response analyses in the nuclear industry are performed using the one-dimensional, equivalent 

linear methods. These analyses make the assumptions of uniform horizontally stacked layers, and 

vertically propagating shear waves, and approximate nonlinear soil behavior using equivalent 

linear techniques. 

Site response analysis (SRA) is used to: (1) develop strain-compatible soil properties for the 

equivalent linear SSI calculation, and (2) establish ground motion at a location different from the 

control point. For nonlinear SSI (NLSSI) analysis site response is explicitly included in the model. 

For equivalent linear SSI analysis, site response is required to develop the strain-compatible soil 

properties that will be used in a second SSI analysis. 

Nuclear facilities and other safety critical structures are designed for low-probability, long return 

period earthquake shaking. Wu et al. (2010) noted that soil strains measured during these events 

are in the nonlinear range, typically dynamic strains larger than 0.001 %. Nonlinear SSI analysis 
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methods under development at the Idaho National Laboratory (INL) (Coleman et al. (2016)) can 

explicitly capture nonlinear soil strains during numerical site response modeling of cyclic shaking. 

Appendix Bin ASCE 4 (2016) includes a framework for performing NLSSI analysis. For NLSSI 

analysis to be widely implemented in the nuclear industry, it is important to demonstrate that 

accurate response in a dynamically loaded, nonlinear soil column can be reproduced. 

2.2 Site response and soil-structure interaction analysis 

Seismic site response analysis is a term used to describe numerical approaches for propagating 

earthquake waves through a one-dimensional soil column. This analysis approach makes the 

following assumptions: ( 1) soil profiles are comprised of horizontal layers stacked atop of each 

other, (2) the soil layers are homogeneous along the horizontal plane, and (3) the ground motion 

incident on the soil deposit is in the form of vertically propagating shear waves (Bolisetti and 

Whittaker, 2015). These assumptions enable the use of simplified models for numerical analysis. 

Soil profiles that do not conform to these assumptions need to be analyzed using multi-dimensional 

soil domain methods. 

2.2.1 One-dimensional site response analysis 

The one-dimensional method has been used in the nuclear industry since the 1970s (Schnabel et 

al., 1972) and is still used today. It is a reasonable approximation for soil profiles that meet the 

three assumptions listed above and is considered reasonable for many civil engineering 

applications (Kramer, 1996). To initiate a one-dimensional site-response analysis, a horizontal 
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component of a ground motion is input at the base of the soil profile. The response of the individual 

soil layers is calculated as the motion moves up the column. 

Depending on the information provided at a given site, there are three common approaches for 

calculating one-dimensional wave propagation: (1) a convolution analysis using a rock outcrop 

motion (ground motion recorded at a nearby outcropping bedrock) input at the soil-bedrock 

interface, and the bedrock is replaced by a transmitting boundary to enable the radiation of 

outgoing waves, (2) a convolution analysis using recorded ground motion at depth, if it is available 

from recorded data (termed as a within-profile ground motion), input directly at the base of the 

soil profile while assuming rigid properties for the bedrock, and (3) deconvolution analysis where 

the surface free-field motion is input at the topmost layer of the soil and the response ofunderlying 

layers is calculated (a process termed deconvolution). These three approaches are shown in Figure 

2-1. 

One-dimensional linear response of a soil deposit can be computed using available closed-form 

solutions (Kramer, 1996), most effectively calculated in the frequency domain. One-dimensional 

nonlinear site response is calculated using either (1) the approximate equivalent-linear method or 

(2) the nonlinear method. Frequency and time domain approaches can be used for equivalent-linear 

calculations, but the nonlinear method can only be implemented in the time domain. A description 

of each of these methods is presented in Sections 2.3 and 2.4. 

15 



Rock outcrop Deconvolution 
motion 

analysis 
Surface free-field 

motion 
lnp~ 

'-..----+--,:.:--:/-:-,-\~;·_. :,.-<-,<.·-~.!_);:-;_":-,.-""'__ ·'::"--·:·'c'ffl""l-.'-~ ,-l--,,.,-.---.,---~_:~.. ,·,._:.: .:,_:. > 
•, :.::\••:,I•':'.: :•._ ·: •·--.-:~:: : : I 

Rock 

Upward 
wave-propagation 

analysis 

Figure 2-1: One-dimensional site response analysis (Bolisetti and Whittaker, 2015) 

2.2.2 Multi-dimensional domain analysis 

Moving beyond 1D site-response analysis allows the analyst to model additional soil features and 

a more complex wave field. Three-dimensional modeling enables inclusion of variability in soil 

layers, non-horizontal soil profiles and complex three-dimensional ground motion input, including 

both body and surface waves. Finite element modeling in 3D presents a problem by creating 

artificial boundaries along the edge of the soil model, which, in reality, is a semi-infinite domain. 

It is also difficult for the user to develop complex three-dimensional input without an 

understanding of how the earthquake energy is transmitted from the source. 
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One approach for dealing with these issues was proposed by Bielak et al. (2003): the domain 

reduction method (DRM). It allows the analyst to input a complex three-dimensional wave field 

for the seismic analysis of a soil-structure system. The soil-structure system could be a geological 

feature, such as a mountain, or a structure with neighboring soil. Domain reduction method was 

primarily developed for application in large-scale soil models involving earthquake simulations 

from fault rupture to surface shaking at the site of interest (Taborda, 201 O; Taborda and Bielak, 

2011; Xu et al., 2003; Yoshimura et al., 2003). Large-scale earthquake simulations involve 

modeling a large soil domain, including the seismic source ( e.g., a ruptured section of a fault), and 

the local feature of interest, at which the response needs to be calculated. The DRM provides a 

way to model only the local feature with equivalent loads, which represent the loading from the 

seismic source, applied at its boundaries. This method effectively circumvents the modeling of a 

large soil domain, thus significantly reducing the computational requirements of the problem. 

2.2.3 Soil-structure interaction analysis 

Earthquake waves originate from a fault rupture and propagate in the earth's crust to the site of 

interest. In the absence of structures at the site of interest, the ground motion is termed the free

field and is approximated as described in Section 2.2.1 . When a structure is present at the site of 

interest, the ground motion results in structural shaking. The interaction between the flexible soil 

and structural foundation is known as soil-structure interaction. 

During shaking, there are two aspects of SSI that must be considered: (1) the free-field ground 

motion will be modified by the stiff structural foundation (termed kinematic interaction), and (2) 

the structural response will be modified by the soft soil (termed inertial interaction). Inertial 
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interaction will cause the natural frequency of the structure to decrease and will increase the energy 

dissipation or damping. Damping will increase due to hysteretic soil behavior in the region around 

the structural foundation (due to increased soil strains) and radiation damping (wave energy 

reflected away from the concrete foundation). 

Analytical solutions for SSI calculations of single degree of freedom oscillators, including flexible 

foundations, were developed in the early 1970s by Bielak (1971 ), and Luco and Westmann (1971 ). 

The analytical solutions showed the importance of considering SSI for NPP structures. Currently, 

the Nuclear Regulatory Commission (NRC) requires SSI for NPPs (NRC, 2014). Early SSI 

analysis used equivalent springs and dashpots attached to the concrete foundation to approximate 

soil flexibility. The equivalent springs and dashpots were developed for circular, square, and 

rectangular shapes, and were frequency dependent. The need to model frequency-independent 

behavior and to approximate more complex building foundation shapes led to two main 

approaches: the sub-structuring method and the direct method. 

2.2.3.1 Sub-structuring method 

The sub-structuring method uses superposition and, thus, is limited to linear response calculations. 

It divides the soil-structure system into different components, calculating the response 

independently. Component interaction is considered by applying equal and opposite interaction 

forces along the boundaries of each substructure model. Superposition is then used to combine the 

components for the SSI calculations. The most widely used sub-structuring program used by the 

nuclear industry today is SAS SI (System ofAnalysis of Soil-Structure Interaction) (Lysmer et al., 

1981). 
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2.2.3.2 Direct method 

The direct method removes the limitation of linear analysis and allows for consideration of 

nonlinear soil behavior and gapping, sliding, and uplift at the building foundation. Using this 

approach, the entire soil-structure system is analyzed in a time-stepping numerical code. Soil

structure interaction using the direct method can be performed in commercial finite element 

programs, such as ABAQUS (Dassault Systemes, 2018) and LS-DYNA (LSTC, 2017), or the 

open-source finite element programs ESSI (Jeremie et al., 2013), OpenSees (OpenSees, 2018) and 

MASTODON (Coleman et al., 2017a). 

A limitation of the direct method is the placement of artificial boundaries along the edge of the 

model when simulating wave propagation in an infinite medium. The primary concern regarding 

these boundaries is the reflection ofwave energy back into the domain that has been radiated away 

from the structural foundation. This can be mitigated by using a combination of absorbing 

boundary conditions and making the soil domain large enough such that the change in the structural 

response is minimal due to reflection of wave energy at the boundaries. The large domain absorbs 

the radiated wave energy through hysteretic viscous damping. 

2.2.3.3 Site response in SSI 

Site-response analysis can use either equivalent linear or nonlinear calculations. An equivalent 

linear SSI calculation process involves two steps. The first step is a site-response analysis to 

approximate the equivalent linear soil properties based on the user input ground motion. The 

second step in the process uses the calculated shear wave velocities and damping ratios in an 

equivalent linear SSI calculation. 
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The most commonly used two-step calculation process in the nuclear industry starts with SHAKE 

to establish equivalent linear values based on an iterative procedure given an input ground motion. 

From the calculation procedure in SHAKE, the iterated properties for shear modulus, shear wave 

velocity, p-wave velocity, and damping are established and input into SASSI. Using these 

properties for the soil and modeling, the structure response are calculated at locations of interest 

in SASSI using a sub-structuring calculation approach (Bolisetti and Whittaker, 2015). 

Nonlinear site response can be directly included in the SSI calculation or can be used to attenuate 

motion up from depth to the desired horizon. The ground motion can then be used in either a 

nonlinear soil-structure interaction (NLSSI) analysis or a linear frequency domain SSI analysis. 

Nonlinear SSI combines site response and soil-structure interaction into one time-stepping 

calculation. This calculation approach has been applied to critical infrastructure projects, but not 

yet to nuclear facility projects. However, there has recently been interest in application ofNLSSI 

to the nuclear industry (Bolisetti and Whittaker, 2015), (Coleman et al., 2016), (Kammerer et al., 

2018). Commercially available time domain numerical tools that have the capability to perform 

NLSSI calculations for the nuclear industry are LS-DYNA (LSTC, 2017) and ABAQUS (Dassault 

Systemes, 2018). The NLSSI analysis can be performed using either implicit or explicit solvers. 

Although these codes have capabilities to perform this analysis, a formal methodology does not 

exist to date. Three open-source codes can be used to perform NLSSI calculations: ESSI, 

MASTODON, and OPENSEES. Nonlinear SSI models require formal verification and validation 

before they can be widely used by the nuclear industry. A more detailed discussion on a process 

for verification and validation ofNLSSI tools is provided in chapter 3. 
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2.2.3.4 Motivation for verification and validation in the nuclear industry 

SAS SI was originally an open-source code, but later it was licensed, which led to multiple versions 

of the code (as shown in Figure 2-2). The multitude of versions caused concern in the nuclear 

industry that there were software quality assurance issues with calculations performed using 

SASSI. In 2011, an issue with the SASSI calculation method known as the subtraction method 

was discovered (Mertz, 2010). In response to the issue, DOE funded an effort to assemble a series 

of benchmark problems that could be used to verify versions of SAS SI (Lagdon, 2015). The DOE 

effort did not validate SASSI using experimental data. Experimental data, both from controlled 

laboratory experiments and field data is needed to complete the validation process for SASSI. 

Additionally, this data is needed for validation of nonlinear site response and SSI tools before they 

are used in nuclear facility safety-related calculations. 
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2.3 Equivalent linear numerical solutions 

Equivalent linear analysis is an approach used to approximate nonlinear soil behavior during 

earthquake shaking. Soils subjected to earthquake loading exhibit hysteretic stress-strain behavior. 

During cyclic shaking, the tangent stiffness (Gtan) decreases with increasing strain, thus indicating 

a reduction in soil stiffness (Figure 2-3). The hysteresis loop indicates dissipation of energy. The 

equivalent linear model simplifies soil response behavior by characterizing the loop, using an 

equivalent stiffness (secant modulus, Gsec) and an equivalent damping ratio that is proportional to 

the hysteretic energy dissipated. 
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Figure 2-3: Hysteretic stress-strain curve showing tangent and secant shear modulus 

(Bolisetti and Whittaker, 2015). 

Equivalent linear site response analysis requires the following inputs: (1) soil layer properties; (2) 

modulus reduction and damping curves for each material ( developed from torsional shear 
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experimental tests); (3) the ground motion input, including the input location (rock outcrop or 

within layer); ( 4) the analysis parameters (number of iterations and the effective shear strain ratio); 

and ( 5) the output requests. During an analysis, soil layer properties are iteratively adjusted by 

running a linear analysis, approximating the effective shear strain, and calculating the shear 

modulus and damping from user input dynamic soil property curves. The iterative procedure 

involves a series of linear analysis with adjustment of soil layers according to the input motion. 

This analysis can be performed in the frequency or time domain. The iterated soil properties are 

then used in a second SSI analysis, typically SASSI. 

Two numerical codes, SHAKE (Schnabel et al., 1972) and DEEPSOIL (Hashash et al., 2011), 

have implemented the one-dimensional equivalent-linear site-response analysis in the frequency 

domain. 

2.4 Nonlinear numerical solutions 

Two mathematical approaches are used for one-dimensional nonlinear site-response calculations: 

(1) lumped mass and (2) finite element models. The lumped-mass approach models the soil layers 

by lumping soil mass at adjacent nodes. These nodes are connected by springs that capture the soil 

stiffness and model the stress-strain behavior in shear. The ground motion input at the base of the 

soil column and the dynamic equations of motion are integrated to calculate the response of the 

soil layers. The finite element approach uses solid brick elements to represent the soil and 

constrains the nodes in the horizontal plane to move together, thus producing pure shear. 

Nonlinear soil material models should be used for earthquake shaking that have shear strains large 

enough to cause permanent deformations. For sands Darendeli (2001) indicates this to be shear 
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strains above 0.01 % (Figure 2-4). Nonlinear soil material models more accurately capture energy 

dissipation in the soil directly from the hysteresis loops. Several material models exist to capture 

this behavior and these are discussed in more detail below. 
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Figure 2-4: Normalized shear modulus reduction ratio versus shearing strain of sand 

(Darendeli 2001). 

2.4.1.1 Hyperbolic/pressure-dependent 

The site-response code DEEPSOIL uses a lumped-mass approach for nonlinear time-domain 

analysis using Newmark beta time integration solver. Pressure-dependent soil response is modeled 

using the modified hyperbolic (MKZ) model (Matasovic, 1993). A modified version of the Masing 

rules is used to model the hysteretic soil behavior. These extended Masing rules (Hashash, 2010) 

are given as: 
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• For initial loading, the stress-strain curve follows the backbone curve 

(2-1) 

where r is the shear stress and F bb ( y) is the backbone curve function 

• Ifa stress reversal occurs at a point ( yc, rc) , as shown in Figure 2-3, the stress-strain curve 

follows a path given by: 

r-rc=F (y-ycJ (2-2)2 bb 2 

• If the unloading or reloading curve intersects the backbone curve, it follows the backbone 

curve until the next stress reversal 

• Ifan unloading or reloading curve crosses an unloading or reloading curve from a previous 

cycle, the stress-strain curve follows that of the previous cycle 

The backbone curve for the hyperbolic/pressure-dependent nonlinear soil model is given by: 

(2-3) 

where r is the shear stress, y is the shear strain, G 
mo 

is the maximum shear modulus, f3 and s 

are dimensionless parameters, and y
r 

is a reference shear strain. The model incorporates pressure 

dependence and captures pore-water pressure build-up (which reduces soil shear strength) and the 

resulting degradation in modulus. 
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The model can also include a confining pressure dependence using: 

a , ]b 
-c: _ v_ (2-4)Y r - ref a[ 

ref 

where a 1s the effective vertical stress, and a 1s the vertical effective stress at which 
V ~ 

r =ar ref · 

The backbone curve of the hyperbolic model is nearly linear at strains smaller than 0.0001 % and, 

therefore, mathematically has no area in the hysteresis loop representing energy dissipation. Real 

soils exhibit a finite amount of damping at very small strains, as observed in resonant column tests 

(Darendeli, 2001). The software DEEPSOIL accounts for small-strain damping by incorporating 

a frequency-independent viscous damping formulation. 

2.4.1.2 Distributed element models 

A class of distributed element models (DEMs) for cyclic plasticity was first proposed by Chiang 

and Beck (1994) and has been implemented in the commercially available time domain codes LS

DYNA (LSTC, 2017) and ABAQUS (Dassault Systemes, 2018). The model, as formulated, 

removes the need for kinematic hardening. Chiang and Beck (1994) termed this model a class of 

multi-dimensional distributed element models that use a number of invariant yield surfaces in 

element stress space to capture the cyclic behavior (Figure 2-5). The figure shows concentric 

circles with different diameters that represent yield surfaces that have different yield strengths, 

represented by the yield constant k. 
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Figure 2-5: Invariant yield surfaces nested in element stress space (Chiang and Beck, 1994). 

The LS-DYNA model is known as MAT_HYSTERETIC (*MAT_079 in LS-DYNA) and was 

developed specifically for site-response and soil-structure interaction analyses. The 

MAT_ HYSTERETIC model is capable ofthree-dimensional constitutive behavior and can be used 

only with eight-node solid elements. Hysteretic behavior is generated in this model by superposing 

multiple layers having elastic-perfectly plastic properties in parallel. The value of stress at any 

instant is equal to the sum of the stresses in the individual elastic-perfectly plastic layers, which 

results in a piecewise-linear backbone curve. The main difference between the LS-DYNA and 

ABAQUS implementation is that the LS-DYNA only accepts 10 points on the stress strain curve 

and ABAQUS allows a user to define as many points as desired. 

The backbone curve is directly input by the user as a set of ten or more shear stress and shear strain 

values. This curve is subsequently broken down into ten or more layers of elastic-perfectly plastic 

properties, each having a value of shear modulus and yield stress (Figure 2-6). Bolisetti and 
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Whittaker (2015) showed that ten points might cause high frequency model error by not providing 

enough discretization of the stress strain curve. 

Figure 2-6: Component and superimposed model behavior (LSTC, 2009). 
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The properties are pressure dependent, as described by the following equations from (LSTC, 

2009): 

(2-5) 

a 
0 
+a/p-pJ+a/p-pJ

2 

2 
(2-6) 

ao +a/pref -pJ+a/pref -PJ 

where p is the current pressure, p is the cut-off or datum pressure, p is the reference pressure 
0 ~1 

at which input values are calculated, G is the shear modulus of the layer at the reference pressure, 
0 

G(p) is the shear modulus of the layer at pressure p, r(p r ) is the yield stress of the layer at the re 
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reference pressure, r(p) is the yield stress of the layer at pressure p, b is an exponent for pressure 

sensitive moduli, and a , a , and a are the yield function constants. Additional effects such as 
0 1 2 

dilatancy and strain rate effects are also included in the material model. 

2.4.1.3 Multilinear nonlinear hysteretic soil model 

A new implementation of the distributed element model is coded into MASTODON and identifies 

as the Multi-Yield Hysteretic Soil Model (Soil-HYS) . This implementation is similar to that in 

commercially available codes, but with a few important modifications. Similar to the 

implementation in both LS-DYNA and ABAQUS, the implementation in MASTODON uses 

multiple nested yield surfaces superimposed to capture the nonlinear behavior of soil. This model 

can be used for lD, 2D, and 3D nonlinear site response and soil-structure interaction analysis. The 

hysteretic model functions with both quadratic and linear solid finite elements. 

A new feature added to the MASTODON implementation, not available in other codes, provides 

three options for defining the backbone curves for the hysteretic soil material: ( 1) define the stress

strain backbone curves using "n" points (LS-DYNA permits 10) where the user can create data 

files in a .csv format, (2) automatically define the backbone curves using the formulation proposed 

by Darendeli (2001), and (3) define the backbone curves automatically using the General 

Quadratic/Hyperbolic ( GQ / H) curve fitting routine, which accounts for the strength correction 

required at large shear strains. 

Due to the invariant characteristics of the yield surfaces, the model does not require any kinematic 

hardening to capture the hysteretic behavior that results from cyclic loading. Upon unloading, each 

component recovers its stiffness, which effectively provides the hysteretic Masing rule. 

30 



2.4.1.3.1 Define backbone curves using Darendeli 2001 formulation 

The functional form implemented in MASTODON creates modulus reduction curves based on the 

experimental results obtained from resonant column-torsional shear tests. The required inputs are: 

small strain shear modulus value (G0 ), plasticity index (Pl), over-consolidation ratio (OCR), 

reference mean confining pressure (Pref), and number of points (a numerical value) that 

determines the total number of data points that will be used to construct the backbone curve. The 

function proposed by Darendeli (2001) to obtain the modulus reduction curves has the following 

hyperbolic form: 

G 1 
G (2-7)0 

where y is the shear strain, Yr is the reference shear strain, and a is a curvature coefficient. The 

value of Yr and a are defined using PI, OCR, and Pref· Other empirical parameters provided in 

Darendeli (2001) can also be used. Once the G/ G0 values are obtained, they are to be converted to 

shear stress-shear strain curves using the following equation: 

G
r=-Gy (2-8)G a 

0 

For each shear strain y, there is a shear stress r calculated using (2-8). Once a series of "n" curves 

is obtained, a backbone curve is developed on which there are "n" data points. 
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2.4.1.3.2 General quadratic/hyperbolic backbone curves 

The option described above develops backbone curves using experimental data. At small strains, 

below 0.01 %, the data is collected using resonant column tests. For shear strains above 0.01 % 

torsional shear tests are used. Data at shear strains higher than what was experimentally tested is 

usually extrapolated, which may underestimate or overestimate the shear strength at large strains. 

Therefore, a shear strength correction is necessary to account for the correct shear strength at large 

strains (Hashash et al., 2009). The general quadratic/hyperbolic model proposed by Groholski et 

al. (2016) has a curve-fitting scheme that automatically corrects the reference curves (such as 

Darendeli [2001]) based on the specified shear strength at large strain (the parameter Tmax). The 

curve fitting parameters 01 through 05 are used to preserve the modulus reduction curves obtained 

from reference studies and modify the large strain values based on the specified large strain, shear 

strength. 

The parameters Tmax and 01 through 05 are required to construct the shear-strength corrected 

backbone curves. Obtaining r is straightforward and the user only needs to determine the shear 
max 

strength of the simulated soil material at large strains. The parameters 01 through 05 can be 

obtained based on the reference study of Groholski et al. (2016). The software DEEPSOIL can be 

used for this purpose. These values can be directly used in soil hysteretic material. The material 

model uses the Tmax, G and 01 through 05 to construct the backbone curve using the following 0 , 

functions: 

32 



(2-9) 

where Yr is the reference strain and is calculated as Yr = r max/GO • Once 0r is determined, the 

backbone curve is constructed as follows: 

(2-10)r =r .[__!_·{(1+LJ- (1+LJ
2 

-4•0 .L}1max ze r r '!" r 
r r r r 

2.4.1.3.3 Pressure dependency 

Inclusion of pressure dependency in the material model is achieved using parameters hexp, a0 , a 1 

and a 2 • These parameters can be obtained from laboratory experiments. The backbone curve is 

converted to "n" nested components where the total number of components is equal to the number 

ofdata points used to define the backbone curve (the origin is excluded). The stiffness of the nested 

components is pressure dependent, defined by the following equation: 

G=GO • [ p- pO]bexp (2-11) 
P ref 

The pressure-dependent strength 1s achieved usmg the following yield function for each 

component: 

(2-12) 
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where lzi is the square root of the second invariant of the deviatoric stress tensor, ki is the strength 

parameter derived from a backbone curve, and p is the current mean confining pressure. Different 

combinations of aO , a1 , and az values can achieve linear and nonlinear dependency of strength on 

mean confining pressure. 

2.5 Large-scale experiments in site response and SSI analysis 

To benchmark and validate site response and SSI codes, experimental data that represents wave 

passage effects in soils is needed. This section provides an overview of available experimental 

data that could be used for benchmarking and validation. Also discussed are potential applications 

and limitations of that data for benchmarking and validation of site response and SSI tools. There 

is very little data developed in a controlled laboratory setting that can be used to understand simple 

wave propagation in soils. Datasets are needed from experimental site response experiments for 

validation of computer models. The validation process is described in chapter 3. 

2.5.1 Centrifuges 

Geotechnical centrifuge modeling is a scaled experimental test that approximates field-scale 

geotechnical engineering systems such as natural and man-made slopes, earth retaining structures, 

and building or bridge foundations. When a shaking table is placed in the centrifuge bucket, 

earthquake loading can be tested. As the strength of soil depends on the internal state of stress, a 

scaled model experiment is spun on the centrifuge to increase the g-forces so that stresses in the 

model are equal to prototype stresses, that is, stresses in the field. Data from these experiments 

could be used to validate numerical models assuming the limitations related to scaling ofcentrifuge 
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testing are understood (Wood, 2004). It can also be used to understand failure mechanisms and 

bending moments in engineered systems such as piles (Kokkali et al., 2018). 

A database of seven centrifuge experiments is presented in Abdoun et al. (2016). The centrifuge 

experiments were performed at Rensselaer Polytechnic Institute (RPI). The primary motivation for 

the experiments was to advance knowledge of liquefaction in sand during earthquake shaking. 

Data from these experiments is available on DesignSafe-CI (previously NEE Shub). Simple 

sinusoidal input motion was used for all tests. The tests were carefully instrumented and gathered 

the following data: pore water pressure, acceleration, shear wave velocity. 

The centrifuge data is likely not useful for validation ofnumerical models since there is a mismatch 

between dynamic time (scales by the g-level) and diffusion time (scales by the square of the g

level), and this is not easily resolved. Although some experiments make use of viscous fluids or 

employ grain-size reduction strategies to resolve scaling law mismatches, ultimately there is a 

compromise between reality and the experiment. 

2.5.2 Laminar box 

Geotechnical laminar box tests are used to study lateral spreading, liquefaction, and earthquake 

wave passage in a 1-g testing environment. Laminar boxes are constructed so the lateral stiffness 

at the box boundaries is minimized and vertically propagating waves can travel up the box with no 

artificial reflections. Test data from controlled experiments can be used to validate numerical soil 

models for liquefaction and earthquake wave passage. 
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Dietz and Wood (2007) used a small "shear stack" of aluminum tubes separated by rubber spacers 

to demonstrate how this setup could be used to obtain dynamic soil properties (shear modulus, 

damping factor, and shear strain). The box was relatively small: 1190 mm by 550 mm in plan and 

814 mm tall. The box was placed on a shaking table and excited with sinusoidal motion. Response 

was recorded using six accelerometers. Dietz provides useful empirical equations for calculating 

shear stress and shear strain for sand. The dataset could be useful for comparison with numerical 

soil models but the raw data is not available. 

Moss et al. (2010) states that there are limited empirical data that can be used for benchmarking 

numerical soil models used for site response and SSI analysis. This paper describes an experiment 

placed on a lD shake table, using a flexible wall barrel to mimic the lD soil site response of Mud. 

Moss et al. uses SHAKE to demonstrate that the experiment provides a lD free-field response 

dataset. How the equivalent linear properties were developed and input into SHAKE is not 

reported. The author compares results from one experiment and one simulation with no discussion 

of uncertainty in the experiment. 

Tsai et al. (2016) discusses laminar box testing using a soil specimen size of 1.9 m by 1.9 min 

plan and 1.3 m tall. The authors state that the shear wave velocity of the soil profile can be 

underestimated if the influence of the box is not considered. 

Abdoun et al. (2016) describes two laminar box experiments performed at the University at 

Buffalo. The primary motivation for the experiments was to advance knowledge ofliquefaction in 

sand during earthquake shaking. Data from these experiments is available on DesignSafe-CI 

(previously NEEShub). Simple sinusoidal input motion was used for all tests. The tests were 
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extensively instrumented and gathered the following data: pore water pressure, acceleration, shear 

wave velocity. 

2.5.3 Field 

2.5.3.1 Lotung 

One of the most well-known attempts at validation of site response and SSI codes for the nuclear 

industry is the Lotung experiment. In the early 1980s, the Electric Power Research Institute (EPRI) 

constructed two scale models of nuclear containment structures in Lotung, Taiwan. The site and 

structures were instrumented to obtain soil site response and structural response during multiple 

recorded earthquakes. A three-arm surface array and two downhole arrays of accelerometers were 

placed at the site as shown in (Tseng et al., 1991). The downhole array locations are shown as 

DHB and DHA in Figure 2-8: Downhole array instrumentation locations, with DHA and DHB 

identified in the previous figure (Chang et al., 1991)., which also shows locations of 

accelerometers. 

The Lotung experiment recorded data from a number of earthquakes, both in the free-field and in 

the structure. The data were used in an attempt to validate the computer codes SHAKE and SAS SI 

(Chang et al., 1991). Equivalent linear soil properties calculated using SHAKE were input into 

SASSI and the authors concluded that the numerical and recorded results were in reasonable 

agreement. Blind predictions were not performed and the soil models were calibrated based on 

observed or measured behavior. A formal validation of the computer codes was not performed. 
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Figure 2-7: Surface and downhole array locations. 
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Figure 2-8: Downhole array instrumentation locations, with DHA and DHB identified 

in the previous figure (Chang et al , 1991). 
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2.5.3.2 Other field studies 

Attempts have been made to validate site response and SSI codes to build confidence in their 

capability to perform accurate calculations. Bolisetti and Whittaker (2015) provides an overview 

of these validation attempts starting with Idriss and Seed (1968) and Seed and Idriss (1969). Those 

journal articles compared the numerical site responses with field data recorded during the 1957 

San Francisco earthquake, the 1962 Mexico earthquake, and the 1964 Alaskan earthquake, and the 

authors noted that the site response was captured fairly well. Two general conclusions from the 

Bolisetti and Whittaker (2015) overview are: (1) nonlinear numerical models are needed for 

ground motions above 0.2 g's, and (2) some studies reviewed in the report might have involved 

modification of input parameters to arrive at a better match. Parameter modification is calibrating 

the model to a specific earthquake recorded at a specific site and is not considered validation. The 

ultimate goal is a predictive numerical site-response capability by using a formal verification and 

validation process. This can be achieved by gathering experimental data using controlled system

level tests in a laboratory. Therefore, it is necessary to layout a comprehensive validation program 

for linear and nonlinear site response and SSI tools for the nuclear industry ( chapter 3 provides 

details). 

The Bureau of Reclamation (BOR) has a long-term program to develop confidence in their 

nonlinear SSI capability by performing experimental tests to benchmark those codes (Dominic and 

Liu, 2009). The report includes an extensive literature review. One specific topic covered in the 

literature review is dynamic soil testing, including centrifuge tests, medium to large-scale shake 

table tests, and field tests. It discusses tests performed on retaining structures. 
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2.6 Data needs for validation of nonlinear site response codes 

The three-large scale laminar boxes in the USA are listed in Table 2-1. 

Table 2-1: Laminar boxes in the USA. 

Dimension, length, 
University Volume (m3) Degrees of Freedom

width, height (m) 

University at Buffalo, 
5 X 2.75 X 6 82.5 Biaxial

New York 

University of 
6.7 X 3 X 4.7 94.5 Uniaxial

California, San Diego 

University of 
3 X 3 X 1.8 6.2 Biaxial

Nevada, Reno 

The height of a laminar box used to gather site response data is important. The taller the box, the 

larger the segment of a wavelength can be measured before reflection off the free surface. A larger 

segment of wavelength in the box will improve the measured acceleration signals during 

experiments. As an example, if a 10 Hz sine wave was input to the UB laminar box filled with 5 

m of sand, with a shear wave velocity of 100 mis, the wavelength is 10 meters (A = l1s / f). This is 

drawn in Figure 2-9 and would allow for half a 10 Hz sine wave to form in the box before reflection 

off the free surface. At 5 Hz, only a quarter of a wavelength can form in the box before reflection. 
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Figure 2-9: Wavelengths in a laminar box 

To support benchmarking and validation of site response tools used in the nuclear industry, a 

dataset using sine wave inputs into 1D large scale laminar box is needed. The experiments should 

be performed in a laminar box located inside, so tests can be run over a few months without 

disturbance of the sand column by weather. Additionally, a box that can accept a deep soil deposit 

should be used. Since the UB laminar box is the tallest in the country, and located inside, it is used 

for the experimental test program presented in this dissertation. 
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Chapter 3 
Process for verification and 
validation of site response and soil
structure interaction codes 

3.1 Introduction 

Confidence in computer codes to accurately calculate seismic demands on structures, systems, and 

components (SSCs) used in the construction of nuclear facilities is needed for regulatory assurance 

and public safety. Confidence is gained by following a verification and validation (V&V) process 

for the numerical model in the parameter ranges of interest. Commercial (non-nuclear) building 

structures routinely use a code-based approach for seismic design that does not model the soil. 

However, for nuclear facilities designers are required address soil-structure interaction. This 

chapter outlines a process for V &V, identifies the critical parameters for predicting site response 

during earthquake shaking, and ranks these parameters in a phenomena identification and ranking 

table (PIRT). 

The intention of soil-structure interaction (SSI) modeling is to reasonably approximate the 

propagation ofseismic energy that impacts the site of interest and its structures. As shown in Figure 

3-1, seismic waves are released when a fault plane ruptures and releases energy that has 

accumulated due to crustal deformations. The seismic energy propagates outward in the form of 

body waves and some transforms into surface waves. As the seismic energy is transmitted from 

the source to the site of interest there are two primary dissipation mechanisms: (1) radiation 
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damping, and (2) material damping. Radiation damping is the loss of seismic energy as the waves 

expand away from the source. The body wave energy travels through regional rock layers before 

reaching the site and then moves upward (per Snell's law) through near-surface materials (Kramer, 

1996). Additionally, as the wavefront approaches the surface the mass of the overlying material 

continually decreases, allowing the amplitude of the waves caused by the seismic energy to 

increase. Additionally, the near-surface materials may "tune" these incoming waves, which can 

have a significant impact on the frequency content of the waves that reach a facility. 1 (Kammerer 

et al., 2018) 

As seismic waves reach a nuclear facility, the energy is transmitted through the foundation to the 

structure and then to structural, mechanical, and electrical systems and components that are used 

to operate nuclear facilities. The systems and components could include reactor vessels, 

operational control systems, turbines, cooling water piping, and anchorage hardware. The 

structures, systems, and components (SSCs) in a nuclear facility respond based on their dynamic 

properties and the frequency content and amplitude of the seismic energy transmitted to them. 

A 
common misconception about seismic wave passage is that geotechnical materials amplify the waves creating 
additional energy. While the amplitude of motion at the natural period of the soil does increase, the motion at other 
frequencies decrease and the total energy in the soil remains the same or even reduces due to damping. This 
misconception likely comes from the fact that two phenomena are happening simultaneously in soil. ( 1) The increased 
amplitude coming from the reduction in the mass that the seismic energy is acting on as it moves upwards, and (2) the 
soil simultaneously tuning to the incoming energy to align with its own natural period (sometimes causing resonance 
and devastating consequences to structures) (Kammerer et al., 2018). 
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Figure 3-1. Propagation of energy from source to site to in-structure locations (Kammerer 

et al., 2018) 

As discussed in Chapter 2, there are two approaches for calculating seismic demands for SSCs: (1) 

the emerging one-step process that addresses site response and soil-structure interaction in one 

time-domain analysis, and (2) the more common two-step process, which calculates site response 

first and SSI response second, using input parameters from the site response analysis. 

Currently, the most common calculation approach used for evaluation of nuclear facilities for 

earthquake loads is the equivalent linear, two-step process. However, the one-step process is 

gaining attention in the nuclear community with the addition of guidance in a non-mandatory 
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appendix to the most recent revision of American Society of Civil Engineers (ASCE)/Structural 

Engineering Institute (SEI) Standard 4 (ASCE, 2016). This non-mandatory appendix was 

developed, in part, due to recent research and development ofNLSSI tools and methods targeted 

to NPP facilities. A rigorous V & V ofnumerical models calculating wave passage through soil ( site 

response) is important to both the one-step and two-step process. To the knowledge of the author, 

this has not been performed to date. 

3.2 Background on earthquake input to site response 

To characterize earthquake effects at a site, seismologists perform probabilistic seismic hazard 

analysis (PSHA) calculations that consider all potentially damaging seismic sources and the 

uncertainties associated with all steps in the calculation. McGuire (2008) provides a primer on 

PSHA calculations and the tracking of uncertainty and variability. Seismic hazard curves 

calculated from PSHA are used to develop uniform hazard response spectra (UHRS), which are 

multiplied by a design factor to generate ground motion response spectra (GMRS). For nuclear 

power plant sites, the Nuclear Regulatory Commission requires that a Senior Seismic Hazard 

Analysis Committee (SSHAC) Level 3 (NRC, 2014) process is followed (Kammerer and Ake, 

2011) when calculating seismic hazard curves. 

Once site-specific GMRS are developed, three component time series, are developed at the user 

identified location of input in the numerical model of the soil column. To develop the time series, 

natural earthquake records are selected using criteria developed for the site of interest, then the 

frequency content and amplitude are modified to fit the GMRS. The time series are used as input 

to numerical simulations that model the response of the soil-structure system. Results from these 
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simulations are used to design nuclear facilities and demonstrate that acceptable performance and 

safety goals have been met. 

3.3 Verification and validation of site response and SSI codes 

Nuclear power plants are designed, constructed, and operated in accordance with Federal law. 

Quality assurance necessary, 10 CFR Part 50, Appendix B, Quality Assurance Criteria for Nuclear 

Power Plants and Fuel Reprocessing Plants, requires a quality assurance program to be applied to 

the design, fabrication, construction, and testing of the structures, systems, and components of the 

facility. This requirement flows down to seismic evaluations in NUREG-0800 Section 3.2.1, 

"Seismic Classification." An acceptable approach for meeting the quality assurance requirements 

for nuclear facilities is implementation of American Society of Mechanical Engineers (ASME) 

Nuclear Quality Assurance (NQA)- 1. For software applications, ASME V&V 10-2006 (ASME, 

2006), provides guidance for verification and validation of linear software systems. The flow path 

through the regulatory documents requiring implementation of QA for software using a V & V 

process is shown in Figure 3-2. 

UREG 080 ASMEV&V 
Appendix B 3.2.1 10-2006 

Figure 3-2: Flow path for V &V of software tools 

For nuclear facility calculations, a V & V process is needed to ensure quality control and to 

demonstrate that the numerical tools can calculate the parameter of interest within an acceptable 

tolerance. Oberkampf ( Oberkampf et al., 2004) provides a process for V & V of numerical tools 
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that accounts for uncertainties throughout the numerical and experimental process. The 

verification process according to Oberkampf is presented in Figure 3-3 below. 

Correct Answer 
Provided by Highly 
Accurate Solutions 

VERIFICATION 
TEST

Computational 
Solution 

Comparison and 
Test of Agreement 

Figure 3-3: Verification process (Oberkampf et al., 2004) 

The verification process compares the numerical solution with the correct answer. Model 

verification can be accomplished in two ways: (1) compare results with closed form solutions, or 

(2) compare results with those from another V&V'd code. During the verification process, the 

analyst develops the "correct answer" to a problem using either a closed form solution or a separate 

computer code, establishes an acceptable tolerance to the correct answer, and compares results. 

Verification occurs when the solution from the numerical model agrees with the "correct answer", 

within an acceptable tolerance. 

Validation is a process that develops confidence in the predictive capability of a computational 

code to model real-world phenomena in the analyst's range of interest. This process includes 

comparing computational solutions with increasingly complex experimental data. The engineering 

system of interest is divided into at least four progressively complex tiers: (1) unit problems, (2) 

benchmark problems, (3) subsystem problems, and (4) the complete system. Figure 3-4 outlines 

47 



this process. The user-identified predictive capability needs of the software should be identified in 

a phenomena identification and ranking table (PIRT). The PIRT identifies and ranks the important 

physical processes and interactions of the processes for all tiers. 

Conceptual Correct Answer 
Model Provided by 

Experimental Data 

VALIDATION 
TEST 

Comparison and 
Computational Test of Agreement 

Solution 
16-GA50267·3 

Figure 3-4: Validation process (Oberkampf et al., 2004) 

The tiered approach allows for a comparison of numerical results with experimental data at 

increasing levels of complexity. The characteristics of each tier are described below. 

The unit tier should be the simplest validation activity and include simple physical experiments 

with no coupling of physics. The experimental outputs should be easy to model. The unit tier 

should have the following characteristics: 

• Physical experiment 

o Simple, non-functional, hardware fabricated 

o Simple geometry 
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o No coupled physics 

o Simple physical response measure 

• Measured data 

o All model inputs measured 

o Most model outputs measured 

o Many experimental realizations 

o Experimental uncertainty given on all quantities 

The benchmark tier should be more complex than unit tier validation and may include simple 

coupling of physics. The benchmark tier should have the following characteristics: 

• Physical experiment 

o Special, non-functional, hardware fabricated 

o Simplified geometry and material properties 

o Little coupling of physics 

o Very simple boundary conditions and initial conditions 

• Measured data 

o Most model inputs measured 

o Many model outputs measured 

o Several experimental realizations 

o Experimental uncertainty given on most quantities 
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The subsystem tier validation activity adds another level of complexity by including more coupled 

physics and a more complex experimental setup. Subsystem tier validation should have the 

following characteristics: 

• Physical experiment 

o Functional, system hardware 

o Little or no coupling of subsystems 

o Some physics coupled 

o Simplified boundary conditions and initial conditions 

• Measured data 

o Some measurement of model inputs 

o Some measurements of model outputs 

o Few experimental realizations 

o Experimental uncertainty given on some quantities 

The most complex tier, the complete system, should have the following characteristics: 

• Physical experiment 

o Actual system hardware 

o Actual geometry and material properties 

o Complete coupling of physics 

o Actual boundary and initial conditions 

• Measured data 

o Very limited measurement model inputs 
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o Very limited measurements of model outputs 

o Very few experimental realizations 

o Little or no estimate of experimental uncertainty 

The concept behind this process is to identify the individual physics parameters that contribute to 

developing a predictive numerical capability. The hierarchical tiered approach should accomplish 

two tasks: (1) the removal of one level of the physical system's complexity each time a lower tier 

is constructed, and (2) selection of individual experiments in a tier that are practical to perform 

and can produce validation-quality data. Each physical parameter can be validated at the unit tier 

and the numerical capability improved. The next step is to validate at the benchmark tier with a 

slightly more complex experiment. Finally, validation can be completed at the subsystem and 

complete system tiers, and the tests can be performed to validate the numerical models predictive 

capability. This tiered process can be applied to produce a predictive capability for site response 

and SSI analysis as shown in Figure 3-5. 

Figure 3-5 breaks down the various tiers that need validation to produce computer models that 

have the ability to predict SSC responses during earthquake shaking. There are three subsystems 

in SSI analysis: (1) soil-site response, (2) soil-foundation interaction, and (3) structural response. 

All three subsystems have unit and benchmark-level validation needs. When the tiers have been 

complete, the total system response is validated. The focus of this dissertation is on gathering data 

to support validation of site-response at the unit level. 
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Figure 3-5: Complete system of interest for nonlinear soil-structure interaction predictive capability 
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The scope and intended use of numerical models used to analyze site response must be defined to 

determine what V & V activities are needed and to prioritize tasks and resources. The scope is 

outlined in Table 3-1. 

Table 3-1: Scope for the V &V of soil constitutive models used in nuclear facility analysis 

Feature Description 

Site response and SSI of soil sites that support 
Domain of interest 

nuclear facilities and nuclear power plants. 

Response-history analysis of nuclear facility 
and NPP during design basis and beyond 

Intended use of the model 
design basis earthquake loadings. Low, 

medium, and high soil shear strains. 

Acceleration, velocity, deformation of soil 

Energy dissipation ( viscous, hysteretic 
damping) in the soil. Response features of interest 

Change in shear stiffness of soil. 

Gapping, sliding, and uplift. 

To be determined for each unit, subsystem, 
Accuracy requirements 

and system experiment. 

A PIRT table is used to identify the physical processes that are expected to have significant effects 

on the cyclic response of soils. The PIRT systematically identifies the physical phenomena, the 

importance of each phenomenon to the cyclic response of soil, and the level of confidence in the 
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numerical model. The physical phenomena that need to be investigated experimentally for 

validation are listed in the PIRT as shown in Table 3-2. 

Table 3-2: PIRT for identification of behavior need to model cyclic soil used in nuclear 

facility analysis 

Importance to Response of Level of Confidence in 
Phenomenon 

Interest Model 

Frictional interaction of soil 
High Low

particles 

Dilatancy of soil High Low 

Viscous damping behavior of 
Medium High

soil at low soil strains 

Stiffness proportional 
damping ( energy dissipation) High Low 

at high soil strains 

Cyclic multi-directional 
High Low 

effects of soil 

Soil saturation Medium Low 

Wave passage effects in soil High Low 

Frictional interaction of soil particles is important since this behavior dissipates energy during 

shaking. The numerical analysis presented in this dissertation uses current modeling and 

simulation approaches that approximate the frictional interaction by "smearing" the behavior 
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across a finite element. In this approach, particle interaction is not directly modeled. Direct 

modeling of individual soil particles, as well as the associated uncertainties, could be a future 

research and development opportunity. Experimental data have been gathered on frictional 

interaction of soil particles by measuring the "smeared" behavior of a soil specimen and presenting 

the data as damping versus shear strain curves (Darendeli, 2001). These data are referred to as 

dynamic soil properties and can be used as input into constitutive models or used to develop a 

specific numerical formulation. 

Dynamic soil property data are measured using resonant column (RC) or torsional shear (TS) tests. 

Resonant column testing measures the resonance characteristics of a soil specimen with known 

geometry and boundary conditions, fixed at the bottom and free at the top. By exciting the 

specimen in torsion and applying a harmonic load through a rigid top cap, the specimen's dynamic 

properties at first mode resonance can be determined. A torsional shear (TS) test determines 

dynamic material properties by subjecting the specimen to cyclic shearing stress at low 

frequencies. The stress is applied to the top of the specimen and resulting shear strains are 

measured, producing hysteresis loops. 
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Combined resonant column, torsional shear (RCTS) equipment can test two configurations, (1) 

low-amplitude dynamic testing during resonance (RC testing), and (2) higher-amplitude dynamic 
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16-GAS0.267-2 

Figure 3-6: Setup of a fixed-free resonant column test using an RCTS, reproduced 

from Darendeli (2001). 

testing during resonance (TS). The combined test fixture allows for the same specimen to be used 

for both tests. Figure 3-6 shows the combined RCTS fixture setup. 

Dilatancy or volume change of soil is important. Volume change of soil can occur during shaking 

due to compaction or expansion of an over-consolidated soil at high soil strains. 

Experimental observations from torsional shear tests and resonant column tests indicate that at low 

levels of soil shear strain, there is a small amount of viscous damping. This viscous damping may 

be due to movement of the soil particles through a fluid. Much more important to site response 
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behavior during earthquake evaluations at nuclear facilities is stiffness proportional damping ( due 

to soil particle interaction). As described above, this behavior has been measured in RC and TC 

tests. However, limited data exist on cyclic frictional soil particle interaction and how that 

interaction dissipates energy at a systems level (such as laminar box testing). 

Two dimensional effects are important to the cyclic response of soil (Kammerer, 2002). A team at 

University of Illinois has tested multi-directional shear response and its effects on volumetric 

strains (Olson et al. (2015). The test setup is shown in Figure 3-7. Using this data, soil constitutive 

models are being updated to capture multi-directional behavior. 
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Figure 3-7: Multi-direction direct shear device at University of Illinois (Olson et al., 

2015) 
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Two dimensional effects are beyond the scope of this dissertation because 1D behavior is not yet 

well understood. 

3.4 Summary of numerical software and available soil models 

There are many constitutive models that can be used to numerically model cyclic behavior of soil. 

However, the scope of this dissertation is nuclear facilities and the soils that support them. Nuclear 

power plants are required to be supported by soils that have a shear wave velocity of 333 mis and 

greater (NRC, 2013). 

There are many constitutive models available for simulating cyclic soil response. However, some 

of these models require the user to input parameters that are difficult and expensive to obtain. 

Therefore, this report focuses on soil models that use input parameters that are currently gathered 

as part of a geotechnical site characterization. The constitutive models should capture elastic 

response, yield function, plastic flow directions, and softening hardening laws. 

Table 3-3 provides a list of software packages used to evaluate soil site response and SSI in the 

nuclear industry and the respective soil constitutive models that are used in those packages. 
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Table 3-3: Soil constitutive models for the nuclear industry 

Numerical 
Calculates Soil Constitutive Models Reference 

tools 

Nonlinear time-
LS-DYNA Mat hysteretic 10 points LSTC (2017) 

domain SSI 

Nonlinear time-
ABAQUS Mat hysteretic "n" points Dassault Systemes (2018) 

domain SSI 

Nonlinear time-
MASTODON Soil-HYS (Coleman et al., 2017a)

domain SSI 

Nonlinear time-
OPENSEES Equivalent linear (OpenSees, 2018) 

domain SSI 

Nonlinear time-
ESSI Multiple soil models Jeremie et al. (2013)

domain SSI 

Frequency and time-
DEEPSOIL Masing (Hashash et al., 2011)

domain site response 

Frequency domain 
SHAKE Equivalent linear (Schnabel et al., 1972) 

site response 

Frequency domain Equivalent linear soil 
SASSI Lysmer et al. (1999)

SSI properties are input 

Frequency domain Equivalent linear soil 
CLASS! (Wong and Luco, 1980) 

SSI properties are input 
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Given that soil constitutive models have been developed using unit tier tests, a benchmark-scale 

test is needed to gather data and validate site response at a system level. This is the next step in the 

validation process. To do this, a set of large-scale geotechnical laminar box tests are needed to 

benchmark and validate wave passage effects in lD. It is important to perform these tests in lD to 

eliminate additional sources ofuncertainty associated with 2D or 3D. Data from these tests will be 

used to validate soil constitutive models for both linear and nonlinear behavior at the benchmark 

tier, as shown in Figure 3-5. 

3.5 Software for nuclear facility site response and soil-structure 

interaction 

Verification of numerical codes is accomplished by following software quality assurance (SQA) 

procedures to ensure that the software solves the mathematical problem correctly. A 

comprehensive effort to verify SASSI was completed in 2015 (DOE, 2015). This effort developed 

verification test problems for SASSI users but could be used to verify elastic response of time

domain codes. The open-source framework MOOSE based application MASTODON (Coleman 

et al., 2017a), requires that for each new line of physics added, a verification problem be included 

in the build process. Every time a user builds MOOSE on their computer, over 1,000 test problems 

are run across the framework to test all lines of code and to ensure quality. 
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3.6 A process for validation of site-response tools 

A validation process is proposed for nuclear industry site response tools. This process includes the 

necessary experimental and numerical steps needed to validate a numerical model in the parameter 

ranges of interest. Figure 3-8 provides an overview of the process. 

In Step 1, the physical phenomena that the user wishes to predict is identified. After the first step, 

the process splits into two separate paths-experimental (E) and numerical (N). 

The experimental path starts with Step 2E, in which experiments are developed to provide data 

that are compared with numerical-model solutions. The next step, 3E, identifies the parameters of 

interest that need to be measured in the experiments. In Step 4E, the ranges of interest for each 

parameter are identified and an experimental run log is developed. In Step 5E, the appropriate 

instrumentation is identified to measure the parameters of interest. The instrumentation is installed 

at the locations where the output is desired. In Step 6E, potential uncertainties in the experimental 

runs are identified and an approach to quantify the uncertainties is designed. Step 7E consists of 

running the tests and post-processing the experimental results. 

The numerical path begins with Step 2N, in which the analyst identifies the numerical model that 

will be used to predict the desired physical response. In Step 3N, the numerical parameters that are 

important to predict the physical response are identified. These physical parameters should be 

verified in this step meaning each parameter matches closed-form solutions. The numerical model 

of the experiment is built using material-property inputs and the input motions measured from the 

experiments, Step 4N. In Step 5N the simulations are run and data are post-processed. 
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The results of the parameters of interest from the experiments and the numerical simulations are 

compared in Step 2. A check is made to determine if the difference is within an acceptable 

tolerance. If the difference is less than the specified tolerance, the validation exercise is complete, 

and the process needs to be documented following acceptable quality assurance practices (ASME, 

2015). If the difference is too great, the reason should be identified, and numerical model modified 

or a new experiment performed. 

3.6.1 Validation process applied to site response 

The process depicted in Figure 3-8 is now applied to the topic of interest of this dissertation, 

namely, site response. 

Table 3-4 outlines the application of the validation process to site-response analysis, and identifies 

chapters in this dissertation where specific topics are discussed. 
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Validation Process ,-- ·-------7 

Identify phenomena of interest1 

2E 2N 
Develop experiments to dentify and/or develop numerica 
measure the phenomena -------~------ tool to predict phenomena 

3E 3N 

Identify parameters of interest 

4E 

erify numerica 
parameters 
within range 

s ecified 

Identify numerical parameters 
important to predicting 

phenomena within specified 
ranges of parameters 

Identify range of each 
parameter to test Material 

SE 
properties Build numerical model of 

experiment 
Design instrumentation to 

measure phenomena 
Input motion 

Run simulations and post
6E process 

Quantify potential uncertainties 
in experiments 

7E 2 

Run experiments and post 
Compare Results 

process 

4b 3 4a 
Identify reasons for 
difference. Are new ifference within a alidation complet 

experiments needed? Re-run ~NO acceptable within parameter 
numerical model with new tolerance? range of interest 

BCs and inputs? 

L _____ _ ________ _J 

Figure 3-8 : Process for validation of numerical tools 
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Table 3-4: Process for validation of site response tools 

1 - Identify phenomena of interest 
JD seismic soil site-response for uniform layers ofdry sand 

2E - Develop experiments to measure the 
phenomena 

1 D laminar box tests 

3E - Identify parameters of interest 
Acceleration time series, shear wave velocity, 
shear modulus, relative density (Chapters 5 

and6) 

4E - Identify range of each parameter to test 
Acceleration to 0. 05 g, shear wave velocity 
over 100 mis, relative density between 97 -
J 00 pcf, simple sine waves of1 Hz to 10 Hz 

SE - Design instrumentation to measure 
phenomena 

Accelerometers, bender elements, Shape 
Acee! Arravs, (Chapter 4) 

6E - Quantify potential uncertainties in 
experiments 

Variability in shear wave velocity 
measurements; use multiple instrument sets 
gather data, quantify impact oflamin~r box 

hardware on simulating site response (ifany); 
measure acceleration on laminates and in the 

soil column (Chapter 6) 
7E - Run experiments and post-process 

Input simple sine wave motions and gather 
data (Chapter 6) 

2N - Identify and/or develop numerical tool to 
predict phenomena 

Use INL finite element tool MASTODON 
f_Chapter 7) 

3N - Identify numerical parameters important 
to predicting phenomena within specified 

ranges of parameters 
Accelerations and response, acceptable 

differences with experiments 10% or less in 
area ofinterest, area ofinterest 10 Hz or less 

for these experiments 
4N - Build numerical model of experiment. 
Use quadratic solid linear finite elements; at 
least 10 elements per wavelength are needed; 

use I-soil constitutive model to define soil 
material properties (Chapter 7) 

SN - Run simulations and post process 
Compare acceleration and response at 

multiple levels in the laminar box 

2 - Compare Results (Chapter 7) 
3 - Differences within an acceptable tolerance? 

No Yes 

4b - Identify reasons for difference. Are new 
4a - Validation complete within parameter 

experiments needed? Re-run numerical model 
range of interest.

with new boundary conditions and inputs? 
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Chapter 4 
Geotechnical LaIDinar Box Test 
Setup 

A geotechnical laminar box can be used to study vertically propagating shear waves in soil media. 

Laminar boxes can be used to generate data to validate numerical tools for the design of 

earthquake-resistant nuclear facilities. The Structural Engineering and Earthquake Simulation 

Laboratory (SEESL) at the University at Buffalo (UB) has a laminar box, which is described in 

Section 4.1.1. 

The laminar box at UB can be used for measuring 1D and 2D shear wave propagation through 

uniform and multilayer soil columns. As a large piece of equipment, the process for instrumenting, 

filling, and characterizing the box is a time- and labor-intensive process. UB has optimized the 

process over the last three years to reduce filling and instrumenting time. 

This chapter provides a description of the laminar box, an overview of the filling and emptying 

processes, its experimental capabilities and limitations, and instrumentation. It also presents a brief 

discussion of uncertainties in box experiments and an example of data taken from recent tests. 

Methods to maximize the efficiency of large-scale laminar box testing and new instrumentation 

applications are also identified. 

65 



4.1 Geotechnical laminar box description 

The laminar box is part of the SEESL experimental infrastructure. The SEESL facility provides 

2,300 m2 (25,000 ft2) of indoor testing capability. An aerial photo of the SEESL is provided in 

Figure 4-1. 

Figure 4-1: Aerial photo of SEESL 

4.1.1 Laminar box components 

The box is 6 m tall (19.7 ft) with interior plan dimensions of 2.75 m (9.0 ft) wide and 5 m (16.4 ft) 

long in the direction of one-dimensional shaking. The soil is typically deposited as hydraulic fill, 

and in this case, the height of the soil is limited to 5 meters (16.4 ft) above the base plate. This 

allows for one meter of freeboard during the hydraulic filling process and yields a soil-column 

volume of approximately 69 m3 (2,421 ft3) with a saturated weight of approximately 150 metric 

tons (330 kips). The height ofcontained soil can be increased if another deposition method is used. 
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Figure 4-2: Picture of laminar box 

The box uses a stack of 40 laminates separated with ball bearings. The base ring is rigidly fastened 

to the base plate assembly. Each laminate has a total height (thickness of shearing soil layers) of 

152.4 mm (6 in); they are numbered sequentially from 01 to 39. The bottom five laminates use 

ASTM A992 steel AISC W10x26 sections, and the top 34 laminates use W10x22 sections. A 

typical laminate has a mass of approximately 1 metric ton (2.25 kips). A rubber-stopper system 

within the laminate cavities restricts the maximum relative motion of two adjacent laminates to 

88.9 mm (3.5 in). The laminate steel and hardware account for an additional 39 metric tons (86 

kips) of load on top of the box base. The additional mass results in a total fully saturated payload 

for a soil experiment of 189 metric tons (416 kips). 
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Ball bearings are attached to the laminate wide flange beam webs, allowing laminates to glide on 

top of each other. The number of bearings attached to each laminate varies along the height of the 

box, based on the weight it is supporting. There are 76 individual bearings between the two bottom

most laminates but only 14 bearings between the two top-most laminates. In total, there are 1,622 

laminate bearings in the system, creating near frictionless horizontal movement. Figure 4-3 shows 

ball bearings placed in a laminate. Subjectively, one person can move a laminate or series of rings 

with little exertion. 

Figure 4-3: Picture of Laminate 39 showing ball bearings. 

The box base uses an assembly of steel sections, stiffeners, and plates attached to a 19.05 mm(¾

in)-thick steel base plate. The top of the plate is defined as the global zero elevation during testing. 

The base plate is fastened to a supporting assembly of six WI 6x57 longitudinal (length is in 
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direction of motion) sections stiffened using W and C steel sections. Steel plates are bolted to the 

bottom of the stiffeners and are tapped to accept more ball-bearing assemblies (Figure 4-4). These 

ball bearings move on top of hardened steel plates, which are fastened to a 38.1-mm (1.5-in) thick 

hydro-stone leveled steel plate that in tum is bolted to the 609.6-mm (24-in) thick reinforced

concrete SEESL strong floor. There are 312 ball bearings connected to the base plate that allow 

the system to translate during input motions. The box is currently actuated only in one horizontal 

direction although it can be expanded to two horizontal directions. The base, base ring, actuator 

connection frames, steel plates, and bearings have a mass of approximately 11.4 metric tons (25.2 

kips). 

Figure 4-4: Ball bearings placed the base plate as base plate 

SEESL is equipped with overhead cranes capable of lifting and placing foundation and structural 

systems into the box, as well as handling filling equipment. The cranes can also be equipped with 
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a basket to carry people, tools, and materials into and around the box. Safety training and safety 

manuals describe procedures that ensure safe movement of people and materials in the laboratory 

(Mohan and Shringarpure, 2009). 

4.1.2 Restraint systems 

A guidance and restraint system surrounds the box to ensure safe and uniform shearing motion. 

The system consists of three main guidance systems: lateral, overhead, and an inclined test safety

restraint system. 

4.1.2.1 Lateral guidance system 

The lateral guidance system prevents twisting and torsion and keeps the laminates moving in a 

uniaxial direction, allowing for one-dimensional shear wave passage. Four columns are located 

outside the four comers of the box, mounted vertically with spring-loaded polytetrafluoroethylene 

(PTFE) plates that are adjusted to be in contact with laminates. The amount of force the PTFE pads 

exert on the box laminates is adjusted by moving nuts along ¾" threaded rods in the lateral 

guidance system. This force creates minimal drag on the laminates that can be calculated at each 

bolt location. The PTFE pads and laminar bearing surfaces were inspected after the testing program 

described in chapter 6. No scratching, or other visual indicators of high friction were observed. 

4.1.2.2 Overhead guidance system 

The overhead guidance system uses two W12x96 beams placed above the top laminate and in line 

with the uniaxial motion. The beams are hung from two cross beams that span the lateral guidance 

system columns and prevent the box from rocking or overturning and laminate separation due to 
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vertical propagation of pore water and slippage. Bearings are mounted to the undersurface of the 

flange and glide along the top surface of the uppermost laminate. After the box is filled with soil, 

these beams are adjusted, ensuring there is bearing on all laminates. 

The box is capable of conducting lateral spreading testing with an inclined setup of laminates. This 

is achieved by substituting a two-degree skewed laminate at the base, which tilts the above 

laminates and soil column to a 2 degree out-of-plumb direction. The inclined test safety restraint 

system is designed to prevent a catastrophic failure during testing. 

4.1.3 Rubber liner 

A 3-mm thick ethylene propylene diene monomer (EPDM) rubber liner is placed on the inside of 

the box. The purpose of the liner is to contain the soil (saturated or dry) during filling and testing. 

The EPDM material is impervious, creating an undrained boundary condition (BC) along the 

laminate bottom and sides. The rubber liner is hung from poles and hooks that are attached to the 

top-most laminate. When full, the weight of the material in the box stretches the liner. 

4.1.4 Input motion capabilities 

Two MTS 500-kN (110-kips), three-stage, displacement-controlled hydraulic actuators drive the 

laminar box in the unidirectional test configuration and are mounted to the base plate (Figure 4-5). 

The actuators move the bottom plate based on the user-specified input motion. The maximum 

static and dynamic stroke of the actuators are 304.8 mm (12 in) and 254 mm (10 in), respectively. 

Each actuator has an in-line MTS Model 661.23 500-kN load cell that measures force. The input 
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motions are controlled usmg MTS Model 793.10 MultiPurpose TestWare and Series 793 

Application Software. 

·.>:. 

Figure 4-5: Actuators attached to the box base 

At the time of this writing the box is configured for uniaxial horizontal shaking. Its design enables 

2D (horizontal-horizontal) testing in its current location and 3D testing ifplaced on a shaking table. 

Typical motions have been of the steady-state form, including single frequency sinusoids, sine 

sweeps, and gauss chirps. The system is capable of reproducing any displacement input motion 

within the test program's defined performance envelope. Sine waves and other large displacement 

motions are typically ramped up and down to ease into steady state, which prevents shock and 

damage to the mechanical system. Sine sweeps are used to identify the natural frequency of the 

soil column and consist of constant amplitude but increasing frequency as a function of time. 

Similarly, Gauss chirps consist of increasing frequency as a function of time, but the signal's 
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amplitude varies in the shape of a Gaussian curve. Realistic earthquake motions and wavelets can 

also be input. 

4.2 Instrumentation 

The instrumentation placed outside and inside the box enables both static and dynamic 

measurements. Data gathered from the instruments during testing includes observation of real

time displacement, shear wave velocity (l1s), soil acceleration, and tracking of the input wave as it 

propagates through the soil column. Some of the instruments are placed inside of the box and 

others are mounted to the laminates and base plate. Table 4-1 identifies instrumentation, its 

location, and the measurements made. 

Table 4-1: Instrumentation used in geotechnical laminar box experiments 

Location Static Instrumentation 

Exterior 
String potentiometers - measure 

total displacement 

Laminar box-
soil interface 

Embedded in 
soil 

Tactile pressure sensors - measure 
lateral soil pressure 

Shape Accel Arrays (SAAs) -
measure soil position and settlement 

Bender elements - measure voltage 
versus time (used to calculate shear 

wave velocity) 

Pore water pressure sensors -
measure water table location 

Dynamic (during shaking) Instrumentation 

Temposonics - measure base displacement 

Krypton - measure displacement 

Accelerometers - measure acceleration on the 
base plate and laminates 

Actuator load cells - measure force in 
actuators 

SAAs - measure soil displacement, strain, and 
acceleration 

Pore water pressure sensors - measure pore 
water pressure (if any) buildup, and dissipation 
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To dynamically track wave passage in the soil column, acceleration and displacement data are 

collected up the height of the box using accelerometers, ShapeAccelArrays (SAAs ), and string 

potentiometers. Static in-situ characterization of sand placed in the laminar box includes seismic 

cone penetration testing (SCPT) apparatus, embedded ShapeAccelArrays (SAAs ), and Pore-Water 

Piezometers (PWPs). The SAAs and PWPs are also used during shaking. Custom-made bender 

element (BE) systems are embedded in the sand to gather in situ-data used to calculate shear wave 

velocity (Colletti et al., 2018). 

Shape Accel Arrays are slender devices that consist of rigid links joined at flexible nodes. These 

are placed in the laminar box prior to filling. They are extended from the top to the bottom of the 

box and are used to capture the deformation of the sand during testing. For the tests described in 

this dissertation, the SAAs are 20 ft long. Two have 10-in.-long links and the other two have 12-

in.-long links between nodes. Each SAA contains accelerometers placed at its nodes and bender 

elements (BEs) attached just above a node about every 2.5 ft. Prior to each experiment, the 

displacement of each node is captured, and shear wave velocity is measured. The shear wave 

velocity is measured by inducing a signal using a BE transmitter and measuring that signal at BE 

receivers. The shear wave velocity can then be determined by measuring the time taken for the 

signal (shear wave) to travel through the soil, from the transmitter to the receiver. Figure 4-6 shows 

the four SAAs in the box (used for testing here) with transmitting and receiving BEs. 
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Figure 4-6: Locations of bender elements 

Displacements of the laminates and the base during testing are measured using Firstmark Controls 

Model 162-3405 Position Transducers, also known as string potentiometers. The base and 

laminates are monitored by the use of a Krypton camera system and high-resolution MTS 

Temposonic transducers. Honeywell-Sensotec Model JTF accelerometers are placed on the base 

and laminates. 

Pore water pressure is measured using 194-mm-long, 32-mm-diameter, 250-kPa capacity Geokon 

Model 3400 piezometers. The PWP sensors are calibrated using a custom SEESL calibration 

chamber consisting of a Dayton 1ZMG5 pressure vessel and a 690-kPa-capacity Groebner digital 

pressure gauge. 
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Figure 4-7: String pots attached to the laminates 

76 



4.3 Filling the Geotechnical Laminar Box 

The Ottawa F-55 sand used in the tests described in this dissertation is stored in three ISO standard 

shipping containers outside of SEESL. The shipping containers are filled with water to pump sand 

to the box. A hydraulic slurry process is used to pump the mixture of sand and water into the box 

using 3-inch diameter hoses. The box is emptied by reversing the process. Figure 4-8 identifies the 

pumping line from the containers to the box. 
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Figure 4-8: Plan view of pumping line layout in SEESL (Colletti, 2016) 
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To ensure a uniform density in the box during filling, freeboard has to be maintained between the 

free surface of water and the deposited sand. It is also necessary to keep the height of the diffuser 

no more than 0.6 meters (Thevanayagam et al., 2009) above the free water surface to ensure that 

the sand particles reach terminal velocity in the water and maintain uniform density and settle in 

the box similar to alluvial deposits in lakes. Figure 4-9 provides a photo of the filling process. 

GLB Rings 

Water 

I I 

Return 
Lines to 
STTs 

Fully-settled Sand, uncertain 0,. 

(a) Cross section sketch of filling process (b) Photo of filling process 

Figure 4-9: Hydraulic filling process and placement of sand in box 

In situ void ratio, eo, and density are measured by filling a bucket of known volume during 

placement (Thevanayagam et al., 2009). The bucket is suspended from a rope and lowered into 

the freeboard zone (see Figure 4-9a) until it is resting on the submerged sand surface. The bucket 

is filled during placement and extracted when filled, and the mass is recorded. The bucket filled 

with saturated soil is then placed in an oven and baked to dry the sand and calculate the dry mass. 
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Bucket tests were performed when filling the box to confirm a uniform relative density. The 

sampling shows a uniform density of the sand in the box between 120 and 123 pounds per cubic 

foot (Figure 4-10). This data was collected when filling the laminar box in the fall of 2017. 
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Figure 4-10: Locations and density values obtained from bucket tests 

4.4 Draining process 

Once filling is complete, the soil column is still completely saturated. Water can be pumped out 

of the box to control the water table. To remove of water from the box, two perforated corrugated 

plastic pipe (PCPP), that run from the bottom to the top of the box, are placed prior to filling in 
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two comers of the box. The PCPP is wrapped with a geotextile material that prevents solid particles 

from being pumped out. 

Positive displacement pumps are lowered to the bottom of the PCPP deep wells, and as pumping 

starts, water migrates to the wells and is pumped out. The flow rate can be monitored during 

pumping operations to determine the volume ofwater removed. For the tests presented here, nearly 

all the water was drained out of the box. Pore-water pressure sensors, if present, can also be used 

to accurately determine the height of water in the box. 

4.5 Discussion of box uncertainties 

There are sources of uncertainty in the box, both in the mechanical system and in the soil, that 

must be characterized. A lack of understanding of the uncertainties in the box can impact the 

quality of the data. Four primary sources of uncertainty exist in the box tests: (1) input motion, (2) 

box hardware, (3) soil, and ( 4) instrumentation. The motion is input as a displacement time series, 

and the resulting input motion is measured on the box baseplate using accelerometers. Hardware 

uncertainty includes friction in the ball bearings that support the laminates and the associated 

frictional force that resists lateral motion. The frictional force can be estimated using the 

coefficient of friction for the ball bearings. The manufacturer's literature lists the friction for each 

ball bearing as 0.005 (Omnitrack, 2017). The frictional force is calculated for laminate 1 by 

subtracting the weight of all laminates minus the weight of laminate O(39 - 1 = 38 metric tons). 

The lateral frictional force at this location is 0.005 times 38 metric tons times gravity or 1.86 N. 

There is a small frictional force between each of the laminates, however, this is much less than the 

inertial force in the fully loaded box system. 
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The box also includes a rubber liner that contains the sand. The soil placed in the box has 

uncertainty related to the filling process and elastic material properties. This is mitigated by 

following a strict filling process, measuring the in-situ density during filling, and by measuring the 

shear wave velocity in the box using bender elements. 

Table 4-2 provides an outline of the uncertainties in box tests and mitigations or quantification of 

the uncertainty. Instrumentation on and inside the box allows for measurement ofwave passage in 

the soil column in the box. 

81 



Table 4-2: Sources of uncertainty in the box tests and mitigation or quantification 

Source of Uncertainty 

Input motion to meet a 
desired acceleration 

time series 

Bearings creating 
friction between 

laminates 

Achieving the desired 
density of the sand 

PTFE pad friction 

Location of water table 
in the box 

Lateral stiffness along 
the box laminate 

boundaries 

Potential Impact on Experiment 

The actuators are displacement 
controlled, so achieving a desired 
acceleration requires calculation. 

This may cause the input motion to 
fail to produce the desired 

acceleration. 

Could increase lateral stiffness in 
the box, thus reflecting shear 
waves of the box boundary. 

Wave speed in box will not be 
what is expected. 

Could cause lateral stiffness in the 
box. 

Numerical model could be wrong. 
May model sand using dry density 

instead of saturated density. 

May cause wave reflections. 

Mitigation or 
Quantification 

Two accelerometers are 
placed on the box baseplate to 

measure the input 
acceleration. This allows for 
exact measurement of input 

motion. 

The frictional force in the 
bearings is much less than the 

inertial force in the system. 

Control the diffuser height 
and measure in-situ density of 

placed material. 

Hand tightening of the nuts 
until the pads just touch the 
laminates. The pads were 

inspected for wear and none 
was observed. 

PWP sensors are placed in the 
box to measure the water 

table. 

The SAAs, BEs, and 
embedded accelerometers 

were placed at four locations 
to quantify if the response 
during experiments is free 

field. 
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Chapter 5 
Material Properties 

The laminar box was designed and constructed for researching soil behavior. To date, only Ottawa 

Foundry-55 (F-55) sand has been placed in the box, however, other soil or gravel mixtures could 

be used. This chapter describes the elastic and dynamic soil properties of the Ottawa F-55 sand 

used in the tests. 

5.1 Material properties 

5.1.1 Soil classification 

F-55 is a silica sand with minimal fines. It has a Unified Soil Classification System (USCS) 

designation of poorly-graded sand (SP). The sand grains are mainly rounded, clear, colorless 

quartz, diamond-like in hardness, pure silica (silicon dioxide) uncontaminated by clay, loam, iron 

compounds, or other foreign substances. The F-55 sand at UB has been mechanically altered due 

to multiple filling and emptying operations. Tests on the F-55 sand at UB is reported by Colletti 

(2016) and those mechanical properties are reproduced in Table 5-1. 
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Table 5-1: Mechanical properties of F-55 sand at UB 

Index Value 

Soil particle density (Gs) 2.65 

D1o(mm) 0.175 

D6o(mm) 0.350 

Void ratio at loose state ( emax) 0.755 

Void ratio at dense state emm 0.505 

Coefficient of uniformity (Cu) 2.000 

Coefficient of curvature (Cc) 1.235 

Typical densities for F-55 sand are provided in Table 5-2. However, the measured saturated density 

values for the F-55 UB sand from Figure 4-11 is 1954 kg/m3 (122 lbs/ft3), and the dry value is 

1590 kg/m3 (99.26 lbs/ft3), as listed in Appendix A. 

84 



Table 5-2: Ottawa F-55 sand properties (Thevanayagam et al., 2003) 

Typical Unit Weights at Dense State (emin) 

Dry, kN/m3 (lbs/ft3) 16.3 (103.4) 

Saturated, kN/m3 (lbs/ft3) 20.0 (127.0) 

Typical Unit Weights at Loose State (emax) 

Dry, kN/m3 (lbs/ft3) 14.5 (92.4) 

Saturated, kN/m3 (lbs/ft3) 18.9 (120.1) 

Figure 5-1 shows F-55 sand as received at UB (a) and F-55 sand after multiple filling and emptying 

(b). The images were captured using an optical microscope with 50x magnification. Sieve analysis 

also shows changes in the grain size distribution. The dynamic properties of the SEESL sand are 

different from natural Ottawa F-55 sand. 
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(a) Natural F-55 sand (b) SEESL F-55 sand 

Figure 5-1: Natural and SEESL Ottawa F-55 sand 

The images in Figure 5-2 are a 200x magnification ofF-55 sand after multiple filling and emptying 

cycles (referred to as UB F-55 sand). The particles are more rounded than the natural F-55 sand 

particles. For these particles, the average grain size is 0.270 mm. 
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(a) Grain size distribution (b) Scale 

Figure 5-2: Images from 200x magnification of a sample of UB F-55 sand 
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The shear modulus is an important elastic parameter. The shear modulus was determined by using 

bender element (BE) tests run before the experiments ( discussed in chapter 6). A signal is sent 

using a BE transmitter and measured at BE receivers. The shear wave velocity is then determined 

by measuring the time taken for the signal (shear wave) to travel through the soil from the 

transmitter to the receiver. The elastic shear modulus is calculated using: 

G-p·V.2- s (5-1) 

p is the density of the soil. The elastic shear modulus is the starting point for the calculation of 

dynamic soil properties. Chapter 6 provides the measured shear wave velocities and the calculated 

shear moduli. 

5.1.2 Dynamic material properties 

The nuclear industry uses the shear modulus and damping ratio to define the input material 

properties for numerical analysis. The shear modulus, G, defines the shear stiffness of the soil and 

is the slope of the shear stress/strain curve. As shear strains increase during shaking, the slope 

(secant shear modulus) reduces. During cyclic shaking, the shear stress/strain values reverse, 

creating a hysteresis loop as shown in Figure 2-3. The area contained within the hysteresis loop 

represents energy dissipation, commonly referred to as damping. 

The energy dissipation is due to movement of soil particles during shaking and is widely described 

as material damping. As shear strain increases, material damping also increases. 
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Combined Resonant Column (RC) and Torsional Shear (TS) test are performed on soil samples 

gathered from the field. During RC loading the material shear wave velocity and damping ratio is 

measured at first-mode resonance. The torsional shear mode uses cyclic loading to determine the 

soil specimen's stress-strain response, which can be used to determine both secant shear modulus 

at moderate to large shear strain levels and the associated hysteretic damping. The RCTS 

determines shear modulus values at both small and moderate strain levels (the shear modulus of 

soil decreasing for increasing strains) and also determines material damping. The shear modulus 

reduction and damping values are then used as input to numerical models used to predict the soil 

response at a site. 

Representative Ottawa F-55 sand samples, taken from the SEESL storage containers, were sent to 

Professor Kenneth Stokoe in the fall of2017. His laboratory performed RCTS tests to measure the 

dynamic properties ofUB Ottawa F-55 sand. The tests were performed on both dry and saturated 

specimens. The tests were performed at confining pressures ranging from 2 psi (13.8 kPa) to 32 

psi (220.6 kPa). The raw data sets were used to develop shear modulus reduction and material 

damping curves at three different confining pressures. The dynamic properties for the dry UB F-

55 sand are presented in Figure 5-3 and Figure 5-4. The curves show that the higher the confining 

pressure, the stiffer the material and the lower the damping. 
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Figure 5-3: Shear modulus reduction curves for UB F-55 sand as a function of confining 
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Figure 5-4: Material damping curves for UB F-55 sand as a function of confining pressure 
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Chapter 6 
Geotechnical LaIDinar Box 
ExperiIDental Results 

In the fall of2016, 145 tests were performed to measure the I-dimensional motion of a soil column 

in response to simple sine waves, sine sweeps, and Gaussian chirp inputs. Instruments were placed 

on and in the box to measure soil properties, pore water pressure, and wave passage effects in the 

soil, including displacement and acceleration and to time stamp each signal. This chapter describes 

the instrumentation, shear wave velocity measurements, and recorded accelerations on the 

baseplate and eight other laminate locations. 

6.1 Instrumentation numbering 

Accelerometers were mounted on the base plate and on the outside of the box at the midpoint of 

nine each laminates. Figure 4-3 shows a photo of laminate 39 and provides a sense of mounting 

location. Table 6-1 lists laminates, accelerometer numbers, and heights above the base plate. These 

transducers recorded acceleration time series during each experiment. Using these data, the shear 

wave velocity was calculated by tracking the time difference of the input wave as it passes each 

accelerometer. 

90 



Table 6-1: Laminate location and identification of accelerometers outside the laminar box 

Accel # Laminate# Height (m) Height (feet) 

ACC341 34 5.29 17.34 

ACC30 30 4.68 15.34 

ACC26 26 4.07 13.34 

ACC22 22 3.46 11.34 

ACC18 18 2.85 9.34 

ACC14 14 2.24 7.34 

ACCIO 10 1.63 5.34 

ACC9 6 1.02 3.34 

ACC8 2 0.41 1.34 

BaseXS 0 0.00 0.00 

BaseXN 0 0.00 0.00 
1The height of the top of the sand was 5 .18m ( 17. 00 ft) 

Bender elements were embedded in the soil and mounted to the SAAs as described in chapter 4. 

There were 32 bender element transmitter-receiver pairs that were placed in the box. These pairs 

were used to determine shear wave velocity at four distinct heights in the box. The transmitter

receiver pairs, the layer where they were located, and the height they were above the base plate are 

provided in Table 6-2. Figure 6-1 shows the location of the BE pairs relative to the layers in the 

laminar box and to the laminate numbers. 
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Table 6-2: Bender element pairs and location relative to base plate. 

BE Receiver # BE Transmitter # 

Rl T13 

Rl Tl9 

R2 Tl5 

R3 T20 

R4 Tl6 

R4 T22 

R5 Tl8 

R6 T23 

RIO T13 

RIO Tl9 

Rll T21 

Rl2 Tl4 

Rl3 Tl6 

Rl3 T22 

Rl4 T24 

Rl5 Tl7 

Rl9 Tl 

Rl9 T7 

R20 T9 

R21 T2 

R22 T4 

R22 TIO 

R23 Tl2 

R24 T5 

R25 Tl 

R25 T7 

R26 T3 

R27 T8 

R28 T4 

R28 TIO 

R29 T6 

R30 Tll 

Layer # 

1 

1 

1 

1 

3 

3 

3 

3 

1 

1 

1 

1 

3 

3 

3 

3 

2 

2 

2 

2 

4 

4 

4 

4 

2 

2 

2 

2 

4 

4 

4 

4 

Height (m) 

1.186 

1.214 

1.257 

1.290 

3.072 

3.082 

3.148 

3.154 

1.173 

1.201 

1.262 

1.240 

3.051 

3.062 

3.131 

3.123 

2.129 

2.112 

2.176 

2.201 

4.027 

4.008 

4.082 

4.100 

2.129 

2.112 

2.200 

2.176 

4.014 

3.994 

4.081 

4.069 

Distance between 
pair (m) 

1.165 

3.468 

1.219 

3.51 

1.255 

3.705 

1.318 

3.709 

3.603 

1.555 

1.609 

3.628 

3.701 

1.596 

1.657 

3.703 

1.191 

3.635 

3.662 

1.254 

1.311 

3.666 

3.669 

1.377 

3.708 

1.539 

3.727 

1.598 

3.554 

1.652 

3.559 

1.715 
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Figure 6-1: Location oflayers in the box. 
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6.2 Test overview 

Two sets of tests were performed: (1) 146 seismic laminar box tests, and (2) 11 static bender 

element (BE) tests, to determine shear wave velocity and to calculate shear modulus. Static BE 

tests were run before and after subsets of dynamic tests. The BE tests started with a small pulse 

sent to a transmitting BE causing the paddle to move, sending out an s-wave. On the other side of 

the box, a receiving BE that recorded the s-wave arrival (Colletti, 2016). This allowed for 

calculation of the shear wave velocity within the soil mass. 

The seismic input motions were waveforms of various amplitudes, frequencies, and durations. 

Details on the wave type, input frequency, and number of cycles are provided in Table 6-3. The 

data gathered from some of the tests are stored in the National Hazards Engineering Research 

Institute (NHERI) repository (https:/ /www.designsafe-ci.org/ data/browser/projects/). 

The first set ofmotions, 1 to 16, used a single 10 Hz sine wave as input with an amplitude of0.02g. 

At 10 Hz, half a sine wave is in the box before reflection off the free surface. This provided a sine 

wave relatively free of higher frequency content. As the test program progressed the frequency of 

the sine wave was decreased from an initial 8 Hz to 6 Hz, and then to 4 Hz, 2 Hz, 1 Hz, and 0.5 

Hz. As the frequency decreased the sine wave in the box has more high frequency noise (Figure 

6-2). The testing program also ran sine sweeps starting at 0.5 Hz and ending at 5 Hz, as well as 

Gaussian chirps. 

The acceleration recorded on the baseplate for experiment 146 was 0.2g. This input motion caused 

pore water pressure to increase at the bottom ofthe box where residual water was present (pumping 

could not remove all the water). This liquefied the soil at the bottom of the box producing motions 
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of nearly lg. This test is not considered in this dissertation. Although it does highlight that 

installation of a sump pump in the bottom of the laminar box would remove all the water from the 

box. Tests were also run to quantify the performance of the laminar box. 

0 0.2 0.4 0.6 0.8 1.2 1.4 1.6 1.8 2 

(a) 10 Hz input 

0.01 . . . . . . , : 

0 . . ' . . . : ' ' · - .------~~-------
-0 .01 ~ __S ___; 

0 0.2 0.4 0.6 0.8 1.2 1.4 1.6 1.8 2 

(b) 1 Hz input 

Figure 6-2: Input motions recorded on the baseplate, y-axis acceleration in g's, x-axis 

time in seconds 

A number tests were run to quantify the performance of the box and not to record data that could 

be used to compare with numerical models. Table 6-3 lists the data that could be compared with 

numerical soil models as "sutiable" and data that was used for understanding the box performance 

envelop as "not applicable". This dissertation presents comparisons with numerical models for 10 

Hz, 4 Hz, 1 Hz, and a sine sweep. 
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Table 6-3: Experimental tests 

Quality for 
Approximate Frequency

Run Date Wave Cycles numerical
amplitude (g) (Hz) validation 

Static BE 12/4/2016 

1 - 16 12/6-7/2016 0.02 Full sine 10 1 suitable 

17 -24 12/7/2016 0.02 Full sine 8 1 suitable 

25-32 12/7/2016 0.02 Full sine 6 1 suitable 

33-40 12/7/2016 0.02 Full sine 4 1 suitable 

41 -48 12/7/2016 0.02 Full sine 2 1 suitable 

49 - 56 12/7/2016 0.02 Full sine 1 1 suitable 

57 - 64 12/7/2016 0.02 Full sine 0.5 1 suitable 

65 - 72 12/8/2016 0.03 Full sine 2 1 suitable 

73-80 12/8/2016 0.03-0.05 Full sine 1 1 suitable 

81 -88 12/8/2016 0.02 Full sine 0.5 1 suitable 

Static BE 12/8/2016 

89-97 12/9/2016 0.02 Sine Sweep 0.5 - 5 1 suitable 

Static BE 12/9/2016 

High gauss 
98 -107 12/12/2016 0.02 5 - 10 multiple not applicable 

chirp1 

Low gauss 
108 -117 12/12/2016 0.02 0.5 - 5 multiple suitable

chirp1 

Static BE 12/13/2016 

118-125 12/13/2016 0.02 Half sine 20 1 not applicable 

Static BE 12/13/2016 

126 - 132 0.02 Full sine 10 10 not applicable 

Static BE 12/13/2016 

133 - 136 12/13/2016 0.02 Full sine 10 10 not applicable 

Static BE 12/13/2016 

137 - 139 12/14/2016 0.06 Full sine 10 10 not applicable 

Static BE 12/14/2016 

140-142 12/14/2016 0.08 Full sine 10 10 not applicable 

Static BE 12/14/2016 

143 - 145 12/14/2016 0.10 Full sine 10 10 not applicable 

Static BE 12/14/2016 

146 12/14/2016 Over 0.2 Full sine 10 10 not applicable 

Static BE 12/14/2016 

1A gauss chirp is a signal that increases in frequency. 
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6.3 Static bender element data and calculated shear modulus 

Table 6-3 lists 11 static bender element tests that were performed prior to shaking. The data from 

these tests were used to establish shear wave velocity in the soil column and to calculate the small

strain shear modulus. The shear modulus of soil is calculated using Equation 6-1. 

G0 = pV.2S (6-1) 

Where G0 is the small-strain shear modulus, p is the density of the soil, and l1s is the shear wave 

velocity. Bender elements tests were used to calculate shear wave velocity in the sand. The shear 

wave velocity is determined by precisely measuring the distance between the transmitter and 

receiver via ShapeAccelArrays and measuring the time required for the signal to travel through 

the soil (6-2). 

d 
V, 

s 
= -t (6-2) 

Each signal must be reviewed to determine its arrival time at the receiver. 

Figure 6-3: Voltage versus time for the T7 - R25 pair from 12/14/2016 set 3 shows a measured 

signal using the T7 - R25 pair, located in layer 2 (Figure 6-1 ). This figure shows a small reflected 

p-wave, and the s-wave arrival time. 
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Figure 6-3: Voltage versus time for the T7 -R25 pair from 12/14/2016 set 3 

Signals for all 32 BE pairs for the 11 static runs were reviewed to determine arrival times. The 

shear wave velocities are presented in Figure 6-4 at four levels measured from the baseplate up the 

box: 1.2, 2.2, 3.2, and 4 meters, respectively. Outliers exist in the dataset; for example, the range 

at 2.2 meters is 80 mis to 240 mis. For a dry uniform sand column this spread in data is not 

acceptable. Therefore, the outlier data was re-assessed to determine why this spread exists. 
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Figure 6-4: Calculated shear wave velocity at four locations in laminar box. 
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The data point identified by the arrow in Figure 6-4 is an example of an outlier gathered from T8-

R27. The voltage versus time plot (Figure 6-5) was reviewed to determine ifthere were issues with 

interpretation of the data. The initial estimate of arrival time was 0.007 sand the distance between 

T8 and R27 was 1.598 meters, giving an estimated shear wave velocity of 228 mis (the point 

indicated in Figure 6-4). 
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Figure 6-5: Voltage versus time of TS -R27 pair from 12/04/2016. 

Lee and Santamarina (2005) discuss the transverse directivity of bender elements. When a bender 

element transmits a signal, two p-wave lobes are generated normal to the paddle plane, and an s

wave lobe is generated, as shown in Figure 6-6. The p-wave lobes travel at a 45° from the paddle 

and reflect of the laminar box walls, possibly interfering with the s-wave arrival time. Figure 6-6b 
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shows p-wave interference in a dry specimen, where the p-wave reflected from the cell wall arrives 

before the direct s-wave. 
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Figure 6-6: Bender element directivity: (a) transverse and in-plane directions, (b) and (c) 

measured signals in dry and partially saturated specimens (Lee and 

Santamarina, 2005). 

It is possible that the initial shear wave arrival time shown in Figure 6-5 is a reflected p-wave. To 

determine this, the geometry of the T8-R27 pair relative to the laminar box wall must be measured 

and the p-wave velocity calculated. P-wave velocity can be calculated using (6-3). 

V,, = J2(1- v) (6-3)Vs 1 - 2v 
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Poisson's ratio for dry sand can be calculated using the empirical relationship (Gu et al., 2013) for 

dry sand: 

V = 0.62G;-0
·
2 (6-4) 

Using an estimated l1s = 150 m/s and p = 1600 kg/m 3 gives a G0 = 36 MPa, and v = 0.3. If 

v = 0.3, then Vp = 280 m/s. The locations ofT8 and R27 and the east wall is shown in Figure 

6-7, together with the s-wave and reflected p-wave paths. shows the distances for both the s-wave 

( direct path) and reflected p-wave. 

East GLB Wall 

Reflected p-wave blue path 

R27 

s-wave path, d1 = 1.598m 

Figure 6-7: Figure showing a plan layout of TS -R27. 

The expected shear wave arrival time can be estimated by using the distance between T8 and R27 

and dividing by l1s = 150 m/s giving an arrival time of 0.01 seconds. 

1.598 
= = 0.01st1 150 
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The estimated p-wave velocity is 1.87 x 150 = 280 m/s. The estimated arrival time for the p

wave to follow the reflected wave path is: 

1.790 
= = 0.006st 2 280 

With this information Figure 6-5 is re-evaluated for shear wave arrival. Figure 6-8 shows the new 

estimates that consider a reflected p-wave arriving at R27 first and then the s-wave signal. From 

Figure 6-8 it can be seen that it is difficult to identify the s-wave arrival time for signals where p-

wave and s-waves arrive near the same time and with similar amplitudes. 
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Figure 6-8: Voltage versus time of TS -R27 pair 12/04/2016. 
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Points located outside the dashed lines in Figure 6-9 were removed from the dataset due to 

difficulty is identifying the s-wave arrival time in the BE receiver signal. 
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Figure 6-9: Shear wave velocity at four locations in laminar box with dashed lines 

identifying outliers removed 
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6.4 Shear wave velocity data gathered from dynamic testing 

Another approach for obtaining shear wave velocity measurements is to derive it from data 

gathered during dynamic testing. There are two datasets: (1) acceleration time series from the 

laminates, and (2) accelerometers mounted to the SAAs and embedded in the soil. 

The shear wave velocities were determined from both of these datasets by measuring the 

accelerations at each transducer (laminate or SAA) and tracking the first peak of the input wave as 

it moves up the height of the box. The difference between the arrival times of the first peak, and 

the known distances between the mounting locations, enable the calculation of l1s. 

Consider ACC8 and ACC9 of Figure 6-10 and the distance between them is 0.61m. The time 

difference between the peaks, or crossings of the x-axis is 0.006 seconds (0.086 - 0.080), yielding 

a l1s = 102 m / s. Matlab (Math Works, 2017), was used to post-process the data and the time shift 

calculations. For these tests a sampling rate of 0.001 second is used. Based on the observed time 

lag of the sine wave between ACC8 to ACC9 a shear wave velocity of 102 mis was calculated. 

With a sampling rate or 0.001 second the actual time for ACC9 could be 0.0864 second (0.0004s 

greater) and for ACC8 0.0796 second (0.0004s less), giving a shear wave velocity of90 mis. ACC9 

could also be 0.0856 and ACC8 0.0804, giving a shear wave velocity of 117 mis. The sampling 

rate of 0.001 second causes an error ofup to 27 mis in the calculation process. The sampling rate 

of the time step could be increased to improve the accuracy of the shear wave velocity calculation. 
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Figure 6-10: Phase lag of wave passage from a 12-07-2016 run between ACC8 and ACC9. 

6.4.1 Shear wave velocity from laminate data 

Accelerometers were attached externally to nine laminates along the height of the box and also on 

the base plate, at locations identified in Table 6-1 . The eight accelerometers below the top of the 

sand were used to calculate shear wave velocity. Using a Matlab script presented in Appendix B, 

shear wave velocity was calculated and results are presented in Figure 6-11 . Individual shear wave 

calculations are shown as points, and the black line is the calculated mean value of each set of 

points at a measurement height. This figure shows clear outliers above 200 mis. These outliers are 

removed and the standard deviation (STD) of the remaining values calculated. Figure 6-12 shows 

the new mean value (black curve) with outliers removed, a red curve that represents minus one 
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standard deviation from the mean, and blue error bars that represent a span of 27 mis about the 

mean (this represents sampling rate error). 
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Figure 6-11: Calculated values of shear wave velocity at eight locations from 12-07-2016, 

4, 6, 8, and 10 Hz runs. The black line represents the mean. 
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Figure 6-12: Updated mean values from 4, 6, 8, and 10 Hz runs (with outliers removed), 

minus one standard deviation, and error bars 

The mean and minus one standard deviation shear wave velocity values at the eight locations are 

used to calculate shear modulus using the density. chapter 5 lists density values of 1590 kg/m3 and 

1954 kg/m3 for dry and saturated Ottawa F-55 sand respectively. From testing it is known that not 
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all the water was drained out of the bottom of the box, approximately three to six inches of water 

remained in the bottom. Therefore, from elevation zero to ACC8 (0.41 meters), an average of the 

dry (1590 kg/m3) and saturated (1954 kg/m3) density values of 1772 kg/m3 was used. For the other 

seven layers the sand was dry and a density value of 1590 kg/m3 was used. The calculated values 

are presented in Table 6-4. The mean and minus 1 STD and initial shear modulus values are used 

in the numerical models presented in chapter 7. 

Table 6-4: Calculated shear modulus values based on laminate Vs data. 

Accelerometer Mean Minus 1 Minus 1 
Accelerometer Mean Density

height above Gmax STD Vs STD Go
number Vs (m/s) (kg/m3)

base (m) (Mpa) (m/s) (Mpa) 

Height of Sand 5.000 93.71 14.0 96.0 16.3 1590 

ACC30 4.678 93.71 14.0 114.5 20.8 1590 

ACC26 4.069 81.8 10.6 134.1 28.6 1590 

ACC22 3.459 83.4 11.1 127.2 25.7 1590 

ACC18 2.849 121.6 23.5 107.6 18.4 1590 

ACC14 2.239 141.3 31.7 75.3 9.0 1590 

ACClO 1.630 142.2 32.2 67.9 7.3 1590 

ACC9 1.020 129.9 26.8 78.0 9.7 1590 

ACC8 0.41 118.5 24.9 96.0 16.3 1772 
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6.4.2 Shear wave velocity from SAA data 

Each ShapeAccelArray contains accelerometers mounted at its nodes and bender elements 

attached just above each node. Acceleration values from the SAAs could be used to determine 

shear wave velocity using the time difference in passage of the initial sine wave as presented in 

the previous section. However, the resolution of the SAA accelerometers is 0.01 second, thus not 

enabling accurate shear wave velocity calculations. 

For future tests it is recommended that the time resolution of the accelerometers mounted to the 

SAAs is at least 0.001 seconds. This will decrease the sampling rate error. 

6.5 Comparison of bender element and laminate shear wave velocity 

The average shear wave velocity values from the bender element data and the laminate data (with 

outliers removed) are compared in Figure 6-13 . The shear wave velocity calculations from the BE 

data were only available at four depths. The shear wave velocity values calculated from the average 

BEs data produce a stiffer estimate of the sand column in the box then that predicted by the 

laminate data. The shear wave velocity calculations from the bender element data had more 

potential error then the those from the laminates. This was due to the difficulty in determining the 

s-wave arrival time for some of the signals measured at the BE receivers. For numerical model 

comparisons presented in chapter 7, only the shear wave velocity calculations from the laminate 

data is used. 
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Figure 6-13: Comparison of calculated laminate and bender element shear wave 

velocities 
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6.6 Acceleration time series from SAA and laminate data 

Accelerometers placed on the laminar box base plate, laminates, and SAAs were used to gather 

time series data. Some of the transducers on SAA nodes line up of with those on the laminates and 

an example plot between the measured acceleration at SAA and laminate locations is shown in 

Figure 6-13 . Matlab code was written to curate and plot the data, and the script is presented in 

Appendix A. 

A plot comparing recorded acceleration up the laminar box from transducers mounted to laminates 

and SAAs of Run 8 on 12-07-2016 is provided in Figure 6-13. Acceleration time series are 

presented at nine locations up the box starting at the base plate, (a). The height at each level is 

presented for the vertical location of the accelerometer on the laminate and SAA. The data show 

that the laminate and SAA accelerometers are recording similar signals. In (b) calculated response 

spectra are shown. There is a slight phase shift in the maximum peak amplitude response between 

the laminates and SAA data. 
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Figure 6-14: Experimental data, 10 Hz, run 8 
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6.7 Laminar box soil column natural frequency 

The natural frequency of the laminar box soil column can be approximated using the transfer 

function for uniform undamped soil on rigid rock shown in (6-5) (Kramer, 1996). The average 

value of shear wave velocity from the laminate data for nine locations up the box (Figure 6-13) is 

approximately 112 m/s. The height of the sand is 5m and from (6-5) the estimated natural 

frequency is 5.3 Hz. 

1 
(6-5)

F(w) = lcos(wv~)I 

The natural frequency of the soil column can also be estimated from experimental runs. This is 

calculated by dividing the response spectrum calculated from the recorded base acceleration by 

the response spectrum at laminate 30 (ACC30). The primary (first mode) soil column response is 

determined from these calculations. For the initial set of 10 Hz runs on 12-07-2016 the natural 

frequency was 4. 7 Hz, as the number of tests increased so did the stiffness of the soil column. By 

Run 74 the natural frequency was 5.3 Hz. 
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Figure 6-15: Ratio of spectral acceleration 

6.8 Calculated viscous damping 

The laminar box has multiple sources of energy dissipation, commonly referred to as damping, 

during dynamic experiments. There is damping due to the laminar box system including bearings, 

rubber liner, and PTFE pads. Linear small strain damping, less than 0.001 %, is also present in the 

soil although this value is small. The damping of the box system and the viscous damping of the 

soil is quantified so that it can be used in numerical models. Both forms of damping will be 

represented as viscous damping in the numerical model runs. Energy dissipation due to frictional 
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particle interaction or stiffness proportional damping is calculated by the soil material model as 

detailed in chapter 7. 

6.8.1 Small strain damping in soil 

Damping in the soil is estimated by reviewing displacement versus time measurements at two 

locations along the outside of the box. Shear strain was then calculated by dividing the measured 

displacement by the vertical distance between measurements. The horizontal displacement 

measured on the outside of the box and in the soil is the same since the soil is constrained to move 

with the box. An estimate of horizontal displacement is observed from (Run 28 on 12-07-2016). 

Relative strains from Run 28 on 12-07-2016 are plotted in Figure 6-16: (a) between the base plate 

and laminate 2, 0.015%, and (b) between laminate 26 and laminate 30, 0.025%. The average shear 

strain from these two locations is 0.0002 or 0.02%. 

Using the damping versus shear strain curves developed through RCTS testing and presented in 

Chapter 5, a damping value of 2.25% is determined (Figure 6-18). 

For the numerical model only, a small strain damping (less than 0.001%) value of0.25% (Figure 

6-18) is used. This is because the numerical model calculates the remaining damping in the 

MASTODON material model hysteresis loops. 
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Figure 6-16: Strain between measured locations, (a) between the base plate and laminate 

2, and (b) between laminate 26 and laminate 30 
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Figure 6-17: Ottawa F-55 sand damping at 0.02% strain 

6.8.2 Damping in the laminar box system 

Viscoelastic damping of the laminar box system, including box hardware, rubber liner, and sand, 

can be estimated by using the ratio of two successive peaks of damped free vibration. The laminar 

box is approximated as an underdamped single degree of freedom (SDOF) system subject to free 

vibration. The equivalent viscoelastic damping can then be approximated by logarithmic 

decrement (Chopra, 1995). Using the logarithmic decrement calculation, the damping ratio for the 

full box can be estimated. Run 28 on was used to estimate the damping value. Figure 6-18 shows 

the recorded signal (raw) and the filtered signal (filtered). The raw signal was filtered using a 
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Butterworth filter with a window between two and six hertz. From the filtered signal six successive 

peaks were used to determine the logarithmic decrement and damping. The six values were 

averaged and a damping value of 3.6% was calculated. 
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Figure 6-18: Raw and filtered acceleration time series measured on the baseplate during 

Run 28 on 12-07-2016 

The soil contributes 2.25% damping during Run 28. As noted for numerical modeling most of the 

soil damping is calculated using the constitutive model except for the small strain damping of 

0.25%. However, the numerical model does not explicitly model the box systems and therefore 

that damping must be included. Therefore, the numerical model should include approximately 

3.6% minus 2.0% or 1.6% damping. 
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6.8.3 Rayleigh damping for laminar box numerical model 

As discussed in the previous section, approximately 1.60% viscous damping should be included 

in the site response numerical model of the laminar box. The numerical model will be discussed 

more in chapter 7, but will use a stack of 3-dimensional linear solid finite elements, constrained to 

move in I-dimension, to represent site response. This model will not be explicitly model the box 

system. 

Rayleigh damping is the most commonly used formulation to approximately viscous damping in 

numerical simulations. Rayleigh damping is frequency dependent and can be evaluated as: 

(6-6) 

where UR and ~R are the Rayleigh damping coefficients and M and K are the mass and stiffness 

matrices, respectively. 

Figure 6-19 shows of Rayleigh damping ( c ), changes with frequency. The user desired viscous 

damping ratio can be matched at two frequencies, shown as fl and f2, using the full Rayleigh 

damping formulation. The Rayleigh damping coefficients used in MASTODON were aR = 

0.08094 (termed eta in the input file) and /3 R = 0.002332 (termed zeta in the input file). The 

resulting frequency dependent damping curve based on these values is presented in Figure 6-20. 

This produces about 1.4% damping at the soil column natural frequency in the box of about 5 Hz. 
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Figure 6-19: Schematic illustration of viscous damping change with frequency (Kammerer 

et al. , 2018) 
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Figure 6-20: Viscous damping as a function of frequency 
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Chapter 7 
BenchIDarking of Site Response and 
Soil-Structure-Interaction Analysis 
Codes 

Confidence is needed in the ability of the numerical tools to accurately calculate seismic demands 

on nuclear facilities. This confidence is developed in part by using verified and validated numerical 

models. To do so, the analyst must first determine how to represent the physical problem in a finite 

element model. The validation process demonstrates the ability of the numerical model to 

approximate physical behavior. Data both from controlled experiments and observed field 

behavior are used for validation. The data from the laminar box tests, described in the previous 

chapter, with results published at DesignSafe-CI (https://www.designsafe-ci.org/), can be used to 

validate numerical tools for site-response analysis. Herein, the validation exercise is limited to the 

data from the laminar box experiments. 

In this chapter, a numerical tool is used to build a finite element model that represents the laminar 

box, motions from some of the 145 experiments are input to the model, and results of simulated 

experiments are compared. The comparison is used to provide confidence in the numerical tool to 

perform site-response calculations on a uniform dry sand. 
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7.1 Process 

Figure 3-5 identifies physical phenomena that need to be validated at multiple tiers to develop a 

predictive capability: benchmark, unit, and subsystem. The tiered process starts with simple 

experiments and numerical models with incremented increasing complexity until the entire system 

of interest can be modeled. As identified in Table 3-6, the process documented in this dissertation 

starts with ID site response of a uniform dry sand column. Site-response parameters of interest 

were measured experimentally. The results of these experiments are presented in chapter 6. These 

results are compared in this chapter with numerical models to benchmark and validate unit level 

behavior of the system. Comparison of experimental results, at multiple frequencies, with 

numerical results is presented and documented (termed benchmarking), not a complete validation. 

Figure 7-1 shows the validation process and identifies the information that will be presented in this 

chapter by blue shading. 
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7.2 Development of the finite element model 

The finite element software used to model and analyze site response analysis for comparison with 

laminar box experiments is Multi-hazard Analysis for Stochastic Time-Domain phenomena 

(MASTODON). MASTODON is an open-source software platform. It has the capability to 

simulate "source-to-site" earthquake wave propagation, nonlinear wave propagation, nonlinear 

site response, and nonlinear soil-structure interaction (NLSSI). MASTODON is open-sourced on 

the software hosting service GitHub's website at https://github.com/idaholab/mastodon. 

The geometry of the one-dimensional numerical model of the sand in the laminar box is defined 

using a single stack of 3D finite elements. Only a ID model was developed and the modeling 

process is displayed in Figure 7-2. Here, a model is built to model ID wave passage using 3D 

elements. The model geometry is constructed and meshed. Next, material properties are then 

applied to the meshed model and appropriate damping, both viscous and stiffness proportional, is 

applied to the model. In this case Rayleigh damping (viscous) is used to represent damping of the 

laminar box system, and hysteretic damping (stiffness proportional) is used to represent damping 

caused by frictional interaction of soil particles. Boundary conditions and input motions are then 

added to the model. A time integration scheme is identified, MASTODON uses both Newmark 

Beta (Newmark, 1959), and Hilber-Hughes-Taylor (HHT) (Hilber et al., 1977), and integration 

parameters are selected. This model uses HHT with the following integration parameters, beta = 

0.4225, gamma = 0.8, and alpha = -0.3. Finally, the model is run and results are reviewed to 

determine if they are reasonable and if yes, then the model run is complete. 

If no, then the user must determine why, make changes, and re-run. Each step in the modeling 

process is described in more detail below. 
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The input file developed for the model runs described below is presented in Appendix B. 

Additional information on the format of input files can be found on the MASTODON webpage 

https:// github. com/idaholab/mastodon. 
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Figure 7-2: Process for finite element modeling 
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7.2.1 Geometry and mesh 

The model uses 100 HEX8 hexahedron linear elements that are 0.05m by 0.05m by 0.05m. The 

elements are stacked to a height of Sm, the depth of sand in the laminar box. The finite element 

model is shown in Figure 7-3. The model used 3D elements, but the input motion and the results 

only consider 1 D motion. 

Figure 7-3: Finite element model of the soil column in laminar box. 
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At least 10 elements per wavelength should be used to capture wave passage effects (Coleman et 

al., 2016). With the highest frequency tested in the box being 20 Hz and the lower shear wave 

velocities being around 80 mis, the model produces a wave height of4 m (l1s/f. The meshed model 

uses 20 elements per meter, or 80 elements for the shortest wave length (20 elements times 4m), 

much more than 10 elements per wavelength. 

7.2.2 Boundary conditions 

The nodes up the vertical of the model are constrained to move together thus modeling the soil 

column as if it were laterally infinite. In MASTODON period boundary conditions are used to 

constrain the nodes with the user defined "primary" and "secondary" surfaces. An example of the 

input file is given below. 

[./Periodic] 

[ ./left _right] 

variable = '<lisp_ x <lisp_y <lisp_z' 

primary= '104' 

secondary= '103' 

translation= '0.05 0 O' 

[../] 

7.2.3 Material properties 

The behavior of the soil in shear is defined by the shear modulus. Shear moduli are calculated at 

nine locations up the laminar box. Two sets of model runs are presented that use shear moduli 

calculated from shear wave velocities at nine locations using: (1) the mean value, and (2) minus 
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one standard deviation. Both sets of values are presented in Table 6-4. ASCE (2016) contains the 

basis for using the mean and minus one standard deviation shear modulus values to establish 

numerical model input parameters is. In chapter 5 it states that the mean and standard deviation of 

the high-strain shear modulus shall be established for every soil layer and the coefficient of 

variation should cover the mean plus or minus one standard deviation for every layer. 

Shear wave velocities calculated from transducers on the laminates was used for the shear moduli 

calculations. This is because the bender element data had P-wave reflections. 

MASTODON uses an I-Soil material model (Numanoglu et al., 2017) to define nonlinear soil 

behavior. A shear modulus reduction curve is automatically generated based on empirical relations 

obtained from laboratory tests. Darendeli (2001) presents a functional form for normalized 

modulus reduction curves obtained from resonant column and torsional shear test for variety of 

soils. MASTODON utilizes this study and auto-generates the backbone shear stress-strain curves. 

The inputs for this option are (1) small strain shear modulus, (2) bulk modulus, (3) plasticity index, 

(4) over-consolidation ratio, (5) reference effective mean stress at which the backbone is 

constructed, and ( 6) number of shear stress-shear strain points preferred by the user to construct a 

piecewise linear backbone curve. All the other parameters except the number of shear stress-shear 

strain points can be provided as a vector for each soil layer. 

The Darendeli (2001) study extrapolates the normalized modulus reduction curves beyond values 

of 0.1 % shear strain. This extrapolation causes significant over/under estimation of the shear 

strength implied at large strains for different type of soils at different reference effective mean 
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stresses (Hashash, 2010). However, the experimental runs in the laminar box did not exceed 0.01 % 

and so this is not an issue for this numerical study. 

7.2.4 Damping 

As discussed in chapter 6, Rayleigh damping was used to represent energy dissipation from the 

laminar box system. The I-soil material model accounts for the hysteretic damping in the soil. 

7.2.5 Input motions 

Two accelerometers are located on the baseplate ofthe laminar box: BaseXS, and BaseXN. During 

the experiments, acceleration time series were recorded at these locations. Those records were 

used as input motions for the model runs. The BaseXN motions were input to the numerical models 

presented here. In the numerical model, motion was input at the rigid base, in the x-direction. The 

resulting wave was then tracked at locations of interest in the numerical model and compared with 

experimental results. 

7.3 Post-processing results 

Post-processing of the results was completed using Matlab scripts to compare experimental data. 

An example Matlab file is presented in Appendix B. Numerical model results from the mean and 

minus one standard deviation runs are compared with the recorded acceleration data from the 

laminates. Numerical model runs include the following experiments: 10 Hz, 4 Hz, 1 Hz, and a sine 

sweep. Information on the test date, and experiment number is presented in Table 7-1. It was 
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important to make comparisons with results from experimental runs that covered frequencies from 

1 Hz to 10 Hz. This provides confidence in the numerical model over a range of frequencies. 

Table 7-1: Experiments used for numerical model run comparisons 

Date Experiment Experiment Input Number of Full 
(M/D/Y) Number (Day) Number (Total) Frequency (Hz) Cycles 

12/7/16 8 8 10 1 

12/7/16 28 36 4 1 

12/8/16 10 74 1 1 

12/9/16 1 89 Sine Sweep Multiple 

131 



7.3.1 Comparisons of experimental and model results 

This section compares both the acceleration time senes and calculated response spectra for 

experimental and model results. Figure 7-3 through Figure 7-6 show the comparison between the 

mean and minus one standard deviation (STD) numerical model runs with experimental results. 

The figures show nine locations up the laminar box starting at elevation zero (baseplate). 

Figure 7-3 shows a MASTODON model run with experimental data from Run 8, 10 Hz input. All 

three response spectra curves show the first model of the soil column, 4.6 Hz, amplifying as it 

travels up the box. Both the mean and minus one standard deviation MASTODON models match 

the experiment well at 4.6 Hz. At other frequencies the minus one STD MASTODON model 

matches the experimental results reasonably well. The mean MASTODON model under-predicts 

the soil response at almost all locations. This means that the minus one STD shear moduli values 

are a better representation of the actual laminar box sand properties. 

Results from Run 36, 4 Hz input, is shown in Figure 7-4. Both MASTODON model runs and the 

experiment data compare well at the first natural frequency of the soil column between four and 

five hertz. The amplitude of the minus one STD model run closely matches the amplitude of the 

experiment. Response spectra results between MASTODON and the experiment match very well. 

Also, the acceleration time series from the two model runs and the experiment match well, both in 

frequency and amplitude. 

Results from Run 74, 1 Hz input, is shown in Figure 7-5. Both MASTODON model runs and the 

experiment data compare well at the first natural frequency of the soil column between four and 
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five hertz. The amplitude of the minus one STD model run closely matches the amplitude of the 

experiment. Response spectra results between MASTODON and the experiment match very well. 

Figure 7-6 shows comparison of Run 89, sine sweep. Both MASTODON model runs and the 

experiment data compare well at the first natural frequency of the soil column between four and 

five hertz. However, MASTODON shows an additional peak around 5.5 Hz. However, response 

spectra results between MASTODON and the experiment match well. 
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Chapter 8 
SuIDIDary, OutcoIDes, and 
RecoIDIDendations 

8.1 Summary 

The seismic load case generally controls the design of structures in safety-related nuclear facilities. 

Seismic design requires analysis of the propagation of seismic waves through the soil profile local 

to the structure (termed site response), through the foundation-soil interface, and up into the 

structure. To perform such seismic analysis, analysts will use either a two-step or a one-step soil

structure interaction (SSI) calculation. The two-step process performs the site response and SSI 

calculations independently using separate numerical tools. The one-step process involves analysis 

of one soil-structure numerical model, typically in the time domain. 

For numerical tools and models to be used for analysis and design ofnuclear facilities in the United 

States, they must be verified and validated. Experimental data are needed for the validation 

exercise. The testing performed in the geotechnical laminar box at the University of Buffalo (UB) 

provides a data set that can be used for validation of site-response tools. 

The study described in this dissertation was motivated by three factors, namely, (1) the equivalent 

linear tools currently used in the nuclear industry for SSI analysis have not been formally validated, 

(2) computing power has increased to the point where time domain tools can be routinely used for 

SSI analysis, and (3) the design-basis seismic hazard at nuclear facility and NPP sites has increased 

such that nonlinear behavior is expected in soil domains and at soil-foundation boundaries (i.e., 

gapping, sliding, and uplift) for which direct nonlinear analysis is needed for accurate calculations. 
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The research contributions of this dissertation include: (1) a curated data set from 145 geotechnical 

laminar box tests, (2) a process for validating site response and soil-structure interaction tools in 

the nuclear industry, and (3) benchmarking and validation ofa site response tool using results from 

the tests. 

Chapter 2 provides an overview of site response and SSI tools used in the US nuclear industry, 

describes previous experiments that have been used to gather data for benchmarking and 

validation, and identifies working geotechnical laminar boxes in the United States. An accepted 

Nuclear Quality Assurance (NQA) process for verification and validation (V&V) is outlined in 

Chapter 3. The chapter discusses how to apply this process for V&V ofsite response and SSI tools, 

and identifies available soil models. Chapter 3 also provides a PIRT table for site-response 

analysis. A process specific to validation of site-response tools was developed in this dissertation 

and it is provided in Chapter 3. Analysts seeking to validate site response models could adopt the 

process described in Chapter 3. 

An overview of the laminar box is provided in Chapter 4. Information on the procedure to fill the 

laminar box and on instrumentation of and in the box prior to testing is presented. The testing of a 

dry sand column required that two wells be placed in the box and used to pump out water 

introduced during the filling phase. Removing the water thus allowed for testing of a dry sand 

column and in the future would allow for testing of a partially saturated laminar box. 

The material properties of the Ottawa F-55 sand placed in the box are presented in Chapter 5, 

together with linear and nonlinear material models to describe the sand for numerical simulations. 

Chapter 6 presents key results from 145 tests in the laminar box during the fall and winter of2016. 
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The chapter describes the collection, analysis and curation of the data from the 154 experiments. 

Chapter 7 presents results of numerical simulations with the Department of Energy code 

MASTODON and compares them with measurements from the physical experiments. The 

experimental data benchmarks the site-response capability of MASTODON. 

8.2 Outcomes 

The four key outcomes from the research described in this dissertation are: (1) a process for 

validating site response tools, (2) dynamic soil properties for Ottawa F-55 sand, (3) curated data 

from 145 geotechnical laminar box tests, and ( 4) benchmarking and validation of a site response 

tool using results from some of the tests. 

8.2.1 A process for validating seismic site-response tools 

Confidence in computer codes to accurately calculate seismic demands on structures, systems, and 

components (SSCs) used in the design of nuclear facilities is needed for regulatory assurance and 

public safety. Confidence is gained by following a verification and validation (V&V) process for 

the parameter ranges of interest. The V & V process is well documented but a step-by-step process, 

specific to validation of numerical tools for site-response analysis, was needed. The process 

presented inFigure 3-8 was developed to meet this need. Table 3-6 describes the application of the 

process to seismic site-response tools. 
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8.2.2 Dynamic soil properties for Ottawa F -55 sand 

The dynamic properties for the Ottawa F-55 sand used for the laminar box experiments at UB had 

not been quantified. Such properties are needed to interpret results of the physical experiments and 

to support numerical simulations. Properties for the Ottawa F-55 sand were obtained through 

resonant column and torsional shear testing at the University of Texas, Austin of dry and saturated 

samples and reported in this dissertation. 

8.2.3 Acurated data set from 145 box experiments 

Data from 145 geotechnical laminar box was curated and posted at https://www.designsafe-ci.org/ 

(Chapter 6). The data set includes shear wave velocity measurements to characterize material 

properties, and displacement and acceleration time series on the base plate and at eight location up 

the laminates. Data was recorded on both the outside of the laminates and inside the soil column. 

The curated data set can be used by analysts for benchmarking and validation of seismic site

response tools. 

The curated data includes information from accelerometers and bender elements. Acceleration 

time series data was gathered from the laminates and from inside the soil column using 

accelerometers attached to shape acceleration arrays. This data set could be used to characterize 

the dynamic behavior of dry sand. 
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8.2.4 Benchmarking and validation of site-response tools 

A one-dimensional site-response model was developed in MASTODON for numerical simulations 

and to enable a comparison with selected experimental results. Chapter 7 presents the numerical 

model including boundary conditions, mesh density, and other important model parameters. 

Preliminary comparisons between experimental GLB results and MASTODON show good 

agreement at 10 Hz, 4 Hz, 1 Hz, and sine sweep input, with soil strains in the range of 0.001 % to 

0.01 %. Numerical simulations agreed best with selected experiments when a -1 standard deviation 

value for the small-strain shear modulus was assumed. Raleigh damping was used to characterize 

energy dissipation in the laminar box. 

8.3 Future laminar box experiments 

The research described in this dissertation and the challenges encountered in data reduction and 

data interpretation lead to two recommendations for future experiments in the laminar box: 

1. To accurately measure shear wave velocity and minimize noise in signals, the orientation 

of bender element transmitter-receiver pairs should be orthogonal to eliminate off-axis 

waves. The transmitter-receiver pairs there should be located along the centerline of the 

box, parallel to the direction of shaking, and away from the walls. The bender element 

paddles should be oriented so they move vertically as shown in Figure 6-6a. 

2. To enable an independent, accurate calculation of shear wave velocity using the shape 

acceleration arrays inside the laminar box, data should be acquired at 10,000 Hz. 
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8.4 Future research on site-response analysis using the laminar box 

Three recommendations for future research in the laminar box are: 

1. Chapter 7 presented results of simulations using median and minus one standard deviation 

values of shear wave velocity determined from accelerometers mounted on the laminates. 

Further reducing the scatter in the measured shear wave velocity would provide more 

confidence in the use of site-response tools, noting there is less uncertainty in soil 

properties measured in laboratory experiments than those measured in the field. 

2. Shear wave velocity should increase with depth for a uniform soil. However, in the 

experiments described in this dissertation, the shear wave velocity decreased near the base 

of the box, which is attributed to remaining water that was not drained by the wells. This 

presents a challenge and an opportunity: to test a dry soil column and a partially saturated 

soil column, respectively. 

The construction of the laminar box was chosen to minimize boundary effects are to mimic the 

free field. Boundary effects are likely important, especially for low amplitude inputs, and should 

be formally characterized prior to future experiments. 
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Appendix A 
MatLab files used in the calculation 
process 

Raw Matlab files that were used to process the data presented in this dissertation are provided 

below. 
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% This file calculates shear wave velocity at 9 locations up the GLB where 
% the accelerometers are located. 

clear all; close all; clc; 

num_files = 8; 
% show the plots for this laminate 
show _plots_ run = I; % selects run to show plots from 
show _plots _lam= 8; %shows shifted plots for single laminate 

% loop over files for each run 
for k = I :num files 

%% define inputs 
num_lam= IO; %number oflaminates 
end_time = 5; %truncate later data for efficiency 

% import experimental data 
raw_data = dlmread(['2016l207Run' num2str(k) '.txt'],",3,0); 
% raw_data = dlmread('20161207Run3.txt',3,0); 
for j = l:length(raw_data) 

if raw_ data(j, I) <= end_ time 
data(j,:) = raw_data(j,:); 

end 
end 

ifk == 3 
accel_hist = [data(:,1) data(:,21)]; 
csvwrite('accel _ hist.csv',accel _hist); 

end 

%Filter data 
for j = I :num _lam 

data(:,l9+j) = filter(ones(l,50)/50, I, data(:,l9+j)); 
end 

dt = .001; %timestep size 
window_start= .05; % initial start point of window ofdata to consider 
window_stop = .13; %end point ofwindow ofdata 
window_shift= 2; %shift window of data by this many timesteps for each soil layer 
max_shift = .01; %maximum time shift to consider 
min_ shift = O; %minimum time shift to consider 
shift= min_shift:dt:max_shift; % array of shift values 
z = [O .41 1.0196 1.6292 2.2388 2.8484 3.4580 4.0676 4.6772 5.2868]; % laminate heights 

% loop over each soil layer (9) 
for p = l:size(z,2)-1 %for each height 

ifp > I 
window_ start = window_ start+4 *dt; 
window_stop = window_stop+4*dt; 

end 
dat = data([round(window_start/dt):round(window_stop/dt)],:); 

% loop over each potential shift value 
for j = I :length(shift) %for each shift 
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time = dat( :, 1); 
L = length(time); 
num_steps(j) = shift(j )/ dt; 
shifted_ data = dat(: ,20+p ); 
base_data = dat(:,19+p); 
base_data(L-length(shift):L) = []; 
m_b = mean(base_data); 
base_data = base_data - m_b; 
shifted_data([l:j]) = []; 
shifted_data([L-length(shift):L-j]) = []; 
m_s = mean(shifted_data); 
shifted_ data = shifted_ data - m _ s; 
time(L-length(shift):L) = []; 
if k < show _plots_ run + 1 

ifk > show _plots_ run - 1 
ifp < show_plots_lam + 1 

if p > show _plots _lam - 1 
figure('position', [l00*j-1, 0, 800, 800]) 
hold on 
plot( time,base _data) 
plot( time,shifted _data) 
title(['Shifted Ace profile, shift=' num2str(shift(j)) 'seconds']) 
legend('bottom (unshifted)','top (shifted)') 
xlabel('time (sec)') 
ylabel('acceleration (Gs)') 

end 
end 

end 
end 
error(j) = sum((base_data-shifted_data)."2); 

end 

[min index]= min(error); 
height(p) = z(p+1)-z(p); 
shift_ val = shift(index); 
shift_ vals(k,p) = shift_ val; 
Vs(k,p) = height(p)/shift_ val; 

clear min index 
end 

clearvars -except Vs shift_ vals show _plots_ run show _plots _lam 
end 
shift vals 
Vs 
mean(Vs) 

figure() 
boxplot(V s, 'Orientation', 'horizontal') 
ylabel('Laminate') 
xlabel('SWV (mis)') 
title('GLB Shear Wave Velocity- Box Plot') 
csvwrite('Vs_8hz _ 12 _7 _ 16.csv',Vs) 
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% This file plots the measured acceleration up the GLB from laminate and SAA 
%data 

% This file plots the measured acceleration up the GLB from laminate and SAA 
%data 

clear all; 
close all; 
clc; 

files = 28; %Run 36 
num_ aces = 9; 
model_pos = [0 0.18 0.410.660.91 1.15 1.4 1.64 1.89 2.14 2.38 2.63 2.88 3.12 3.37 3.613.864.114.364.6 4.85]; 
lam_pos = [0 0.41 1.02 1.63 2.24 2.85 3.46 4.07 4.68]; 

model_idx = [2 4 6 9 11 14 16 19 21]; 
model_pos_idx = model_idx-1; 
saa_idx = [l 2 5 7 9 12 14 17 19]; 
lam _idx = [19 21 22 23 24 25 26 27 28]; 

for r = files 
%% read in acceleration data 

saa_data = csvread(['run' num2str(r) '/adjusted_saa_data_run' num2str(r) '.csv'],1,0); 
saa _pos = csvread([' . ./get_ SAA_ data/position_ data/Z _pos_ run' num2str(r) '_ l.csv']); 

lam_data = dlmread(['run' num2str(r) '/20161207Run' num2str(r) '.txt'],",4,0,[4 0 2003 29]); 
%% read in resulting accelerations 

result= csvread(['run' num2str(r) '/Four_hertz_lStd_out.csv'],2,0); 
resultl = csvread(['run' num2str(r) '/Four_hertz_mean_out.csv'],2,0); 

figure('position', [210, 0, 1200, 1500]) 
MyBox = uicontrol('FontSize',20) 

%%% 

for j = 1 :num _aces 
% get time data 
time= result(:,1); 
timel = resultl(:,l); 
time_saa = saa_data(:,end); 
time_lam = lam_data(:,l); 

% get acceleration histories 
ace= result(:,model_idxG))/9.81; 
accl = resultl(:,model_idxG))/9.81; 
acc_SAA = result_SAA(:,model_idxG))/9.81; 
acc_saa = saa_data(:,saa_idxG)); 
acc_lam = lam_data(:,lam_idxG)); 

% response spectrum simulation data 
[ fre,ps _ drs,ps _ vrs,ps _ ars] = response_ spectrum_ fun( time,acc ); 
[frel ,ps _ drsl ,ps _ vrsl ,ps _ arsl] =response_spectrum_ fun(timel,accl ); 

% response spectrum - experimental data 
[ fre _saa,ps _ drs _ saa,ps _ vrs _ saa,ps _ ars _ saa] = response_ spectrum_ fun( time_ saa,acc _ saa); 
[ fre _ lam,ps _ drs _lam,ps _ vrs _ lam,ps _ ars _lam] = response_ spectrum_ fun( time_ lam,acc _lam); 
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[fre _lam_ m20,ps _ drs _lam_ m20,ps _ vrs _lam_ m20,ps _ars _lam_ m20] 
response_ spectrum_ fun(time _lam,acc _lam*0.8); 

[fre _lam _p20,ps _ drs _lam _p20,ps _ vrs _lam _p20,ps _ ars _lam _p20] 
response_ spectrum_ fun(time _lam,acc _lam* 1.2); 

% subplot for rs 
subplot(num_ accs,2, 19-(2 * j-1)) 
hold on 
set(gca, 'FontName', 'Times New Roman') 
set(gca,'FontSize', 17) 
set(gcf, 'color','w'); 
axis([0 25 0 0.15]) 
plot(fre_lam,ps_ars_lam,'g','LineWidth',2) 

plot(fre,ps_ars, 'r','LineWidth',2) %Plotting the MASTODON minus 1 STD accelerations 
title('Response Spectra') 
plot(frel,ps_arsl, 'b','LineWidth',l) %Plotting the MASTODON mean accelerations 
legend('Experiment','Mastodon minus 1 STD','Mastodon mean') 
grid on 
grid minor 
% label bottom subplot x axis 
ifj - num_accs/2 == 0 

xlabel('Frequency (Hz)') 
end 

subplot(num_ accs,2, 19-2 * j) 
axis([0 2 -0.05 0.05]) 
%axis([min(time) max(time) min_ac*l.l max_ac*l.l]) 
title([Model Height= ' num2str(model_pos(model_pos_idx(j)))' Laminate Height= ' num2str(lam_pos(j))]) 
hold on 
set(gca, 'FontName', 'Times New Roman') 
set(gca,'FontSize', 17) 
set(gcf, 'color','w'); 
plot(time _ saa,acc _ saa,'r','LineWidth',l) 
plot(time_lam,acc_lam,'g','LineWidth',2) 
plot(time,acc,'r','LineWidth',2) 
plot(timel,accl,'b','LineWidth', 1) 
grid on 
grid minor 
legend('Experiment','Mastodon minus 1 STD','Mastodon mean') 
% label bottom subplot x axis 
ifj - num_accs/2 == 0 

xlabel('time (sec)') 
end 

end 

end 
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% This file plots the measured acceleration up the GLB from laminate and SAA 
%data and compares this with the numerical model runs 

clear all; 
close all; 
clc; 

files= 1:8; 
num_accs = 9; 
model_pos = [0 0.18 0.410.660.91 1.15 1.4 1.64 1.89 2.14 2.38 2.63 2.88 3.12 3.37 3.613.864.114.364.6 4.85]; 
lam_pos = [0 0.41 1.02 1.63 2.24 2.85 3.46 4.07 4.68]; 

model_idx = [2 4 6 9 11 14 16 19 21]; 
model_pos_idx = model_idx-1; 
saa_idx = [l 2 5 7 9 12 14 17 19]; 
lam_idx = [19 21 22 23 24 25 26 27 28]; 

for r = files 
%% read in sine sweep acceleration data 
saa_data = csvread(['run' num2str(r) '/adjusted_saa_data_run' num2str(r) '.csv'],1,0); 
saa_pos = csvread([' . ./get_SAA_data/position_data/Z_pos_run' num2str(r) '_l.csv']); 
%lam_data = csvread(['run' num2str(r) '/20161207Run' num2str(r) '.csv'],4,0,[4 0 2003 29]); 
lam_data = dlmread(['run' num2str(r) '/20161207Run' num2str(r) '.txt'],",4,0,[4 0 2003 29]); 
%% read in resulting accelerations 
result= csvread(['run' num2str(r) '/9layer _ sat_ bottom_ Gmax _ BE fit_ xs _ out.csv'],2,0); 

figure('position', [210, 0, 1200, 1500]) 
MyBox = uicontrol('FontSize',20) 

max_ac = max(max(abs(saa_data(:,[l:end-1])))); 
min_ac = min(min(saa_data(:,[l:end-1]))); 

for j = 1 :num _aces 
% get time data 
time= result(:,1); 
time_saa = saa_data(:,end); 
time_lam = lam_data(:,l); 

% get acceleration histories 
ace= result(:,model_idxG)); 
acc_saa = saa_data(:,saa_idxG)); 
acc_lam = lam_data(:,lam_idxG))*9.81; 

% response spectrum simulation data 
[ fre,ps _ drs,ps _ vrs,ps _ ars] = response_ spectrum_ fun( time,acc ); 

% response spectrum - experimental data 
[ fre _ saa,ps _ drs _ saa,ps _ vrs _ saa,ps _ars _ saa] = response_ spectrum_ fun( time_ saa,acc _ saa ); 
[ fre _ lam,ps _ drs _lam,ps _ vrs _ lam,ps _ ars _lam] = response_ spectrum_ fun( time_ lam,acc _lam); 
[ fre _ saa _ m20,ps _ drs _ saa _ m20,ps _ vrs _ saa _ m20,ps _ars _ saa _ m20] 

response_ spectrum_ fun(time _ saa,acc _ saa*0.8); 
[ fre _ saa _p20,ps _ drs _ saa _p20,ps _ vrs _ saa _p20,ps _ ars _ saa _p20] 

response_ spectrum_ fun( time_ saa,acc _ saa * 1.2); 
[fre_lam_m20,ps_drs_lam_m20,ps_vrs_lam_m20,ps_ars_lam_m20] 

response_ spectrum_ fun(time _lam,acc _lam*0.8); 
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[fre _lam _p20,ps _ drs _lam _p20,ps _ vrs _lam _p20,ps _ ars _lam _p20] 
response_ spectrum_ fun(time _lam,acc _lam* 1.2); 

% subplot for rs 
subplot(num _accs,2, l 9-(2*j- l )) 
hold on 
axis([0 25 0 1.4]) 
plot(fre_saa,ps_ars_saa,'r','LineWidth',2) 
plot(fre _ saa _ m20,ps _ ars _ saa _ m20,'r--','Line Width',2) 
plot(fre_saa_p20,ps_ars_saa_p20,'r--','LineWidth',2) 

plot(fre_lam,ps_ars_lam,'g','LineWidth',2) 
% plot(fre_lam_m20,ps_ars_lam_m20,'g--','LineWidth',2) 
% plot(fre _lam _p20,ps _ars _lam _p20,'g--','LineWidth',2) 

plot(fre,ps_ars, 'b','LineWidth',2) %Plotting the MASTODON accelerations 
title('Response Spectra') 
legend('SAA', 'SAA_ m20', 'SAA _p20', 'Laminate', 'Mastodon') 
grid on 
% label bottom subplot x axis 
ifj - num_accs/2 == 0 

xlabel('Frequency (Hz)') 
end 

subplot(num_ accs,2, 19-2 * j) 
axis([ min(time) max(time) min _ac* 1.1 max_ ac* 1.1]) 
title(['SAA Height=' num2str(saa_pos(saa_idx(j))) ' Model Height=' num2str(model_pos(model_pos_idx(j))) 

' Laminate Height=' num2str(lam_pos(j))]) 
hold on 
plot( time_ saa,acc _ saa) 
plot( time _lam,acc _lam) 
plot( time,acc) 
grid on 
legend('SAA', 'Laminate', 'Mastodon') 
% label bottom subplot x axis 
ifj - num_accs/2 == 0 

xlabel('time (sec)') 
end 

end 

end 
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- -

- -

% This file extracts the acceleration data versus time from SAA raw data files. It specifically extracts only the 
acceleration time history data on the base plate. This data is used as input in the numerical models. 

clear all; 
% close all; 
clc; 
%% Inputs 
% num_ runs = 1; % number of SAA runs 
num_run = 41:48; % number corresponding to SAA run 
num_saa = 1; % number of SAA devices 
num_ columns = 226; % number of columns ofdata in each file 
get_acc = 6; % get X acceleration 
% get_acc = 7; % get Y acceleration 
% get_acc = 8; % get Z acceleration 
get_pos = 3; % get z position 
% get_pos = 2; % get y position 
% get_pos = l; % get x position 

%% Acceleration Data 
for idx saa = num saa 

for idx run = num run 
% read in raw data 
raw= textread(['run' num2str(idx_run) '-' num2str(idx_saa) '.txt'], '%s', 'delimiter', ''); 

raw(l:337) = []; 

num_rows = length(raw)/num_columns; 
raw= reshape(raw,num_columns,num_rows)'; 

p = 1 ;% set counter 
% get position data: 
for j = 1 :num _ columns 

if and(j<220,mod(j,9)=get_pos) % 220 is used to cut out last columns ofN.A.s (look at txt file) 
for r = l:length(raw) 

data_pos(r,p) = str2num(cell2mat(raw(rj))); 
end 
% get acceleration data: 

elseifand(j<220,mod(j,9)=get_acc) % 220 is used to cut out last columns ofN.A.s (look at txt file) 
for r = l:length(raw) 

data_acc(r,p) = str2num(cell2mat(raw(rj))); 
end 
p = p+l; 
% get timesteps: 

elseifj == num_ columns 
for r = l:length(raw) 

data_acc(r,p) = str2num(cell2mat(raw(rj))); 
end 

end 
end 

% get average position data 
position= mean(data_pos); 
position(end) = []; 
%convert to meters 
position= position*0.0254; 
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% write average position csv files 
if get_pos I 3 = l; 

csvwrite(['position _ data/Z _pos _ run' num2str(idx _ run) '_' num2str(idx _ saa) '.csv'],position); 
elseif get_pos I 2 = 1; 

csvwrite(['position _ data/Y _pos _ run' num2str(idx _ run) '_' num2str(idx _ saa) '.csv'],position); 
elseif get_pos I l = 1; 

csvwrite(['position _ data/X _pos _ run' num2str(idx _ run) '_' num2str(idx _ saa) '.csv'],position); 
end 

%% this line sets start/end so all data is read in 
sim_start = data_acc(l,end); 
sim_end= data _ace( end,end-1 ); 
%% 

% extract simulation acceleration/time data 
% for j = 1:length( data_ ace) 
% ifor(and(sim_start > data_acc(j,end),sim_start < data_acc(j+ l,end)),data_acc(j,end)==sim_start) 
% idx _ start = j; 
% idx start 
% elseifand(sim_end > data_acc(j,end),sim_end < data_acc(j+ l,end)) 
% idx_end = j; 
% idx end 
% break 
% end 
% end 
% data_ ace = data_ ace( idx _ start:idx _end,:); 
% break 

% set mean acceleration to 0: 
% mn = mean( data_ ace) 
% for j = l:size(data_acc,2)-1 
% data_acc(:j) = data_acc(:,j)-mn(j); 
% end 
% 

% create input acceleration history for mastodon run 
acc_input = [data_acc(:,end) data_acc(:,l)]; 
% write acceleration csv files 
if get_acc / 6= l; 

csvwrite(['acceleration _inputs/X _ace_ input' num2str(idx _ run) '_' num2str(idx _ saa) '.csv'],acc _input); 
csvwrite(['acceleration_data/X_acc_run' num2str(idx_run) '_' num2str(idx_saa) '.csv'],data_acc); 

elseif get_acc I 7 == 1; 
csvwrite(['acceleration _inputs/Y _ace_ input' num2str(idx _ run) '_' num2str(idx _ saa) '.csv'],acc _input); 
csvwrite(['position_data/Y _acc_run' num2str(idx_run) '_' num2str(idx_saa) '.csv'],data_acc); 

elseif get_ ace / 8 == 1; 
csvwrite(['acceleration _inputs/Z _ ace _input' num2str(idx _ run) '_' num2str(idx _ saa) '.csv'],acc _input); 
csvwrite(['position_data/Z_acc_run' num2str(idx_run) '_' num2str(idx_saa) '.csv'],data_acc); 

end 

end 
end 
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Appendix B 
MASTODON Input File 
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[GlobalParams] 

beta= 0.4225 

gamma= 0.8 

alpha= -0.3 

displacements = '<lisp_x <lisp_y <lisp_z' 

[] 

[Mesh] 

type= FileMesh 

file = 'glb _ model.e' 

[] 

[Variables] 

[./disp_x] 

[../] 

[./disp_y] 

[../] 

[./disp_z] 

[../] 

[] 

[AuxVariables] 

[./vel_x] 

[../] 

[./accel_x] 

[../] 

[./vel_y] 

[../] 

[./accel_y] 
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[../] 

[./vel_z] 

[../] 

[./accel_z] 

[../] 

[./layer _id] 

order= CONSTANT 

family= MONOMIAL 

[../] 

[] 

[Kernels] 

[./DynamicTensorMechanics] 

displacements = '<lisp_ x <lisp_y <lisp_ z' 

#zeta= .01749 #15% 

#zeta= .00583 #5% 

zeta= .002332 #2% 

# alpha= -0.3 

[../] 

[./inertia_ x] 

type = lnertialF orce 

variable = <lisp_x 

velocity= vel_x 

acceleration = accel x 

#eta= .60707 #15% 

#eta= 0.2024 #5% 

eta= 0.08094 #2% 
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# alpha= -0.3 

[../] 

[ ./inertia _y] 

type = lnertialF orce 

variable = <lisp_y 

velocity= vel_y 

acceleration= accel_y 

# alpha= -0.3 

#eta= .60707 #15% 

#eta= 0.2024 #5% 

eta= 0.08094 #2% 

[../] 

[./inertia_ z] 

type = lnertialF orce 

variable = <lisp_z 

velocity= vel_z 

acceleration = accel z 

# alpha= -0.3 

#eta= .60707 #15% 

#eta= 0.2024 #5% 

eta= 0.08094 #2% 

[../] 

[./gravity] 

type = Gravity 

variable = <lisp_z 

value= -9.81 
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[../] 

[] 

[ AuxKemels] 

[./accel_x] 

type = NewmarkAccelAux 

variable = accel x 

displacement = <lisp_x 

velocity= vel_x 

execute_ on = timestep _ end 

[../] 

[./vel_x] 

type= NewmarkVelAux 

variable = vel x 

acceleration = accel x 

execute_ on = timestep _ end 

[../] 

[./accel_y] 

type = NewmarkAccelAux 

variable= accel_y 

displacement = <lisp_y 

velocity= vel_y 

execute_ on = timestep _ end 

[../] 

[./vel_y] 

type= NewmarkVelAux 

variable= vel_y 
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acceleration= accel_y 

execute_ on = timestep _ end 

[../] 

[./accel_z] 

type = NewmarkAccelAux 

variable = accel z 

displacement = <lisp_z 

velocity= vel_z 

execute_ on = timestep _ end 

[../] 

[./vel_z] 

type= NewmarkVelAux 

variable = vel z 

acceleration = accel z 

execute_ on = timestep _ end 

[../] 

[./layer _id] 

type = UniformLayerAuxKemel 

block= 'l' 

variable = layer _id 

interfaces= '0.41 1.0 1.6 2.2 2.8 3.4 4.1 4.7 5.0' 

direction= '0.0 0.0 1.0' 

execute on = initial 

[../] 

[] 

[BCs] 
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[./base_ Accel] 

type = PresetAcceleration 

boundary= '101' 

function = 'accel func' 

variable = '<lisp_x' 

acceleration = 'accel x' 

velocity= 'vel_ x' 

[../] 

[ ./bottom _y] 

type = DirichletBC 

variable = '<lisp_y' 

boundary= '101' 

value= 0.0 

[../] 

[./bottom_ z] 

type = DirichletBC 

variable = '<lisp_z' 

boundary= '101' 

value= 0.0 

[../] 

[./Periodic] 

[./left_ right] 

variable = '<lisp_x <lisp_y <lisp_z' 

primary= '104' 

secondary= '103' 

translation= '0.05 0 0' 
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- -

- -

- - - - -

[../] 

[./top_ bottom] 

variable = '<lisp_x <lisp_y <lisp_z' 

primary= '106' 

secondary= '105' 

translation= '0 0.05 0' 

[../] 

[../] 

[] 

[Materials] 

[./I_Soil] 

[./soil_l] 

soil_type = 'darendeli' 

block= 'l' 

layer_ variable = layer _id 

layer _ids = '0 1 2 3 4 5 6 7 8' 

over consolidation ratio = '1 1 1 1 1 1 1 1 l' 

plasticity_ index = '0 0 0 0 0 0 0 0 0' 

initial shear modulus='l3963961396396210640043.1711060350.3523512777.4131748346.12 
32154071.67 26832126.01 24886975.76' 

poissons_ratio = '0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3' 

initial soil stress = 'initial xx 0 0 0 initial xx 0 0 0 initial zz' 

density= '1772 1590 1590 1590 1590 1590 1590 1590 1590' 

p_ref= '91448 79765 68000 56400 44717 33034 21351 9669 100' 

[../] 

[../] 
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[] 

[Preconditioning] 

[./smp] 

type= SMP 

full= true 

[../] 

[] 

[Executioner] 

type = Transient 

#solve_ type = 'NEWTON' 

solve_type = 'PJFNK' 

start time = 0.0 

end time = 2.0 

nl rel tol = 1 e-8 

nl abs tol = le-8 

timestep _ tolerance = 1 e-11 

dt = 0.001 

[] 

[Functions] 

[./accel_func] 

type = PiecewiseLinear 

data_file = 'input_motion_file.csv' 

format = 'columns' 

scale factor= 9.81 

[../] 

[./initial_ zz] 
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type = PiecewiseLinear 

x = '0 .409.411 5' #Z height from bottom 

y = '-94225 -86517 -71579 0' #rho*g*(5-z)-> rho=[l9211921 1590 1590] 

[../] 

[./initial_ xx] 

type = PiecewiseLinear 

x = '0 .409 .411 5' #Z height from bottom 

y = '-90530 -83124 -30677 0' #rho*g*(5-z)*nu/(l-nu) -> nu=[.49 .49 .3 .3] 

[../] 

[] 

[Postprocessors] 

[./ _dt] 

type = TimestepSize 

[../] 

[./ACC_21] 

type= PointValue 

point= '0 0 4.85' 

variable = accel x 

[../] 

[./ACC_20] 

type= PointValue 

point= '0 0 4.6' 

variable = accel x 

[../] 

[./ACC_l9] 

type= PointValue 
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point= 'O O 4.36' 

variable = accel x 

[../] 

[./ACC_l8] 

type= PointValue 

point= 'O O4.11' 

variable = accel x 

[../] 

[./ACC_l7] 

type= PointValue 

point= 'O O 3.86' 

variable = accel x 

[../] 

[./ACC_l6] 

type= PointValue 

point= 'O O 3.6' 

variable = accel x 

[../] 

[./ACC_l5] 

type= PointValue 

point= 'O O 3.37' 

variable = accel x 

[../] 

[./ACC_l4] 

type= PointValue 

point= 'O O 3.12' 
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variable = accel x 

[../] 

[./ACC_l3] 

type= PointValue 

point= 'O O 2.88' 

variable = accel x 

[../] 

[./ACC_l2] 

type= PointValue 

point= 'O O 2.63' 

variable = accel x 

[../] 

[./ACC_ll] 

type= PointValue 

point= 'O O 2.38' 

variable = accel x 

[../] 

[./ACC_lO] 

type= PointValue 

point= 'O O 2.14' 

variable = accel x 

[../] 

[./ACC_09] 

type= PointValue 

point= 'O O 1.89' 

variable = accel x 
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[../] 

[./ACC_08] 

type= PointValue 

point= '0 0 1.64' 

variable = accel x 

[../] 

[./ACC_07] 

type= PointValue 

point= '0 0 1.4' 

variable = accel x 

[../] 

[./ACC_06] 

type= PointValue 

point= '0 0 1.15' 

variable = accel x 

[../] 

[./ACC_05] 

type= PointValue 

point= '0 0 0.91' 

variable = accel x 

[../] 

[./ACC_04] 

type= PointValue 

point= '0 0 0.66' 

variable = accel x 

[../] 
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[./ACC_03] 

type= PointValue 

point= '0 0 0.4' 

variable = accel x 

[../] 

[./ACC_02] 

type= PointValue 

point= '0 0 0.18' 

variable = accel x 

[../] 

[./ACC_0l] 

type= PointValue 

point = '0 0 0' 

variable = accel x 

[../] 

[] 

[Outputs] 

exodus = true 

csv = true 

print_linear _residuals = true 

print_perf_log = true 

file_ base = 9layer_satbottom_ Gmax ValuesforMastodon _ BEpolyfit_ LarnData _ mean 

[./out] 

type = Console 

interval = 50 

[../] 

[] 
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