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N. Tafazzoli1, F. Pisanò1, J. A. Abbel M.1, B. Kamrani1, C.-G. Jeong1, B. Aldridge1, R. Roche2,

A. Kammerer2, and B. Jeremić1,3,
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ABSTRACT

In this paper we overview some current modeling and simulation features of the NRC ESSI Simulator

Program, a parallel, nonlinear, time domain finite element program developed to solve dynamic problems

for the soil/rock – structure interaction of Nuclear Power Plant (NPP) system. The NRC ESSI Program

is part of the NRC ESSI Simulator System, a software, hardware and educational system for high fidelity

modeling and simulation of dynamic response of NPPs.

INTRODUCTION

We have been developing the ESSI Simulator System for last three years. The ESSI Simulator systems

consists of the program, computer and notes. Focus in this paper will be on ESSI Simulator Program.

The motivation for developing the ESSI Simulator system is based on a need to develop tools for high

fidelity modeling and simulation of nonlinear behavior of earthquake soil/rock structure interaction. Sim-

plifying modeling assumptions (for example linear elasticity for all components and material of a SSI NPP

system) can lead to introduction of modeling uncertainty in results. This increase in uncertainty of results

(on top of uncertainty in material modeling, seismic input motions, etc.) contributes to diminishing accuracy

of numerical predictions, which are to be used in assessment of safety and economy of an NPP system.

The ESSI Simulator Program features a number of advanced modeling and simulation models, methods

and algorithms. In this paper we will briefly overview just two features.

Firstly, we will overview the so called Pisanò material model, a full 3D incremental elastic-plastic mate-

rial model, that can be calibrated from (and that can be replicated accurately) modulus reduction (G/Gmax

and damping curves. While modulus reduction and damping curves are inherently one dimensional, 3D
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nonlinear finite element simulations require use of full 3D incremental elastic-plastic material models, such

as, for example Pisan‘o model.

Secondly, accuracy and fidelity of numerical simulations are very closely related to the process of ver-

ification and validation of the numerical prediction program Oberkampf et al. (2002); Oberkampf and Roy

(2010). Verification is a process of determining that a model implementation accurately represents the devel-

oper’s conceptual description and specification, and it represents a mathematics issue. Verification provides

evidence that the model is solved correctly. Validation, on the other hand, is a process of determining the

degree to which a model is accurate representation of the real world from the perspective of the intended

uses of the model and represents a physics issue. Validation provides evidence that the correct model is

solved. Presented will be a in some detail a verification of seismic input into finite element models of SSI

system.

PISANÓ ELASTIC-PLASTIC MATERIAL MODEL

The Pisanò elastic-plastic material model is represented by a vanishing elastic region – infinitesimally small

yield surface, with rotational kinematic hardening controlled by distance from a bounding surface. The

plastic flow rule is similar to that of Manzari and Dafalias (1997). The main goal in developing this material

model was ease of calibration when only modulus reduction and damping curves are available (as is usually

the case in practice). Volume change, not available with modulus reduction and damping curves modeling,

can also be modeled, however, lack of good data introduces modeling uncertainty.

The model is characterized by seven parameters:

• two elastic parameters, the Young modulus E (or the shear modulus Gmax) and the Poisson’s ratio ν;

• the shear strength parameter M for the definition of the bounding surface;

• the flow rule parameters, ξ and kd, governing the increment of the volumetric plastic strain under

shearing and the size of the dilatancy surface, respectively;

• the hardening parameters h and m for the dependence of the hardening modulus on the distance

coefficient β, affecting the pre-failure deformational behavior and, in overall, the resulting dynamic

properties (G/Gmax and damping curves).

Due to the rotational kinematic hardening of the vanished yield locus, the model is capable of reproduc-

ing both the Bauschinger and the Masing effects, the latter implying the stabilization of the cyclic response

to take place after more than one loading cycle.
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Figure 1: Comparison between experimental and simulated G/Gmax and damping curves (p0=100 kPa,

T=2π s, ζ = 0.003, Gmax = 4 MPa, ν=0.25, M=1.2, kd=ξ=0, h=Gmax/(15p0), m=1)

Figure 1 illustrates model performance after calibration, applied on the G/Gmax and ζ curves for sands

implemented into the code EERA (Bardet et al., 2000) and formerly obtained by Seed and Idriss (1970). It

is noted that the experimental/numerical agreement is good up to γmax = 10%, which is a rather high cyclic

strain level, for equivalent elastic modeling of soil.

The lack of data for volumetric response (from modulus reduction and damping curves), can potentially

reduce the accuracy of results due to the importance of volumetric response, and resulting changes in con-

finement to soil response. For example, Figure 2 shows cyclic response of the very same soil, calibrated

from the very same modulus reduction and damping curves. The difference is the assumption of compres-
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Figure 2: Cyclic shear response of: top: compressible (loose) soil; bottom: dilative soil (dense).
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sive response (usually a loose soil) for the soil whose response is shown on top of Figure 2, while bottom

response in Figure 2 belongs to a dilative soil (usually a dense soil). It is obvious that the dense soil will

have a much stiffer response, potentially transmitting higher ground motion frequencies, while the soft soil

will potentially transmit lower ground motion frequencies.

VERIFICATION OF SEISMIC INPUT INTO FINITE ELEMENT MODELS

The real three dimensional (3D), inclined seismic wave field consist of both body (P, SV, SH) and surface

waves (Rayleigh, Love, etc). It is important to be able to model all relevant waves and input them into finite

element model of the SSI NPP systems. Input of such complicated (yet real) seismic wave fields is currently

done using the Domain Reduction Method (DRM) (Bielak et al., 2003). The use of DRM for seismic input

requires verification, in order to prove that the method is properly implemented and that it does what we

claim it does (input all seismic waves fields accurately into the finite element model).

While there are a number of ways DRM can be verified (using for example synthetic motions composed

of various wavelets), we will present a verification based on free field motions developed for the Northridge

earthquake by the fk geophysics code (a frequency-wavenumber integration code (Haskell, 1964; Wang and

Herrmann, 1980) Zhu and Rivera (2002)).

Figure 3 shows schematics x-z plane view of a three dimensional finite element model used to input

seismic motions. The DRM layer is represented by a single layer of finite elements. The effective forces

Figure 3: Finite element model used for verification of seismic motions input (x-z plane view)

Peff that are developed for the DRM, are using displacements and accelerations at all nodes of the DRM

layer. Those displacements and accelerations are developed using fk code, and in this case represent (fairly

accurately) the motions observed at one of the stations during Northridge earthquake. The seismic motions
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obtained with the finite element model (using DRM) are then compared with the large scale motions from

fk code,

Figure 4 shows comparison results for a point at the top-midpoint of the finite element model. Results
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Figure 4: Comparison between results computed from program fk and finite element analysis, observed at

the top middle point of the finite element model. Top: EW; Middle: NS; Bottom: UD.

do match quite well, providing solution and code verification for our implementation of the DRM.
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