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ABSTRACT

Described here is the use of time domain nonlinear analysis for design and assessment of nuclear

power plants. The seismic input is defined as time-history defined by the site specific UHS. Non-

linear contact (stick-slip and gaping) at the bottom of the structural model (between foundation

slab and soil/rock beneath) represent the only nonlinear behavior of the soil-structure system.

This model is followed through a nonlinear analysis that is compatible with current design

standard. It is important to note that the structure, in this case modeled as a simple stick model,

remains elastic. The main purpose of described development is to provide methodology for use of

nonlinear, time domain analysis for design based on standard approaches.

Present approach represents the first attempt to use nonlinear soil structure interaction within

standard design framework. Of course, a more sophisticate and accurate model for structure (con-

tainment and internal) can be developed using shells and beams, however for this initial attempt,

simple model suffice.
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INTRODUCTION

The design of nuclear power plants is based on linear structural behavior and the superposition

of different loading cases acting simultaneously or quasi-simultaneously. On the other hand, non-

linear analysis captures realistic non-linear behavior of soil and the soil-structure interaction. The

structural behavior has to remain elastic. This is a requirement for the design of nuclear power

plants. In this paper we describe use of nonlinear, time domain, seismic analysis for design and

assessment.

The seismic input is defined through time-histories compatible with the design spectrum, a site

specific UHS. This is the seismic input for the whole non-linear soil-structure system. The seismic

input features a combination of horizontal and vertical motions, acting simultaneously in non-

linear analysis, using different combination methods. In this study, contact between the soil and the

structure is modeled as a nonlinear contact with gap opening/closing and shear slip behavior. The

model of the structure is represented by a simple stick model representative of a global dynamic

behavior. This modeling simplification does not affect the main goal of this paper, as simplification

is applied to the structural model, which is assumed to remain elastic. Similar structural model

developed using linear elastic shells and beams can be used instead of a stick model, but we opt for

a simple stick model as the main focus is on presenting the methodology. In addition, a number

of different input motions (different intensities, different return periods, &c.) can be used, with

different UHS, different soil/rock site conditions, different depth to bedrock. however the main

thrust of the methodology will not change. In other words, main focus of presented work is the

use of time domain nonlinear finite element modeling and simulation (in this case using Real ESSI

Simulator (Jeremić et al., 2015)) for design, while following current design standards.

The use of nonlinear analysis for design proceeds as follows. The site specific UHS is given

on the bedrock. Spectrum compatible accelerograms are generated and propagated through the

model. From the bedrock, motions are propagated as 1D waves vertically using 1D wave prop-

agation solutions, as implemented, for example, in the SHAKE program(Idriss and Sun, 1992).

Developed motions are then propagated through soil, that can be inelastic, and non-linear contact

elements between the soil and the foundation. Following the nonlinear analysis obtained are the

accelerograms at the foundation level. This accelerograms include information about the nonlinear

behavior of soil (if modeled) and nonlinear contact, for a complete model (soil-structure system).

Thus obtained accelerogram, including all the nonlinear effects from the contacts (and possibly
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soil) will be quite different from the accelerogram obtained for the linear elastic model. Based

on this accelerogram, and assuming that the structural behavior is elastic, a response spectrum at

the foundation level is calculated. This spectrum will includes all information about the soil and

contact non-linearities in the model. This spectrum can now be used as a design spectrum applied

at the foundation level and design the structure according to ACI349/359. The result of this analy-

sis will also be compared with the classical linear analysis currently used in the design of nuclear

power plants.

MODELING

Earthquake Motions

Seismic Motions from the Center for Engineering Strong Motion Data (CESMD) data base were

used. Earthquake record used for this analysis was from Taiwan SMART1(45), Time: 11/14/1986,

Station:SMART1 E02. Figure 1 shows time histories, FFT and the response spectra of the free

field motions used.
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Figure 1: Free field seismic motions at the surface: time history, FFT and response spectra.

Motions were applied simultaneously to the soil structure system at 100% in the X (horizontal

direction, 40% in the Y (horizontal) direction and 40% in the Z (vertical) direction. It should

be noted that the application of vertical motions as P waves, is probably not quite correct, as

most vertical motions are a results of a surface Rayleigh wave and not a P wave. Frequency

characteristics of a P wave are quite different that those of a surface Rayleigh wave. In fact,

frequency characteristics of the vertical waves are similar to those of the horizontal waves, which

is only possible if both horizontal and vertical motions are components of a surface, Rayleigh

wave, which is happening in reality.
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Seismic Input is provided using the Domain Reduction Method (Bielak et al., 2003). Free field

motions accelerations ü0 and displacements u0, that were developed from a 1D wave propagation

analysis, are used to created effective forces:

P eff =
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These effective forces are applied to a single layer of finite elements surrounding the nonlinear

soil-structure domain of interest. Effective force P eff is an exact dynamic replacement for a free

field motions from the earthquake source forces. The DRM allows for application of any realistic

seismic wave field, including body and surface waves. In this case, focus is on current design

procedures which use 1D seismic wave field.

Finite Element Model

Structural Model. The finite element model consists of of a soil/rock model, the foundation

slab model and the structural model (containment and internal structure model). Between the

foundation slab and the soil/rock, a set of contact elements are used. The structural model is

simplified to a stick model, as the purpose of this paper is to show the use of nonlinear analysis for

design. Figure 2 shows the model used.

Soil/rock in the foundation is modeled using linear elastic (Vs = 750m/s) brick finite elements.

Brick finite elements are 4m in size, which provides for reliable propagation of seismic motion

frequencies of up to 15Hz ((750m/s) / (12× 4m) ≈ 15Hz). It was assumed that 12 linear displace-

ment interpolation finite elements are enough to propagate full wave with minimal distortion and

loss of accuracy.

Figure 2 also shows the placement of the (single) DRM layer that is used for input of seismic

motions. Two more layers of elements are used out of the DRM layer in order to damp out any

additional motions that results from radiation damping of the soil-structure system.

Foundation slab is made of concrete (Vs = 2400m/s) and has dimensions of 40m × 40m × 4m.

The stick model representing the containment and internal structures is that of one of the standard

NPPs.
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Figure 2: Finite element model of an NPP. Soil/Rock and the foundation slab is represented by

brick elements, while structure (containment and internal) is represented by a stick model. Contact

elements are applied at the bottom of the foundation slab. Note the DRM layer surrounding the

soil/rock domain, and the out of DRM layers, used to damp out additional, NPP radiation damping

motions.

Contact between foundation slab and the underlying soil/rock is modeled using contact ele-

ment that allows for normal/axial nonlinear response and a gap openingGens et al. (1990). In the

transversal directions this element allows for Coulomb frictional slipCrisfield (1997). A fairly low

friction angle (Φ = 25o), that mimics friction of concrete foundation on layers of plastic sheets (to

prevent underground water to wet foundation concrete) over soil/rock.

Modeling and Simulation Software: All modeling and simulations described here were done

using Real ESSI Simulator(Jeremić et al., 2015). Real ESSI Simulator is a modeling and simulation

system developed by Jeremi’̧ at al. at University of California, Davis and Lawrence Berkeley Na-

tional Laboratory, with support from the US-DOE, US-NRC, CNSC-CCSN and US-NSF, for high

fidelity, realistic modeling and simulation of seismic behavior (Earthquake Soil Structure Interac-

tion, ESSI) of infrastructure objects (Nuclear Facilities, Nuclear Power Plants, Bridges, Buildings,

Dams, &c.). Of particular importance for the Real ESSI Simulator modeling and simulation sys-

tem is the availability of complete verification (Oberkampf et al., 2002; Roy and Oberkampf, 2011)

and partial validation for all the software components.
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RESULTS

Two models were analyzed.

• Model #1 was a linear elastic model with no contact elements, therefor no slip or gap between

foundation slab and underlying soil/rock was possible.

• Model #2 had contact elements between foundation slab and the adjacent soil/rock.

The main idea is to compare response of an NPP with linear elastic model (no contact modeling,

foundation slab is glued to soil beneath) and with a nonlinear contact that allows for separation and

shear slip. Presented nonlinear approach can be used in design as the main structure (containment,

internal and the foundation) are still linear elastic, nonlinearities are contained beneath, in the

contact zone.

Foundation – Soil-Rock Slip: Slip was observed at all locations in the contact zone during

shaking. Figure shows a snapshot of a structure during a slip (left) and the amount of slip between

foundation slab and rock beneath containment and internal sticks.
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Figure 3: Snapshot of a relative displacements between foundation slab and soil/rock (left) and the

amount of slip at a center of a foundation slab (beneath containment and internal sticks).

It is noted that it was expected that the contact zone between foundation slab and soil beneath

will show gaping. This did not happen. After careful analysis it was determined that shear slip

behavior prevents gaping and liftoff of the foundation slab. That is, when a demand of a horizontal
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force becomes large enough due to motions of the soil beneath, the structure can shear slip or

rock or both. For given material parameters, the response prefers to slip, before rocking, and

gaping occurs. This is similar to a response of a car making a sharp turn, rather then tipping over

(equivalent of rocking), tire-pavement friction is overcome and car slips sideways.

Spectral Accelerations, Nonlinear vs Linear Response Figures 4 and 5 show comparison of

spectral accelerations in soil beneath foundation slab and at the foundation slab lever, respectively,

for horizontal and vertical directions.
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Figure 4: Comparison of spectral accelerations at the top of soil, beneath foundation slab for X

directions (left), and vertical directions (right).

Figures 6 and 7 show comparison of spectral accelerations for top of a containment building

and internal structure, respectively, for horizontal and vertical directions.

There are a number of observations to be made.

• Response of a linear system (that is, a system with no contact modeling, foundation slab is

glued/tightly connected to soil beneath) is in general larger than that of a system where shear

slipping and gaping is allowed.

This is apparent in all the plots.

• Vertical response of a contact model for soil beneath foundation has a slightly higher spectral

accelerations for higher frequencies (8Hz - 11Hz) than linear system. This is explained

by the fact that small gaping still does occur (even if large gaping is prevented by release
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Figure 5: Comparison of spectral accelerations at the foundation slab for X directions (left), and

vertical directions (right).
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Figure 6: Comparison of spectral accelerations at the top of a containment structure for X direc-

tions (left), and vertical directions (right).

of horizontal demand by slipping). Such small gaping will, upon closure, create vertical

motions, in the vicinity of the natural frequencies of the structure (8Hz and above).

• Both horizontal and vertical response at the foundation slab are reduced, except for a very

low frequency (just below 2Hz) where slip occurs. That this is indeed a frequency of slip,

can be observed from response shown in Figure , where there are approximately 2 cycles per

second.

Reduction of vertical response is significant for frequencies higher than 4Hz, while for hori-
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Figure 7: Comparison of spectral accelerations at the top of a containment structure for X direc-

tions (left), and vertical directions (right).

zontal response, reduction starts at about 5Hz.

• Both horizontal and vertical response are significantly reduced for containment building and

internal structure. In fact, spectral accelerations were plotted in the same scale as for soil

and foundation slab, the linear response (no contact modeling) far exceeds this scale, while

nonlinear model (contact) shows significant reduction for all frequencies

CONCLUDING REMARKS

In this paper we presented a novel approach to design of NPPs where, structural components

(internal, containment, foundation) are assumed and remain linear elastic, while nonlinear behavior

is allowed beneath the foundation slab, in the contact zone. It is noted that more nonlinearities will

probably be present in the soil and rock beneath, however in this experimental design approach,

only nonlinear response of contact zone was allowed.

A significant reduction in demand was observed by allowing nonlinear (inelastic) response in

foundation slab – soil/rock contact zone. This reduction in demand, and the underlying seismic en-

ergy dissipation can be used to benefit seismic design of NPPs, as, although structural components

remain (are modeled as) linear elastic, seismic motions that structure will experience (through

foundation slab) are (significantly) reduced. It is very important to note that due to nonlinear na-

ture of modeling, it is not possible to scale up or down developed results. In other words, if any

changes in earthquake scaling are made, a model has to be rerun, as in general response will not
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scale.
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