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ABSTRACT

The primary task of the Major Structure Response Project within the

Seismic Safety Margins Research Program (SSMRP) was to develop detailed finite

element models of the Zion Nuclear Power Plant's containment building and

auxiliary-fuel-turbine (AFT) complex. The resulting models served as input to

the seismic methodology analysis chain.

The containment shell was modeled as a series of beam elements with the

shear and bending characteristics of a circular cylindrical shell. Masses and

rotary inertias were lumped at nodal points; thirteen modes were included in

the analysis. The internal structure was modeled with three-dimensional

finite elements, with masses again lumped at selected nodes; sixty modes were

included in the analysis.

The model of the AFT complex employed thin plate and shell elements to

represent the concrete shear walls and floor diaphragms, and beam and truss

elements to model the braced frames. Because of the size and complexity of

the model, and the potentially large number of degrees of freedom, masses were

lumped at a limited number of node points. These points were selected so as

to minimize the effect of the discrete mass distribution on structural

response. One hundred and thirteen modes were extracted.

A second objective of Project IV was to investigate the effects of

uncertainty and variability on structural response. To this end, four side

studies were conducted. Three of them, briefly summarized in this volume,

addressed themselves respectively to an investigation of sources of random

variability in the dynamic response of nuclear power plant structures;

formulation of a methodology for modeling and evaluating the effects of

structural uncertainty on predicted modal characteristics of major nuclear

power plant structures and substructures; and a preliminary evaluation of

nonlinear responses in shear-wall structures.

A fourth side study, reported in detail in this volume, quantified

variations in dynamic characteristics and seismic responses resulting from

different modeling assumptions. Four different models were used to describe a

portion of the AFT complex, and their dynamic characteristics and response

quantities were compared. The effect of different modeling assumptions was

most evident in the large variations in the response of locally flexible areas

of the structure. In particular, the location of lumped-mass points

profoundly affected dynamic behavior.
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FOREWORD

The Seismic Safety Margins Research Program (SSMRP) is an NRC-funded,

multiyear program conducted by Lwrence Livermore National Laboratory (LLNL).

Its goal is to develop a complete, fully coupled analysis procedure (including

methods and computer codes) for estimating the risk of an earthquake-caused

-radioactive release from a commercial nuclear power plant. The analysis

procedure is based upon a state-of-the-art evaluation of the current seismic

analysis and design process and explicitly includes the uncertainties inherent

in such a process. The results will be used to improve seismic licensing

requirements for nuclear power plants.

The SSMRP was begun in 1978 when it became evident that an accurate

seismic risk analysis must simultaneously consider all the interrelated

factors that affect the final probability of radioactive release. In the

traditional design procedure, by contrast, each factor is usually analyzed

separately. These closely coupled factors are:

• The likelihood and magnitude of an earthquake.

• The transfer of earthquake energy from a fault source to a power

plant, a phenomenon that varies greatly with the magnitude of an

earthquake.

• Interaction between the soil underlying the power plant and the

structural response, a phenomenon that depends on the soil composition

under the plant and the location of the fault source relative to the

plant.

• Coupled responses of a power plant's buildings and the massive reactor

vessels, piping systems, and emergency safety systems within.

• Numerous accident scenarios, which vary according to the types of

failures assumed and the success or failure of the engineered safety

features intended to mitigate the consequences of an accident.

A nuclear power plant is designed to ensure the survival of all buildings

and emergency safety systems in a worst-case ('safe shutdown") earthquake.

The assumptions underlying this design process are deterministic. In

practice, however, these assumptions are clouded by considerable uncertainty.

It is not possible, for example, to accurately predict the worst earthquake
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that will occur at a given site. Soil properties, mechanical properties of

buildings, and damping in buildings and internal structures also vary

significantly among plants.

To model and analyze the coupled phenomena that contribute to the total

risk of radioactive release it is therefore necessary to consider all

significant sources of uncertainty as well as all significant interactions.

Total risk is then obtained by considering the entire spectrum of possible

earthquakes and integrating their calculated consequences. In the SSMRP this

approach to risk analysis is embodied in the seismic analysis chain,

comprising five steps: determining seismic input characteristics for a site,

calculating the effects of soil-structure interaction, calculating major

structure response, calculating subsystem response, and calculating

probability of failure.

The seismic input consists of the earthquake hazard in the vicinity of a

nuclear power station, defined by an estimate of the seismic hazard function

(i.e., the relationship between the probability of occurrence and a measure of

the size of an earthquake) and a description of the free-field motion. The

soil-structure interaction link in the chain transforms the free-field ground

motion into basemat or in-structure response, accounting for the interaction

of the soil with the massive, stiff structures present at a nuclear power

plant. Determination of the major structure response follows the

soil-structure interaction step, where "major structure' commonly denotes a

building, but may also include very large components. The final step in the

traditional seismic analysis and design process is predicting subsystem

structural response. An additional step in the SSMRP is the prediction of

failure and subsequent risk of radioactive release.

In the SSMRP this methodology is implemented in three computer programs:

HAZARD, which assesses the seismic hazard at a given site, SMACS, which

computes in-structure and subsystem seismic responses, and SEISIM, which

calculates structural, component, and system failure probabilities and

radioactive release probabilities.

The SSMRP Phase I effort was organized into eight projects. In Project

I, Unit of the Zion Nuclear Power Plant was chosen as an appropriate

"typical" plant. In Project II, we developed the tools and models, including

HAZARD, necessary to describe probabilistically the seismic hazard at the Zion

site and to generate the appropriate acceleration time histories.

Soil-structure interaction was the subject of Project III, in which we
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provided as input to the first step in the SMACS calculational procedure the

characterizations of soil, foundations, and structures at the Zion plant

necessary to an analysis of the coupled soil-structure system. major

structure models were developed in Project IV as necessary input to the SMACS

computation carried out in Project VIII. In Project V, data were collected

and models established for the pertinent piping subsystems to provide input to

the SMACS computation. In Project VI we developed fragility curves--normal or

lognormal distributions describing the probability of failure as a function of

a critical response parameter--necessary for all components and structures

whose failure is accounted for in the SEISIM fault trees. in Project VII the

SEISIM computer program embodied event/fault trees to systematically describe

the possible accident sequences that follow an earthquake and accepted as

input the responses computed by SMACS, the set of fragility curves, and a

seismic hazard curve for the Zion site to calculate the structural, component,

and system failure probabilities and the probabilities of radioactive

release. The SMACS computer code was developed in Project VIII to tie

together the soil-structure interaction, structure response, and subsystem

response calculations.

The results and technical products of each of the eight projects are

described in separate volumes of the SSMRP Phase I Final Report. Volume 

presents an overview of the Phase I effort.

This volume of the final report addresses the work performed under

Project IV, Major Structure response. The NRC technical monitor for Project

IV was C. W. Burger. We would like to express our thanks to Palmer Van Dyke,

the editor of this volume, and to the other members of LLNL's Technical

Information Department Staff who contributed their efforts to its production.
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EXECUTIVE SUMMARY

The objectives of Project IV of the Seismic Safety Margins Research

Program were twofold: (1) using state-of-the-art analysis techniques, to

compute the dynamic response of major structures to earthquake motions for use

in both the subsequent systems analysis and building failure analyses and 2)

to perform sensitivity studies to provide guidance to systems analysts and

insight into the effects of uncertainty on structural response.

An initial requirement of Project IV was to review and summarize the

state of the art with regard to the modeling and seismic response analysis of

major structures, to identify dynamic analysis methodologies appropriate to

SSMRP objectives, to adapt such methodologies to our structural analyses, and

finally to identify areas of uncertainty and variability pertinent to the

seismic response computations. The results of this investigation, summarized

in Appendix A, were incorporated into the dynamic response analysis.

Major structure response was obtained as one of the results of the SMACS

computation. Construction of the mathematical models used to represent the

containment building and the auxiliary-fuel-turbine (AFT) complex of the Zion

Nuclear Power Plant was the responsibility of this project. We developed

detailed finite element models of each. The containment building is composed

of the containment shell and an internal structure, connected only through the

basemat; hence we modeled each structure separately. The containment shell

was modeled with a series of beam elements with shear and bending

characteristics appropriate for a circular cylindrical shell. Masses and

rotary inertias were lumped at nodal points. Inertias affecting bending and

torsional response of the shell were included. Thirteen modes were obtained

for use in the dynamic response an alysis. The internal structure, including a

simplified model of the nuclear steam supply system (reactor pressure vessel,

steam generators, reactor coolant pumps, and piping), was modeled with

three-dimensional finite elements. Masses were again lumped at selected

nodes. Sixty modes were included in the response analysis.

The AFT complex consists of the T-shaped auxiliary building, the turbine

building, the fuel-handling building, and the diesel generator buildings.

These structures are founded on a common base slab of varying elevation.

Common floor slabs in the superstructure provide additional structural

connections. Constructed of reinforced concrete and braced steel frames, the
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complex is essentially symmetric with respect to an east-west axis that divides

the generating units of the plant.

The finite element model of the AFT complex employed thin plate and shell

elements to represent the concrete shear walls and floor slabs, and beam and

truss elements to model the braced frames. Because of its symmetry, only half

of the structure was modeled. Nonetheless, the size and complexity of the

-model required a reduction in the number of dynamic degrees of freedom. We

therefore lumped masses at selected node points, thereby reducing the number

of dynamic degrees of freedom while retaining the stiffness definition of the

detailed model. The location and number of lumped mass points were chosen to

minimize the effect of the simplification procedure on the response in the

auxiliary building area and to supress 'local modes" in the turbine building.

One hundred and thirteen modes were extracted from the reduced model to define

the dynamic characteristics of the AFT complex for the SMACS computations.

The second objective of Project IV was addressed by four studies dealing

with the effects of uncertainty and variability on structural response. Three

of them, briefly summarized in this volume, respectively dealt with an

investigation of sources of random variability in the dynamic response of

nuclear power plant structures; formulation of a methodology for modeling and

evaluating the effects of structural uncertainty on predicted modal

characteristics of major nuclear power plant structures and substructures; and

a preliminary evaluation of nonlinear responses in shear-wall structures.

A fourth study, reported in detail in this volume, quantified variations

in dynamic characteristics and seismic response resulting from different

modeling assumptions. Four different models were created to describe a

portion of the AFT complex that excluded the turbine building and was

truncated at grade: a detailed finite element model, a detailed finite

element model with masses lumped at selected nodes, a detailed finite element

model with the constraint of rigid floors, and a shear-beam model. Dynamic

characteristics (frequencies and mode shapes) and response quantities,(peak

nodal accelerations and in-structure response spectra) were determined for the

models and compared.

We found that all modeling approaches preserved total mass and rotational

moments of inertia. The coefficients of variation for these quantities were

small. A greater variation was seen in the frequencies of comparable modes;

coefficients of variation ranged from 009 to 031. The variation among the
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four models in nodal accelerations at floor slab centers of gravity was

comparable to the variation in the determined frequencies. No model

consistently gave either the maximum or minimum response.

The effect of the different modeling assumptions was most evident in the

large variations seen in the response of locally flexible areas of the

structure. The method used in each model to define the relative distribution

of stiffness and mass in these areas dictated whether the local response was

accurately determined. In particular, the location of lumped-mass points

profoundly affected dynamic behavior. Lumping mass at nodes allows the

analyst to selectively include or exclude vibratory modes and to subsequently

bias response values.
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SECTION 1: BEST-ESTIMATE MAJOR STRUCTURE MODELS

The structural response portion of the Seismic Safety Margins Research

Program (SSMRP) serves two main purposes: to provide input motion for the

subsequent subsystem analysis and to establish measures of response in a form

appropriate for estimating structural failure. In Project IV, our objectives

were twofold: (1) using state-of-the-art analysis techniques, to compute

structural response due to earthquake motions and 2 to perform sensitivity

studies to provide guidance to systems analysts and insight into the effects

of uncertainty on structural response. The response data generated were used

both to determine the probability of major building failure and as input to

subsystem response analyses.

An initial requirement of Project IV was to review and summarize the

state of the art with regard to the modeling and seismic response analysis of

major structures, to identify dynamic analysis methodologies appropriate to

SSMRP objectives, to adapt such methodologies to our structural analyses, and

finally to identify areas of uncertainty and variability pertinent to the

seismic response computations. The results of this investigation, summarized

in Appendix A, were incorporated into the dynamic response analysis.

We selected the finite element method to model the Zion structures

because of its ability to represent the dynamic behavior of complex systems

and its versatility in the definition of response points. The SMACS (Seismic

Methodology Analysis Chain with Statistics) analysis considered subsystem

models with a large number of independent supports. Our detailed structural

models permitted support motions to be defined directly without additional

processing and at no penalty in cost. Soil-structure interaction (SSI) and

major structure response are determined simultaneously by the substructure

approach using the modal representation of the structures, thereby incurring

no computational penalty for detailed structural models.

In Project IV we constructed mathematical models to represent the

containment building and the auxiliary-fuel-turbine (AFT) complex. In this

section we describe the respective structures and summarize the development of

the models.
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1.1 REACTOR CONTAINMENT BUILDING

our model was developed for the Unit reactor containment building of

the Zion Nuclear Power Plant. Figure shows the general plan of the major

plant structures. Units and 2 are nearly symmetrical about a plane passing

through the fuel-handling building, the auxiliary building, the turbine

building, and the crib house. As the containment buildings of the two units

are structurally similar, identical models were assumed whenever we required

models of both containment buildings.

1.1.1 Description of Structures

The Zion containment building comprises three major components: a

containment shell and an internal concrete structuref connected only through

the basemat, and the nuclear steam supply system (NSSS).

Diesel Primary water
generators storage tank

Containment building
Unit 2)

ondensate
Turbine storage tank
building

cco
Fuel Auxiliary .21

handling building crib house
building 2

_J

Primary water
storage tank

0 0

inment building -e�Scndary condensate
(unit 1) storage tank

Diesel
generators Service

building 100 ft N

30.3 m

Fig. 1. Plan view of the Zion, Illinois, nuclear power plant.
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The containment shell (Fig. 2 is a cylindrical, post-tensioned,

prestressed concrete structure 147 ft in diameter, lined with a

stainless-steel shell. It rises from a circular base slab at elevation 568 ft

to elevation 779.5 ft, the highest point of the elliptical dome roof. The

containment shell is structurally independent of all interior and exterior

structures above elevation 568 ft.

The internal concrete structure of the containment shell (Fig. 3)

supports the NSSS, the polar crane, and other systems and components; it

consists of a ring wall, an operating floor, a reactor biological shield, and

a fuel-handling pool.

The ring wall is 100 ft in diameter and extends upward from the base slab

at elevation 568 ft to the operating floor at elevation 617 ft; its center

coincides with the center of the containment shell. Immediately above the

ring wall, on the operating floor, sits the rail for the polar crane.

75 ft

73.5 ft

E I 779.5

El 759.5 ft
26

E1739 ft

38.7 ft

3.5 ft

1/4-inch

El 576 ft
E1568 ft

Fig. 2 Dimensions of the containment shell structure.
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460-ton
polar crane

I I

Steam
generators

Reactor
coolant
pump

F
R eactor
pressure
vessel

Fig. 3 Internal structure of containment building.

Inside the ring wall lies the reactor biological shield, a circular

concrete wall with a 17-ft outside radius and an 8.5-ft inside radius. The

shield forms a well that extends downward from elevation 591 ft through the

base slab to elevation 542 ft. Below the base slab, this well is surrounded

by massive concrete shielding.

The floor of the fuel-handling pool is continuous with the biological

shield at elevation 591 ft. It drops down in two steps, so that at the edge

of the containinent shell adjacent to the fuel-handling building, the floor of
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the fuel pool is at the same elevation as the bottom of the fuel transfer

channel in the fuel-handling building. The floor of the fuel pool is

supported by short concrete steps extending upward from the base slab;

vertical walls rising from the floor are continuous with the slab of the

operating floor (elevation 617 ft) and form the pool. Metal gratings

supported by steel frames cover a major portion of the floor area at elevation

590 ft, and also some portions of the operating floor. The walls of the steam

generator compartment are reinforced concrete, rising from the operating floor

to elevation 626 ft. The pressurizer compartment extends from the operating

floor to a cover at elevation 655 ft.

The NSSS a four-loop Westinghouse PWR, consists of a reactor pressure

vessel (RPV) a pressurizer, and four coolant loops. Each coolant loop has a

steam generator, a reactor coolant pump, and coolant pipings. The RPV is

supported at the reactor nozzle by the reactor biological shield. The steam

generators are laterally supported by the internal concrete structure at

elevations 615 and 588 ft. The reactor coolant pumps are laterally supported

at elevation 584 ft. The lateral supports for the pressurizer are at

elevations 620 and 594 ft. The steam generators and the reactor coolant pumps

are vertically supported by the basemat at elevation 568 ft.

1.1.2 Development of a Finite Element Model

Differences in the geometry and construction of the containment shell,

the internal structure, and the NSSS reflect their varied functions. Because

of these differences, we constructed individual models, incorporating

appropriate assumptions, for each.

Containment Shell Structure

The containment shell is assumed to be perfectly axisymmetrical. As the

containment shell has a large height-to-radius ratio, an equivalent beam model

is adequate for modeling purposes. Beam elements to 11 (see Fig. 4)

represent the cylindrical portion of the shell. Their sectional properties

are determined directly from the actual cross sections of the shell. For beam

element 12, which represents the dome, the shear area and moment of inertia

are calculated from the horizontal cross section of the dome at elevation 769

ft, midway on the dome between the apex and the springline. The axial.area of
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beam element 12 is an equivalent value based on matching the vertical

frequency of the dome with that obtained from a detailed finite element

analysis.

Internal Structures

The internal concrete structures are represented by a three-dimensional

finite element model, shown in Fig. 5. The model includes six major

elevations, described in Table 1; it is based on the following considerations:

e Plate elements are sufficient to represent all concrete slabs, walls,

and the very massive biological shield.

e Metal gratings at elevations 590 and 617 ft are light compared with

the concrete and are therefore neglected.

e In most areas of the internal structure model, one row of vertical

plate elements is used to define the structure walls between two consecutive

elevations.

e Mass is concentrated at selected nodes to reduce the number of dynamic

degrees of freedom associated with the model.

0 The internal-structure model is tied to the containment shell model

only at the basemat.

Nuclear Steam Supply System

A reduced version of a detailed, vendor-supplied NSSS model is used in

the containment building model. It contains a total of 141 nodes, 17 truss

elements, 74 beam supports, and 140 pipe elements. An additional 2 nodes

represent support locations, and interface with the internal structure model

at appropriate support locations.

1.1.3 Modal Extraction

Modal analyses were conducted using the fixed-base containment shell and

internal-structure models. Table 2 lists the thirteen modes obtained for the

containment shell. The sixty modes used to describe the dynamic

characteristics of the internal structure are given in Table 3 The fraction

of the total mass not participating in the modes listed in Tables 2 and 3 was

9



Elevation Beam Node
(feet) element number

778 321

1 2�F
754.5 � � 320

740 El 319

F1 16
720�� 318

700 317

F8]

680 316

F]
660 315

F61
640� � 314

F51
617 313

n4
603 �� 312

31F
590- 21 311F
576 - 310568 - 309

Fig. 4 Lumped-mass and beam model of
containment shell structure.

rigidly included in the SSI structure response analysis. Nodes within the

models necessary to define structural fragility and subsystem response were

identified. We retained the eigenvector components associated with these

nodes for use in subsequent response analyses.

1.2 AUXILIARY-FUEL-TURBINE COMPLEX

The AFT complex (see Fig. 1) consists of the T-shaped auxiliary building,

the turbine building, the fuel-handling building, and the diesel generator

10



Pressurizer

Steam compartment
generator

compartments I

Operating
floor

(El 619 ft)

Top of biological shield
and fuel pool floor
(El 590 ft)

Fig. 5. Finite element model of containment building's internal structure.

Table 1. Elevations used in three-dimensional finite element model of the

internal structure.

Elevation
(ft) Description

542 Bottom base slab of the biological shield's cylindrical well

568a Top of base slab of the containment building

581 Intermediate elevation, including elevation 576

590 Top of biological shield and floor slab of fuel pool

617 Operating floor

626 Top of steam generator compartment's walls

aFor a fixed-base condition, all nodes at elevation 568 ft and below are
assumed to be fixed, and all elements associated with the basemat are deleted.



Table 2 Results of modal analysis of the containment shell.

Percent of total mass participating in each mode

Mode Hz X-comp. Y-comp. Z-comp. XX-comp. YY-comp. ZZ-comp.

1 4.15 35.2 35.2 0.0 48.5 48.5 0.0
2 4.15 35.2 35.2 0.0 48.5 48.5 0.0
3 8.54 0.0 0.0 0.0 0.0 0.0 80.7
4 11.92 0.0 0.0 76.6 0.0 0.0 0.0
5 13.32 8.4 8.4 0.0 0.0 0.0 0.0
6 13.32 8.4 8.4 0.0 0.0 0.0 0.0
7 19.29 0.0 0.0 5.0 0.0 0.0 0.0
8 22.58 1.0 1.0 0.0 0.6 0.6 0.0
9 22.58 1.0 1.0 0.0 0.6 0.6 0.0

10 26.95 0.0 0.0 0.0 0.0 0.0 9.0
11 30.76 1.7 1.7 0.0 0.0 0.0 0.0
12 30.76 1.7 1.7 0.0 0.0 0.0 0.0
13 43.46 0.3 0.3 0.0 0.3 0.3 0.0

Total mass
participation
of included modes 93.1 93.1 81.6 98.4 98.4 89.6

buildings. It rests on a common base slab, staggered through several

different elevations (Fig. 6 With the exception of the service building and

the slightly unsymmetrical internal structure of the fuel-handling building,

the complex is symmetrical with respect to a dividing line between the two

units. Figure 7 shows the complex, cut along its plane of symmetry.

1.2.1 Description of Structures

Turbine Building

The turbine building is constructed of braced steel frames. Its precast

concrete roof is supported at elevation 712 ft by steel portal frames. The

ground-floor slab at elevation 592 ft is continuous with the floor slab in the

auxiliary building at the same level. The portion of the ground-floor slab

not over the slab at elevation 560 ft is supported on concrete columns that

extend down to spread footings. The floor slabs at elevations 617 and 642 ft

are supported on steel frames and are continuous with the floor slabs in the

auxiliary building. The exterior walls of the turbine building are fabricated

from corrugated metal siding and are not designed as load-resisting elements.
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Table 3 Results of modal analysis of the containment shell's internal

structure.

Percent of total mass participating in each mode

Mode Hz X-comp. Y-Comp. Z-comp. xx-Comp. YY-comp. ZZ-comp.

1 6.54 10.8 0.0 0.0 0.0 18.0 0.0
2 6.70 0.9 0.0 0.0 0.0 1.5 0.0
3 7.11 0.0 1.7 0.0 3.5 0.0 0.1
4 7.13 0.0 0.5 0.0 0.9 0.0 0.0
5 7.28 0.0 0.9 0.0 2.4 0.1 0.9
6 8.11 0.0 2.3 0.0 4.6 0.0 1.4
7 8.88 1.4 0.0 0.0 0.0 1.8 0.0
8 8.91 0.1 0.0 0.0 0.0 0.2 0.0
9 9.20 0.0 0.0 0.0 0.0 0.1 0.1

10 9.23 0.0 0.1 0.0 0.4 0.0 0.0
11 9.36 0.1 0.0 0.0 0.0 0.0 0.0
12 9.38 0.0 0.0 0.0 0.1 0.0 0.0
13 9.81 0.0 1.1 0.0 0.2 0.0 0.0

14 9.89 1.4 0.0 0.0 0.0 0.7 0.0
15 9.96 0.0 0.0 0.0 0.0 0.0 0.0
16 9.99 0.0 0.0 0.0 0.0 0.0 0.0
17 12.87 6.8 4.7 0.0 4.3 7.0 0.0
18 13.78 1.9 0.6 0.0 0.2 0.9 0.0
19 13.89 0.1 1.5 0.0 0.0 0.4 0.0
20 13.95 0.0 0.0 11.5 0.1 0.0 0.0
21 13.96 0.0 0.0 1.7 0.1 0.1 0.0
22 14.27 6.9 15.6 0.0 8.9 6. 7 0.7
23 14.52 17.7 0.3 0.0 0.0 12.2 0.3
24 15.39 1.0 8.5 0.0 8.9 2.1 3.8
25 16.18 17.9 4.8 0.0 4.5 16.8 0.8
26 17.18 0.6 15.5 0.0 13.5 0.5 3.9
27 17.63 0.0 2.2 0.0 2.0 0.0 1.0
28 18.35 0.0 0.0 3.9 0.0 0.0 0.0
29 19.35 0.6 1.0 0.0 0.8 0.7 13.8
30 19.49 0.1 0.0 0.1 0.1 0.1 0.1
31 19.53 0.0 0.1 0.7 0.0 0.1 0.3
32 19.55 0.0 0.0 0.3 0.0 0.0 0.1
33 19.58 0.0 0.1 0.6 0.0 0.1 0.2
34 19.96 0.0 0.0 0.0 0.0 0.7 0.0
35 20.25 0.1 1.3 0.0 0.3 0.0 0.9
36 21.24 0.6 1.1 0.0 2.0 0.3 2.9
37 21.51 0.0 1.8 0.0 4.0 0.0 0.0
38 22.00 0.1 0.4 0.1 0.7 0.1 0.3
39 22.54 0.3 12.5 0.0 11.7 0.1 1.5
40 22.87 4.4 0.8 0.0 0.9 1.9 0.5
41 23.76 0.0 0.3 0.0 0.5 0.0 0.1
42 24.-Sl 0.4 0.2 0.1 0.2 0.5 1.6
43 25.31 0.4 0.3 0.0 0.1 0.5 1.3
44 25.73 0.0 0.6 0.0 0.2 0.1 10.2
45 26.07 0.0 1.5 0.0 1.7 0.0 4.0
46 26.74 0.3 0.0 0.0 0.1 0.1 11.3
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Table 3 (Continued.)

Percent of total mass participating in each mode

Mode Hz X-comp. Y-comp. Z-comp. XX-comp. Yy-comp. ZZ-comp.

47 27.21 0.2 0.2 0.0 0.4 0.0 2.1
48 28.27 0.0 0.4 0.1 0.1 0.2 4.7
49 28.79 0.1 0.4 0.0 0.1 0.0 1.5
50 28.90 0.0 0.0 0.0 0.1 0.1 0.4
51 29.82 1.0 0.0 0.1 0.0 0.1 1.2
52 30.36 0.1 0.2 0.9 0.0 0.1 0.1
53 31.01 1.0 0.0 0.3 0.0 0.3 0.1
54 31.65 0.0 0.0 11.0 0.0 0.1 0.1
55 31.80 0.0 0.1 0.5 0.0 0.0 0.0
56 32.30 0.3 0.0 0.0 0.0 1.8 0.3
57 32.46 0.2 0.2 4.8 0.1 0.3 0.0
58 32.54 0.0 0.0 0.2 0.0 0.0 0.5
59 32.79 0.4 0.2 1.0 0.0 0.0 0.1
60 33.16 2.9 0.2 0.6 0.1 0.3 0.1

Total mass
participation
of included modes 81.5 84.4 38.9 78.8 77.9 73.8

B
A Grade El 591

< Unit 2
El 555

'-� .1
Xl��

-. 56
El 552

553�� El 539.5
El 537 El 590

El 545

All elevations in feet A

Fig. 6 Simplified diagram of a portion of the excavation for the AFT complex.
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Fig. 7 Section of the AFT complex through the plane of symmetry.

The turbine foundation is a massive, reinforced concrete structure

isolated from the rest of the building. The condenser-pit slab at elevation

560 ft is centrally located below the turbines, and a 14-ft-thick continuous

slab connects the condenser-pit slabs of the two units. Rectangular,

reinforced concrete piers rise from the top of the condenser-pit slabs to

elevation 592 ft, where continuous haunched girders connect the piers along

each side of the pit. The piers continue to the operating floor at elevation

642 ft to form a concrete space frame.

Auxiliary Building and Diesel Generator Rooms

The auxiliary building rests on a 5-ft-thick, soil-supported, reinforced

concrete mat at elevation 542 ft. The diesel generator rooms at the north and

south ends of the auxiliary building rest on walls extending to a strip

footing at elevation 557 ft. The reinforced concrete foundation walls of the

auxiliary building are laterally supported by concrete floor slabs at

elevations 560, 579, and 592 ft (grade elevation).
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Above grade, the lateral force-resisting system is a combination of

braced structural steel frames and concrete slabs and walls. Vertical, braced

steel frames were erected on foundation walls around the periphery of the AFT

complex and diesel generator rooms. The frames were then encased in

reinforced concrete walls that form the shear-wall system. The floors at

elevations 617, 630, and 642 ft are reinforced concrete slabs supported by

horizontal braced steel frames.

Fuel-Handling Building

The fuel-handling building also rests on a reinforced concrete mat

foundation. Reinforced concrete walls rise on the three exterior sides to the

roof. There are partial floor slabs at elevations 602 and 617 ft. As the

fuel-transfer channel forms a discontinuity between the auxiliary and the

fuel-handling buildings, the only structural connections between the two are

at-the base slab and the roof level. The roof of the fuel-handling building

is corrugated metal decking with a concrete slab supported by steel framing.

1.2.2 Development of a Finite Element Model

In developing the model, we attempted to establish a realistic definition

of the structure's dynamic characteristics for use in the response analysis.

Physical aspects of the AFT complex and the detail needed to provide response

values placed severe demands on the model. As mentioned earlier, the complex

is composed of several structures sharing a common basemat and floor slabs.

To properly capture interstructure behavior, it was necessary to formulate a

single model of the gomplex. However, the use of a model sufficiently

detailed to provide accurate input to the subsystem response calculations

would tax the storage capability of available computer hardware. To limit the

computational size of the model without sacrificing detail, then, we assumed

the complex to have a single plane of symmetry, and developed two

half-structure models. One model employed symmetric boundary conditions along

the plane of symmetry; the other, antisymmetric boundary conditions. The

modes extracted from each half model were then combined to define the dynamic

characteristics of the complex. Figure shows the half-structure model.

For the turbine building, we used beam and truss elements to model the

braced steel frames that comprise the load-bearing members of the structure.

16
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Fig. 8. Finite element half-structure model of the AFT complex; shaded area
of the inset sketch shows the portion of the structure modeled.

The condenser-pit and the floor slabs were modeled with plate elements.

Although they contribute only to the mass of the model, the sheet-metal

exterior walls were also modeled with plate elements. The turbine pedestal

was modeled as a concrete space frame, with the mass of the turbines lumped on

the pedestals. I

For the auxiliary and fuel-handling buildings, we used thin plate and

shell elements to model the flexibility of shear walls and floor diaphragms.

Steel bracing within the concrete shear walls was ignored, as its contribution

to overall stiffness is small. Water in the water storage tank and the

spent-fuel pit was included as lumped mass; hydrodynamic effects were ignored.

Model size limitations dictated the use of a single row of elements

between adjacent floor slabs. When possible, the widths of the elements were

chosen to give an aspect ratio of unity. This approach led to 94 node points

and 1201 thin plate and shell elements in the half-structure model. Figures

9a through 9i show the discrete elements for each floor slab elevation within
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Fig. 9 Plan view of floor slabs within the AFT omplex.
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Fig. 9 (Continued.)
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Fig. 9 (Continued.)
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Fig. 9 (Continued.)

21



the complex, from elevation 712 down to elevation 542 ft; the heavy lines on

selected element boundaries indicate where shear walls intersect a slab.

To define the braced steel frames, primarily located in the turbine

building, we used 484 truss and 440 beam elements (see Fig. 10).

1.2.3 Modal Extraction

As part of the SSMRP's probabilistic methodology, dynamic response

calculations are performed by the SMACS code. Within SMACS, the dynamic

characteristics of the AFT complex are defined by its eigensystem, i.e., by

its frequencies and mode shapes. We wished to determine all modes, both

symmetric and antisymmetric, with frequencies less than 33 Hz. Modal

extraction was performed with the LLNL version of SAPIV.

Ilk

Z

Y

Fig. 10. Beam and truss elements within the AFT complex.
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The large size of the model, together with constraints on available

computer core space, limited the number of modes extractable from each

half-structure model to 130. Our first analysis was conducted with

antisymmetric boundary conditions. Numerous "local modes" appeared, where the

response was dominated by the motion of flexible wall or floor panels. After

130 modes were extracted, a peak frequency of 15 Hz was reached. To capture

all gross structural modes with frequencies less than 33 Hz, it was then

necessary to eliminate the local, flexible modes by reducing the number of

dynamic degrees of freedom.

To do this, all mass was lumped at selected nodes throughout the model;

this method eliminates some dynamic degrees of freedom, yet retains the

stiffness distribution of the detailed model. The number and location of

lumped-mass points were chosen to minimize the effect of this reduction

procedure on the response of key areas within the AFT complex. In particular,

we wished to minimize any effects on response in the auxiliary building, to

eliminate all 'local modes' in the turbine building, and to retain the

structural coupling between the auxiliary and turbine buildings. The

auxiliary building was identified as the structure of primary concern with

regard to both building fragility and subsystem response.

To ensure that effects of the reduction procedure on building response

were minimal, we constructed two separate models of the auxiliary building.

Material density values were input to one model, giving a uniform mass

distribution and leaving active all unconstrained degrees of freedom. In the

second model, mass was lumped at selected nodes to reduce the number of

dynamic degrees of freedom. Comparative response analyses were then

performed, and the distribution of lumped mass was modified until there was

little difference between the responses of the two models. The final

lumped-mass distribution of this smaller model of the auxiliary building was

then incorporated into the half-structure model of the AFT complex

(lumped-mass points are shown as heavy dots in Figs. 9a through 9i).

Once the lumped-mass distribution was established, we conducted modal

analyses of both the symmetric and antisymmetric models. A total of 255 modes

with frequencies less than 33 Hz was extracted from the two half-structure

models.

To meet the constraints of the SMACS code and to streamline subsequent

response calculations, we further reduced the number of modes describing the
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model of the AFT complex. Retaining only those with significant mass fraction

or participation, we combined 57 symmetric modes with 56 antisymmetric modes

to give the final best-estimate description of the dynamic characteristics of

the AFT complex. These modes, their frequencies, and their mass fractions are

given in Tables 4 and 5. As with the containment building models, the

fraction of the total mass not participating in the listed modes was rigidly

included in the subsequent SMACS response analyses.

As some data generated by the modal analysis are not required by the

SMACS code, we input only those elements of the eigenvector necessary to

define the response of selected nodes. These nodes provided the response

parameters needed to establish building fragility and to provide input to

modeled subsystems.

1.3 CONCLUSIONS

We constructed individual models for each of the three major components

of the containment building: the containment shell, the internal structure,

and the NSSS. Modal analyses were conducted using the fixed-base containment

shell and internal-structure models. Thirteen modes were obtained for the

containment shell and 60 modes were used to describe the dynamic

characteristics of the internal structure and the NSSS. We identified

critical nodes within the models necessary to define structure fragility and

subsystem response. The eigenvector components associated with these nodes

were retained for use in subsequent response analyses.

To provide a basis for establishing building fragility and for input to

subsystem models, we developed a best-estimate model of the Zion AFT complex

for use in the SMACS code. The complexity of the physical structures involved

necessitated the use of a single, detailed model. To facilitate the

computational effort, we assumed a plane of symmetry for the building complex

and constructed a half-str6cture model in which mass was concentrated at

selected nodes to reduce dynamic degrees of freedom. Of all the modes

extracted from the reduced model, only those with a significant mass fraction

were selected to define the dynamic characteristics of the model. Critical

nodes were identified and their eigenvector components were input to SACS for

use in the dynamic response analysis.
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Table 4 Frequencies and mass fraction of symmetric modes, AFT complex.

Percent of total mass
participating in each mode

Mode Hz X-comp. Z-comp. Yy-comp.

1 1.09 0.0 1.3 4.0
2 1.16 2.2 0.0 1.1
3 1.85 0.8 0.4 1.0
4 3.68 17.4 0.0 3.0
5 4.61 3.0 0.0 0.4
6 4.81 6.9 0.0 0.9
7 6.38 4.3 0.0 0.8
8 6.79 1.3 0.0 0.2
9 8.49 21.3 0.0 3.3

10 10.29 0.0 2.7 2.3
11 10.98 0.2 0.4 0.5
12 11.05 0.3 0.4 0.7
13 11.27 0.0 5.1 4.5
14 13.19 0.0 6.7 2.3
15 13.54 0.0 1.6 2.7
16 14.40 0.0 5.5 1.9
17 14.78 0.0 3.6 0.4
18 14.95 0.3 3.9 4.0
19 15.81 0.2 4.7 4.8
20 15.97 0.0 2.1 0.2
21 16.31 0.2 1.7 1.0
22 17.00 0.1 2.6 4.7
23 17.58 0.0 2.7 2.1
24 17.77 0.9 1.4 1.1
25 1P.30 0.0 2.1 1.8
26 19.13 0.0 1.9 1.8
27 20.04 2.0 0.0 0.0
28 20.27 1.2 0.0 0.1
29 21.12 9.2 0.0 0.3
30 21.47 0.5 1.3 1.4
31 21.58 0.0 0.5 0.5
32 22.41 0.0 0.9 0.8
33 22.67 0.5 0.0 0.0
34 23.09 0.0 1.0 1.0
35 23.23 0.3 0.4 0.7
36 24.36 0.7 0.1 0.1
37 24.44 1.2 0.1 0.2
38 24.66 2.0 0.0 0.1
39 24.86 0.5 0.0 0.0
40 25.41 2.9 0.0 0.1
41 25.93 0.0 0.4 0.3
42 26.21 1.1 0.1 0.0
43 26.47 0.6 0.2 0.2
44 27.09 1.9 0.8 0.5
45 27.17 1.4 0.4 0.4
46 27.24 1.0 0.3 0.2
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Table 4 (Continued.)

Percent of total mass
participating in each mode

Mode Hz X-comp. Z-comp. Yy-comp.

47 27.63 0.2 0.7 1.1
48 28.00 0.0 0.5 0.7
49 29.18 0.0 1.3 1.5
50 28.34 0.0 0.6 0.5
51 28.88 0.7 2.7 2.4
52 29.29 0.0 4.0 1.7
53 30.49 0.0 0.6 0.9
54 30.96 0.1 0.3 0.7
55 31.06 0.0 1.0 1.6
56 31.75 0.0 0.1 1.1
57 35.76 0.8 0.0 0.1

Total mass
participation
of included modes 87.8 69.1 70.6

26



Table 5. Frequencies and mass fraction of antisymmetric modes, AFT complex.

Percent of total mass
participating in each mode

Mode Hz Y-comp. XX-comp. ZZ-comp.

1 1.55 0.1 0.0 1.6
2 2.06 2.8 2.7 0.5

3 3.68 0.0 0.0 7.5
4 3.83 3.7 0.9 3.8
5 4.64 1.1 0.2 2.1
6 4.79 17.5 5.8 3.6
7 5.01 1.5 0.3 4.3
8 5.77 2.3 0.8 3.4

9 6.34 0.3 0.1 0.7
10 6.87 2.7 0.9 3.2
11 7.01 3.1 0.9 1.0
12 7.48 0.3 0.2 0.8
13 8.82 6.6 3.0 11.9
14 9.96 0.6 0.2 0.7

15 9.84 6.5 2.2 1.2
16 10.75 4.0 1.5 5.6
17 11.12 2.3 2.8 1.5

18 11.46 4.8 0.3 3.4
19 12.96 0.6 0.5 0.4
20 13.19 0.0 12.7 0.0
21 14.04 0.4 0.0 0.7
22 14.39 0.0 2.1 0.0
23 14.78 0.0 6.3 0.0
24 15.97 0.0 0.9 0.0
25 15.98 0.1 1.5 0.0
26 16.35 0.1 0.4 0.0

27 17.68 0.1 4.2 0.1
28 18.44 3.4 0.0 2.9
29 18.53 3.7 1.2 5.6
30 18.90 0.3 0.8 0.5
31 19.01 0.2 0.5 0.2
32 19.45 0.4 0.0 0.6
33 19.72 0.7 0.0 0.7
34 19.93 2.1 0.0 1.2
35 20.17 2.4 0.2 1.8
36 21.15 0.4 0.0 1.1
37 21.56 1.1 0.5 0.2
38 21.58 0.6 0.1 0.2
39 21.62 2.9 0.1 3.1
40 22.00 0.6 0.1 0.5
41 22.97 0.3 0.7 0.3

42 23.79 0.8 0.1 1.5
43 23.90 0.7 0.2 0.9
44 24.33 1.2 0.1 0.4

45 24.59 0.0 0.0 0.7
46 23.48 0.1 0.1 0.5
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Table 5. (Continued.)

Percent of tota 1 mass
participating in each mode

Mode Hz Y-comp. xx-comp. ZZ-comp.

47 27.14 0.0 0.0 0.5
48 27.31 1.5 0.4 0.9
49 28.13 0.0 0.5 0.0
50 28.36 0.1 0.4 0.1
51 28.57 2.5 0.5 0.7
52 28.80 0.3 0.5 0.0
53 29.13 0.7 0.9 0.2
54 29.35 0.5 2.6 0.2
55 31.18 0.4 0.4 1.3
56 32.06 1.6 0.1 1.4

Total mass
participation
of included modes 91.1 62.6 86.1
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SECTION 2 VARIABILITY IN DYNAMIC CHARACTERISTICS AND SEISMIC

RESPONSE AS A MEASURE OF MODELING SENSITIVITY

2.1 INTRODUCTION

In analyzing any structure for seismic safety, an engineer makes

assumptions and decisions throughout the analysis process. Transforming the

physical problem into one amenable to analysis, choosing the analytical

method, developing a mathematical model, and selecting material property and

damping values all directly influence the results, and all are sources of

variability in determining the structural response. This variability

introduces uncertainties.

Four studies conducted as part of Project IV address the issue of

uncertainties. In one, briefly summarized here, Wesley et al.1 investigated

the sources of random variability in the dynamic response of nuclear power

plant structures, identifying sources affecting both the response frequencies

and dynamic amplification by structures. Using numerical values developed for

the Zion auxiliary building as sources of inherent randomness, they discuss

several uncertainties (mostly unquantified) resulting from a lack of knowledge

of material properties or approximations in analytical modeling. They also

address dispersion in both the structure's dynamic characteristics and in the

input to equipment as defined by the in-structure response spectra.

Their findings indicate that random variability in the calculated modal

frequencies of a lightly damped elastic structure occurs due to variability in

both the mass and stiffness terms. The principal sources of random

variability in structural mass are in the density of concrete and in the

dimensional tolerances of structural elements. On the basis of data from the

literature,2 the coefficient of variation (COV) of material density was

estimated as 0026 and that of geometric tolerances as 0014. Combining these

gives an expected COV of structural mass of about 003.

With regard to stiffness effects, Wesley et al. found the major sources

of random variability again in dimensional tolerances and in the shear modulus

and modulus of elasticity; the latter are in turn dependent on the density of

concrete. The average logarithmic standard deviation associated with random

variations in stiffness resulting from randomness in the properties of

concrete members was estimated as 0.018. Results of concrete cylinder tests
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for the Zion auxiliary building, allowing for aging and taking Poisson's ratio

for concrete into account, give a COV of about 014 for the modulus of

elasticity and of about 017 for the shear modulus. The combined COV for

random variations of stiffness in a low-stressed shear-wall structure, as in

the Zion auxiliary building, is estimated as 017.

Combining variability due to both random mass and stiffness effects for

the Zion auxiliary building gives a frequency COV of about 0086. Variations

in frequency arising from modeling uncertainty were not evaluated but may be

expected to exceed those from random effects.

Wesley et al. also calculated the expected variation in structure

response at damping levels throughout the elastic response range.

Time-history records of recorded earthquakes, scaled to a common peak ground

acceleration, were used as sources of excitation for the Zion auxiliary

building. Variations in structure response due to damping factors and

time-history inputs were obtained. Use of median structural damping values of

from 3 to 10% of critical is recommended for concrete structures, depending

on the stress induced by the seismic event. These values were based on the

results of a literature survey and closely follow the recommendations of

Newmark.3

Dispersion of CVs for structural response ranged from 023 to 033.

Slightly less dispersion results when structural damping is increased and also

at the lower elevations in the auxiliary building. CVs for in-structure

response spectra throughout the frequency range of interest are approximately

0.23 to 04. However, the dominant factor affecting the dispersion is neither

the structural response nor the in-structure response spectra but the

characteristics of the earthquakes used in the analysis. This study assumed

fixed-base structures (no SSI) .

4In a second study, Hasselman et a formulated a methodology for

modeling and evaluating the effects of structural uncertainty on predicted

modal characteristics of major structures and substructures of nuclear power

plants. Their approach differs from the conventional one, in which random

structural properties and their distributions (or statistical moments) are

defined a priori and must be established largely by conjecture. In contrast,

Hasselman et al. deduce structural uncertainty by comparing analytical

predictions with experimental measurements for generically similar structures

whose dynamic response is computed and measured relative to the way in which a
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structure will behave in an actual earthquake; that is, in its lower natural

modes of vibration.

Their mathematical formulation has a substructures orientation; that is,

the basic building blocks of major structural systems are considered to be

substructures, as opposed to simple structural elements such as beams,

columns, and shell elements. However, this approach does not preclude the use

of finite element modeling codes; standard codes can be used to generate

substructure mass and stiffness matrices as well as sensitivity coefficients.

Hasselman et al. describe the coordinate systems and'corresponding

equations of motion for any given major structural system and its

substructures. These equations are sufficiently general to relate directly to

the structural models used in SMACS as well as to those representing the

various structures from which uncertainty data must be extracted. Modal

coordinates were chosen for the latter. Modal parameters are then derived to

embody structural uncertainty at the substructure level. The parameters were

chosen in such a way as to (1) account for all significant contributions to

structural uncertainty, and 2 provide a common basis for relating the

observed uncertainties (differences between predicted and measured structural

characteristics) among various structures or substructures within a given

generic family.

Within this framework, Hasselman et al. develop a general methodology for

evaluating structural uncertainty. Three random variables represent

uncertainty in modal frequency, amplitude, and damping; they are cast in

dimensionless form so that their distributions can'be sampled and the variates

scaled according to the particular characteristics of the structure being

modeled. This enables a representation of the variation in the modal

parameters of the structure being analyzed.

The most important feature of the proposed methodology is its ability to

utilize frequency and mode shape data from nonnuclear structures such as steel

frame and reinforced concrete buildings as a basis for quantifying the

uncertainty in structural response predictions made for the major structural

systems of nuclear power plants. Predicted response uncertainties can thus be

quantified on the basis of actual data that are directly related to observed

differences between predicted and measured behavior of similar structures.

In a third side study, summarized in the following paragraphs, Wesley and

Hashimoto conducted a preliminary investigation of nonlinear seismic
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response effects that can be expected to affect the structural response

characteristics of typical shear-wall nuclear power plant structures,

including the input to equipment located in these structures at very high

earthquake levels.

Nuclear power plant structures and equipment in the United States are

currently designed to criteria6 that allow seismic stresses high enough to

produce nonlinear effects at the safe shutdown earthquake (SSE). At most site

locations there is also a low, though finite, probability that earthquakes

above the SSE may occur. Nonlinear response effects in structures can result

from a number of sources. Among these are the nonlinear characteristics of

the soil on which the structure is founded and any base-slab acceleration

occurring as a result of a structure's overturning moment. The principal

source of nonlinearity is yielding and cracking of the steel framing or the

concrete structure members, although dynamic feedback from the in-structure

equipment may also contribute to nonlinear system response. For low-rise

structures such as nuclear power plant shear walls, soil-structure interaction

effects are often not as critical as for reactor containment buildings;

consequently, auxiliary buildings and other similar structures are often

designed using fixed-base analytical models, particularly at rock or

stiff-soil sites. For structures of this type, the principal nonlinear

seismic response effects occur as a result of yielding and degradation within

the structure itself.

The structure Wesley and Hashimoto chose for evaluation was the auxiliary

building of the Zion plant (see 1.2.1 for a description of the structure).

The analysis was limited to input and response in a symmetric direction to

exclude torsional response and the necessity of initially developing a

three-dimensional analytical model. Despite their use of a simplified

shear-beam model, their results are considered typical of those expected from

shear-wall structures constructed to nuclear power plant criteria at response

levels above the elastic limits, as the capacity of the walls themselves,

which can be determined with the simple model, dictate the limits of

structural strength in the auxiliary building. Other potential modes of

failure, such as a diaphragm failure, do not occur.

To obtain reasonably accurate response levels, strength levels for the

structural elements were based on median-centered properties, which embody the

material properties actually expected rather than the design values.
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Structure ductility is accounted for by using stiffness-degrading shear-wall

elements. Time-history analyses were conducted using a series of natural

earthquake records scaled to acceleration levels that produce response in the

structure up to maximum story ductility ratios of approximately four.

The authors computed nonlinear effects on structure response as embodied

in deflection and acceleration response levels and story shears for increasing

levels of ductility. Variations of in-structure response spectra were also

determined, and median values of response and CVs were developed for the

important response parameters.

To explore the relation between structure strength and ductility, Wesley

and Hashimoto investigated responses in the inelastic range up to levels

expected to result in structure failure, although both the occurrence of a

strong-motion earthquake and the capacity of the soil to transmit acceleration

levels high enough to cause failure were considered highly unlikely prospects.

The structure was considered to fail functionally when its level of

inelastic deformation under seismic loads was estimated to potentially

interfere with the operability of safety-related equipment attached to it.

The limits chosen on the structure's inelastic energy-absorption capability

(ductility limits) were estimated to correspond to the onset of significant

structural damage. This is believed to represent a conservative bound on the

level of inelastic structural deformation that might interfere with the

operability of components housed within the structure. Greater ductility may

typically be expected before actual structural collapse occurs, although the

capacity of the structure to withstand higher ground-motion acceleration

levels may not be significantly increased.

Properly designed reinforced concrete shear walls will respond in a

ductile manner to reversed loads and may be expected to dissipate significant

amounts of inelastic energy'. Inelastic behavior is enhanced by the presence

of confined boundary elempnts. The various methods of wall failure that may

occur depend on reinforcement ratios, aspect ratios of the walls, and the

presence or absence of boundary elements. Possible failure modes include bar

fracture, inelastic bar buckling, instability of the compression zone, web

crushing, and boundary-element crushing. Shear walls, which usually intersect

end walls, normally have relatively low height-to-length ratios; the most

common mode of failure for walls with this configuration is web crushing.

The performance of shear walls under seismic load reversals is a strong

function of deformation history. To establish expected ductility, it is
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therefore necessary to estimate the frequency of occurrence of strong-motion

earthquakes as well as seismic loads. For a shear-wall structure, it is

convenient to consider ductility in terms of story ductility (p), defined as

the maximum relative deformation of the upper floor slab divided by the

corresponding elastic deformation. Published load deflection envelopes

resulting from structural tests7 were used to establish an expected range of

ductility ratios for reinforced concrete walls failing from reversed shear

loads. In that series of tests, representative shear walls were subjected to

reversed loads with various load histories.

To evaluate the structure response in the inelastic range, the authors

developed a preliminary two-dimensional mathematical model. Floor and

tributary wall mass was lumped at the floor elevations. Equipment mass was

assumed uniformly distributed, and all floor slabs were were assumed rigid.

Shear elements connecting the nodes were used to represent the properties of

the walls of each story. Soil-structure interaction effects were not

included, and a fixed-base model was developed. The computer program

DRAIN-2D8 was used for all nonlinear analyses.

In computing the individual story stiffness, they included the

stiffnesses of all exterior and interior load-bearing reinforced concrete

walls. The shear-element feature of DRAIN-2D was used to model the story

stiffnesses of the structure. This element has shear stiffness only, and

neglects translational bending flexibility. This representation is adequate

for low-rise shear-wall structures. A single element was used at each story,

as yield and failure of individual walls occurs at approximately the same

degree of story drift.

The rules for hysteresis in shear under load reversals were taken from

Takeda9 and are available in DRAIN-2D. The basic force-deflection

relationship under load reversals is illustrated in Fig. lla. This

relationship includes degrading stiffness for the purpose of modeling

reinforced-concrete shear walls that characteristically exhibit such stiffness

properties when subjected to cyclic loads. In addition to using the basic

Takeda model shown in Fig. lla, Wesley and Hashimoto exercised an option that

reduces the unloading stiffness by an amount that depends on the largest

previous deflection. This option is believed to more closely reflect the

actual behavior of reinforced concrete. The unloading stiffness k depends

on the maximum deflection and the recovery displacement D rec , as shown in
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Fig. 11. Shear-element force-deflection
relationship under load reversals.

Fig. l1b. This displacement is a function of an input parameter a and

D the deflection obtained by unloading down the original stiffness slope
p

K0
The nonlinear response of the structure was obtained from the

two-dimensional model for five natural earthquakes representative of what

could be typically expected for strong-motion excitation at the site.

Structural response was determined for each of the five earthquake records,

scaled to acceleration levels that result in maximum story ductility levels

(p) up to approximately four. As they were concerned with median response,

the authors used a composite modal damping based on 10% of critical. The most
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highly stressed story in the structure was almost always the one just above

grade (elevation 592 ft) at all levels of inelastic response and for all

earthquakes. There was no yielding at any location above elevation 617 ft;

this was a result of the inability of shear walls in the weakest story (from

elevation 592 to 617 ft) to transmit acceleration levels significantly above

that at which yielding occurred. However, at the lower elevations, yielding

occurred before failure at the weak story.

The reserve margin of strength in the shear-wall system is indicated by a

comparison of the peak ground acceleration level at which failure is expected

to the acceleration level at which yielding is expected to begin. For the

five earthquakes used in the evaluation, acceleration ratios ranged from

approximately 13 to 16, with a median ratio of 143 and a COV of 0067.

Figure 12 shows a comparison of the median displacement for the elastic

case ( = ) and higher ductility levels. A similar plot of median.

acceleration response levels throughout the structure is shown in Fig. 13, and

a plot of median shear distribution for the maximum story ductility ratios is

shown in Fig. 14. The results demonstrated the inability of the weak story

(elevations 592 to 617 ft) to transmit high levels of acceleration.

Throughout the structure, the dispersion for acceleration as a function of

ductility level was greater than that for displacement response. The

dispersion for story shear in terms of the COV is shown in Table 6 For the
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Fig. 12. median displacement envelopes
as a function of elevation for various
ductility levels.
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Fig. 13. Median acceleration envelopes
as a function of elevation for various
ductility levels.
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Fig. 14. Median story shear distribution as a
function of elevation for various ductility levels.

37



Table 6 Story shear coefficients of variation for four

ductility levels.

Story 1 = U = 2 3 4

642-668 0.0730 0.0768 0.0500 0.0658

630-642 0.0445 .0.0562 0.0427 0.0458

617-630 0.0303 0.0393 0.0356 0.0332

592-617 0 0.0003 0.0014 0.0009

579-592 0.0422 0.0272 0.0191 0.0168

560-579 0.0626 0.0175 0.0008 0.0011

542-560 0.0713 0.0331 0.0050 0.0101

elastic case, in which the shear loads were normalized to the yield strength

of the weakest story, the COV was obviously zero at that story. Whereas

Table 6 indicates the dispersion in the response of the other stories

resulting from the various earthquakes used as input, different CVs for story

shears result if the earthquake input is normalized to a constant acceleration

level rather than to a constant response at the weakest story. For response

levels above the elastic limit, the inability of the weak story to transmit

loads much above the yield strength of the weakest story also resulted in very

little shear dispersion in that story. Also, very little change occurred in

the dispersion of the shear response in the upper stories for different story

ductility ratios. As higher acceleration levels were input into the model and

the lower stories yielded, their shear dispersion was also significantly

decreased.

Parameters of interest in the evaluation of effects of inelastic

structural response on input to equipment included frequency shifts of the

peaks of the in-structure response spectra, introduction of new or broader

peaks, and deamplification throughout some or all of the frequency range. To

perform a preliminary evaluation of the effects of inelastic shear-wall

structure response on input to equipment, in-structure response spectra were

generated at selected locations at various ductility levels. Figure 15 shows

plots of in-structure response spectra generated at various levels of maximum

story ductilities for a typical earthquake record. These spectra were

developed for various input acceleration levels required to achieve the
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Fig. 15. In-structure response spectra at elevation 642 ft for San Fernando

earthquake time histories.

desired maximum story ductility ratios. Typically there was little frequency

shift in the peaks of the spectra as inelastic energy increased within the

range of ductility ratios investigated.

In evaluating the effects of inelastic structure response on the input to

equipment, one consideration is whether the in-structure response spectra

including inelastic effects are enveloped by the equivalent spectra generated

from elastic structural models. To provide a more direct comparison of the

effects of the inelastic structure response, Figs. 16 and 17 show the

in-structure response spectrum generated by the nonlinear model together with

the corresponding elastic-model spectrum at the same location with the same

earthquake scaled to the same peak ground-acceleration level. These figures

show a comparison of the spectra generated for the upper location in the

structure. Figure 16 is for the El Centro earthquake, and Fig. 17 shows the

in-structure spectra for the San Fernando earthquake. Spectra for the

inelastic structure response are shown together with the spectra from the
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Fig. 16. Comparison of elastic vs nonlinear response spectra at elevation 642

ft for El Centro earthquake time history scaled to 1.8g.
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Fig. 17. Comparison of elastic vs nonlinear response spectra at elevation 642

ft for San Fernando earthquake time history scaled to 1.58g.
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elastic model scaled to the same peak ground-acceleration values. For the El

Centro earthquake, the spectrum from the elastic model essentially envelopes

the spectrum generated with the inelastic model, and the peak of the

elastic-model spectrum is significantly higher than that from the inelastic

model. For the San Fernando earthquake, however, the peak of the spectrum

generated with the inelastic model exceeds that from the elastic model over

much of the high-frequency range. For both records, the inelastic model

exhibited increased response in the high-frequency region, particularly in the

vicinity of the second natural mode at approximately 17 Hz. This is

particularly evident at the lower elevations, as shown in Fig. '18.

To quantify the dispersion of the in-structure response spectra, the

authors computed median spectral accelerations and CVs at selected

frequencies throughout the frequency range. In general, the variability

increased as the frequency decreased, from the rigid range up to approximately

1 Hz, below which the variability then decreased. No obvious uniform trends
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Fig. 18. Comparison of elastic vs nonlinear response spectra at elevation 579
ft for San Fernando earthquake time history scaled to 1.58g.

41



concerning increases or decreases in the dispersion with increasing ductility

were apparent. This suggests that most of the dispersion resulted from the

various earthquake records used rather than from inelastic effects in the

structure.

A fourth study, reported in detail in the remainder of this section,

addresses another aspect of response uncertainty: the quantification of

variability caused by differing model idealizations.

The development of a mathematical model to represent the dynamic

characteristics of a nuclear power plant structure is subject to a number of

sources of variability. Uncertainty is embodied in values for structural

behavior at points in the structure, within elements beams, walls, slabs,

etc.), and in the building structure itself. In addition, the translation of

engineering drawings into a mathematical model is subject to the judgment of

the analyst. In a linear model, the mass, stiffness, and damping

characteristics are all affected by the analyst's decisions.

This variability means that there is no single definitive description of

a structure, and therefore that the assumptions embedded in a description may

be significant in accurately predicting a structure's response to seismic

excitation. Models are idealized approximations of reality, and it behooves

the seismic/structural analyst to understand the degree to which model

variations affect predicted dynamic behavior.

Several recent studies have investigated the influence of model

definition on variability in predicted dynamic characteristics and response.

Hadjian et al.10 considered the variability in computed frequency as a

function of the complexity of the structure modeled and the experience of the

analyst. Their results indicated that variability in calculated frequency is

low for simple structures modeled by experienced groups, but increases with

structural complexity or with less modeling experience. Probability density

functions quantified the variations in frequency they observed. Hadjian and

Atalikll found that simple lumped-mass models can be used to predict the

response of box-type structures, provided that the proper shear area, shear

lag effects, and rotary inertias are included.

In another study, Chokski and Lee12 applied both a thin-wall theory and

a rigidity assumption in developing shear-beam models of a two-story structure

with cutouts. They found that of the two, the rigidity approach gave results

that correlated better with those of a finite element analysis of the

structure. Though both of these studies made comparisons, little effort was
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made to quantify the differences in response observed in each of the modeling

approaches.

In the study reported here, we sought to quantify the variations in

dynamic response by performing comparative analyses using structural models

with different modeling assumptions. For our subject we chose a portion of

the AFT complex of the Zion Nuclear Power Plant. We applied four different

modeling idealizations to the structure: a detailed finite element model, a

detailed finite element model with masses lumped at selected nodes, a detailed

finite element model with the constraint of rigid floors, and an equivalent

beam model. Dynamic characteristics (frequencies and mode shapes) and

response quantities (peak nodal accelerations and in-structure response

spectra) were determined for the models and compared. Details of the models

are described and variations in response frequencies and heir significance

are discussed in the following paragraphs.

2.2 PHYSICAL STRUCTURE

The structure considered in the present study is a part of the Zion AFT

complex (Fig. 19). As indicated in the figure, only the auxiliary,

fuel-handling, and diesel generator buildings were modeled. This portion of

the complex, a connected group of heavy, shear-wall buildings constructed of

reinforced concrete, is typical of nuclear power plant structures. In plan

view, the buildings form a T-shaped unit with an assumed plane of symetry

along its east-west axis. This geometry leads to uncoupled horizontal

response along the plane of symmetry and coupled horizontal and torsional

response in the perpendicular plane.

Figure 20 shows a section of the complex obtained by passing a cutting

plane along its axis of symmetry. In developing the mathematical models, we

truncated the structure at grade (elevation 592 ft), and soil-structure

interaction was not included in the fixed-base response analysis.

Above grade, the lateral force-resisting system is a combination of

braced structural steel frames and concrete slabs and walls. The floors at

elevations 617, 630, and 642 ft are reinforced concrete slabs supported by

horizontal braced steel framing. The roofs of the auxiliary and diesel

generator buildings are poured concrete slabs supported by braced steel roof

framing.
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Fig. 19. Simplif ied plan view of the Zion, Illinois,
nuclear power plant. The shaded area--comprising the
fuel-handling, auxiliary, and diesel generator
buildings--is the subject of this study.
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Fig. 20. Section of the auxiliary/fuel-handling/diesel-generator complex
through the plane of symmetry.
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The fuel-handling building houses the spent-fuel pit. Reinforced

concrete walls rise on three external sides. There are partial floor slabs at

elevations 602 and 617 ft. The roof is corrugated metal decking with a

concrete slab supported by steel roof framing.

Between the auxiliary building and the turbine building is a reinforced

concrete common wall whose total stiffness and mass were included in the

auxiliary-building model.

2.3 MATHEMATICAL MODELS

Four different structural models were developed: a detailed finite

element model, a detailed finite element model with masses lumped at selected

nodes, a detailed finite element model with the constraint of rigid floors,

and a shear-beam model. The assumptions incorporated in these-models, all

commonly used by the nuclear industry, are the source of variability we wished

to investigate. It was necessary, then, to minimize or eliminate other

potential sources of variability within the response analysis.

To eliminate variability in such parameters as material behavior, type of

damping, and weight of equipment or components, we assigned constant values

throughout our study. Table 7 gives the material properties applied to all

models. The uniform floor and roof loads used were 100 and 33 lb/ft2

respectively; the damping values used in the response analyses were 0.05 for

the time-history analysis and 002 for the in-structure response spectra.

To obtain fixed-base models, all nodes at grade level were completely

constrained. No soil-structure interaction was included. For each model, a

modal analysis extracted all modes with frequencies less than 33 Hz. We

performed the modal and response analyses with three linear finite element

codes. The use of different codes introduced unquantified variability in the

Table 7 Material property values used in structural models.

Young's Shear Weight

modulus, E modulus G Poisson's density, p w

(lb/ft2) (lb/ft ) ratio, (lb/ft3

Reinforced concrete 6.336 x 108 2.708 x 10 8 0.17 160
9Steel 4.32 x 10 0.33 Soo
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results. However, we assume this effect is small compared to the variability

introduced by the model assumptions.

2.3.1 Model 

Model is a detailed finite element model. It represents a best-estimate

idealization of the structure, as the fewest simplifying assumptions were

applied during its development. Results obtained with Model served as the

basis of comparison for the other models.

Model 1, like the other models, is a modified version of a larger model
13developed for the AFT complex, comprising those areas of the complex

described in 2.1. Thin plate and shell elements were chosen to define the

flexibility of both concrete shear walls and floor slabs. In discretizing the

structure, we used single elements to model the height of shear walls between

adjacent slabs. A perspective view of Model is shown in Fig. 21; the

external shear walls and the roof of the model are evident. Whenever

possible, the widths of the elements were chosen to give an aspect ratio close

to unity. This discretization approach led to the use of 563 nodes and 802

Fig. 21. Perspective view of Model showing the external walls and roof.
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plate/shell elements. Floor-slab/shear-wall intersections were considered

rigid connections. Twenty-nine truss elements and 59 beam elements defined

the steel framing. Material densities were used by the analysis code to

calculate mass values at all active nodes. This gave a total of 1490 dynamic

degrees of freedom. For Model 1, 122 modes with frequencies less than 33 Hz

were extracted for use in subsequent response analyses.

2.3.2 Model 2

Model 2 is a detailed finite element model with the same element

discretization as Model 1. Unlike the uniform mass distribution of Model ,

however, mass is lmped in Model 2 at selected nodes. Figure 22 shows a

perspective view of the model. The heavy dots denote nodes with lumped mass.

The degrees of freedom of all massless nodes are dependent on the retained

dynamic degrees of freedom. This procedure effectively eliminates 'local'

modes believed not significant to structural response. While determining the

lumped-mass distribution, we ensured that the total mass and inertia of the

model were not significantly affected. Model 2 contained 255 dynamic degrees

Fig. 22. Perspective view of Model 2 heavy dots represent lumped-mass nodes.
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of freedom, and 125 modes with frequencies less than 33 Hz were used to define

Model 2's dynamic characteristics.

2.3.3 Model 3

Masses were lumped in Model 2 to reduce the number of dynamic degrees of

freedom. In Model 3 degrees of freedom were reduced by assuming that all

concrete slabs and roofs are rigid diaphragms.14 Figure 23 illustrates

model 3 The model consists of 528 nodal points and 445 plate elements. The

assumption of a rigid floor is incorporated through a master/slave approach,

whereby the response of each floor slab can be defined by a single master

node. The node is located at the center of gravity of the particular slab and

its attached shear walls. The slab mass and inertia are lumped at this

point. All other nodes within the boundary of the slab are rigidly slaved to

the particular master node. Such slave nodes are necessary to define the wall

elements.

Coftrete shear walls are represented by plate elements. The

discretization of the walls was the same as that in Models and 2 The mass

and inertia of the shear walls were calculated using density values input to

the analysis code and then combined with other concentrated masses.

Thirty-two modes were extracted from the model's 132 dynamic degrees of

freedom.

<,<

Fig. 23. Perspective view of Model 3.
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2.3.4 Model 4

The last model of the study represents a lumped-mass/shear-beam

idealization, or "stick modeln of the subject structure. 15 Model 4 was

defined by 15 lumped-mass nodes. Seventy-one beam elements represented

shear-wall stiffnesses or served as rigid links. An additional nine elements

defined the diaphragm flexibilities of the connecting floors and roof slabs

(Fig. 24).

Separate beam models were constructed for the fuel-handling building, the

auxiliary building, and the two diesel generator buildings. All floor slabs

and roof diaphragms were considered rigid within the individual 'sticks.' The

mass and inertia of each slab and attached shear walls were lumped in a node

located at the slab system's center of gravity. A single beam element

represented the effective shear stiffness of all walls between adjacent

slabs. This element was located at the shear center of the particular

shear-wall system. All elements connecting the mass centers to the shear

centers were essentially rigid in accordance with the assumption of rigid

floors. Diaphragm stiffnesses accounting for the flexibility of the slabs,

and tributary walls were included as elements connecting the sticks of the

various structures to form a single overall model. The fuel-handling building

was connected to the auxiliary building by one element representing the roof

X

V
Fig. 24. Perspective view of Model 4 solid lines within represent the
lumped-mass shear-beam model.
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0

diaphragm. Each diesel generator building was more tightly coupled to the

auxiliary building, with a total of four connecting elements representing the

stiffness of the floor and roof diaphragm.

Twenty-one mdes with frequencies less than 33 Hz were extracted from 0

dynamic degrees of freedom.

2A ANALYTICAL METHOD-

-Once the models were defined, we performed comparative analyses to

determine variability in dynamic characteristics and response. Three finite

element codes were used to conduct the modal analysis. For Models and 2,

modes were obtained using the code SAP4. 16 The modal extraction and

subsequent response analyses of Model 3 were performed with the EASE2 17

code, while MODSAP is was used with Model 4 All three finite element

programs employed.a subspace iteration method to determine the modal

frequencies and corresponding shapes.

In-structure response was determined through a series of time-history

analyses using modal superposition. We subjected the four models to

simultaneous base acceleration in each of the three orthogonal directions.

Synthetic earthquake records were used as input. Time-history responses were

then determined at selected locations common to each of the structural models.

Every earthquake record, real or synthetic, has its own particular

characteristics. Peaks and valleys found in its response spectrum correspond

to frequency bands with greater or lesser response amplification. These

characteristics vary from record to record and are a source of variability in

determining structural response. For this study, we developed three synthetic

time histories whose spectrum was reasonably flat in the frequency range

between 8.5 and 18 Hz. This frequency range contains the first major

structural nodes of all four models. The flat spectrum tends to limit the

response bias potentially introduced by other input time-history records.

2.5 RESULTS OF COMPARATIVE ANALYSES

The models were evaluated according to two criteria: direct comparison of

dynamic characteristics and comparison of dynamic response. By 'dynamic

characteristics' we mean the total mass and inertia of the models and the

frequencies of comparable modes. Comparable modes were identified by
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examining the eigenvectors (mode shapes; and the mass fraction participating

in the particular modes. Dynamic response was defined by peak acceleration

values and in-structure response spectra derived from the time-history

response of selected nodes in the models.

2.5.1 Dynamic Characteristics

The mass characteristics of the four models showed excellent agreement.

Table lists the translational mass and the inertias about the north-south,

east-west, and vertical axes. The mean Qi), standard deviation (a), and

coefficient of variation (Q) for each quantity are also given.

Table 9 lists the frequencies of comparable modes. These modes were

selected for comparison because they contributed most to structural response

as indicated by mass participation. Some modes could not be identified with

confidence in each of the four models. For those cases, no frequencies are

listed.

Compared to the statistics of the inertial properties, greater variation

is seen in the frequencies of identified modes. Considering the assumptions

inherent in the models, however, this variation is not surprising. in Model 2,

Table 8. Mass and inertia values used in analyzing the four models.

Inertias

(lb ft s 2
Mass

Model (lb 2 /ft) I I
E-W N-S vert

1 3.08 x 10 6 3.64 x 10 10 4.63 x 10 10 6.97 x 10 10

2 3.06 x 10 6 3.38 x 10 10 4.68 x 10 10 6.66 x 10 10

6 10 10 10
3 3.08 x 10 3.39 x 10 4.16 x 10 7.07 x 10

4 3.15 x 10 6 3.39 x 10 10 4.54 x 10 10 8.30 x 10 10

6 10 10 10
Mean 3.09 x 10 3.45 x 10 4.50 x 10 7.25 x 10

Standard 4 9 9 9
deviation (a) 3.94 x 10 1.27 x 10 2.36 x 10 7.21 X 10

Coefficient of
variation (Q) a 0.013 0.037 0.052 0.100

aDimensionless.
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Table 9 Frequency comparisons of selected modes in the four models; mode

frequencies, means, and standard deviations are expressed in Hz.

Mode description

Model Torsion Gross E-W Fuel N-S Diesel E-W Fuel N-W Vertical

1 10.02 10.04 10.99 11.36 13.52 27.52

2 8.66 8.74 9.07 9.90 12.14 18.85

3 15.25 15.13 16.51

4 8.74 11.30 11.76 12.65 26.08

Mean 11.31 10.66 10.45 11.08 13.70 24.15

Standard
deviation (a) 3.48 3.04 1.21 0.98 1.96 4.65

Coefficient of
variation 0-.31 0.28 0.12 0.09 0.14 0.19

mass was lumped at selected nodes, while a uniform stiffness distribution was

retained. The modal mass that in Model would participate in several modes

is now combined into a single mode for Model 2 The result is a decrease in

corresponding frequency. This effect is seen in all modes listed in Model 2.

of the four models, Model 3 gave the highest frequency for each mode

shown in Table 9 This is not unexpected. The assumption that all floor and

roof diaphragms are rigid increases the model stiffness without affecting the

mass. The result is an increase in modal frequencies. Despite this

assumption, however, Model 3 is still a detailed finite element model, and the

extent to which the frequencies increased seemed excessive. Modal frequencies

in Model 3 were as much as 50% greater than comparable modes of Model 1 We

concluded that the assumption of rigid diaphragms gave rise to an overstaff

model of the subject structure. Using classical formulas and considering both

simply supported and clamped-edge conditions, we calculated the frequencies of

vertical modes for the roof of the fuel-handling building. A twisting mode

was also determined. All frequencies were less than Hz. 'These calculations

were verified by Model 1, which showed several local roof modes in the

fuel-handling building between 17 and 40 Hz. Model also gave roof and

floor modes in the auxiliary and diesel generator buildings with frequencies

less than 10 Hz. It appears, then, that the geometry of the floor and roof

slabs gives an actual stiffness comparable to the shear-wall system. The
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assumption of rigid diaphragms fails to capture the slab flexibility and

results in the higher frequencies seen in model 3.

If the frequencies of Model 3 are excluded from the statistics, the

coefficients of variation are reduced. In particular, for the gross east-west

mode and the second fuel north-south mode, omitting the frequencies of Model 

reduces the coefficient of variation to less than 0.10. This value is

consistent with that reported by Hadjian et al.10 in their modeling study.

The shear-beam approach used in Model 4 also assumed rigid floor

diaphragms. However, the assumption was applied only within each of the four

structures composing the subject complex. The stiffness of the slabs and

walls running between the auxiliary building and the fuel-handling and diesel

generator buildings was modeled directly with flexibility coefficients. This

approach avoided the shortcomings seen in Model 3 and gave surprisingly

accurate results.

2.5.2 Dynamic Response

Because of the difficulty in identifying comparable modes, dynamic

response was chosen as another means of model comparison. We calculated peak

acceleration values and in-structure response spectra at selected nodes with

comparable locations in the four models. The response points wer e chosen to

evaluate both gross structural behavior and local response. Overall behavior

is dictated by the stiffness of the floor/wall system. In parts of the

structure, however, response is governed by local flexibility of floor or wall

panels.

To illustrate the locations of the response nodes, Fig. 25 shows a

schematic of the auxiliary/fuel-handling/diesel-generator complex. Half of

the structure has been removed by cutting along the east-west plane of

symmetry. Response locations are indicated by black dots. The centers of

gravity for each floor slab were chosen to provide an evaluation of gross

structural response. Nodes were also selected at each floor slab elevation to

show the amplification in response as one moves both up the structure and away

from the plane of symmetry. Finally, three nodes on the large, external shear

wall of the fuel-handling building were selected to demonstrate the ability of

each model to capture local panel behavior.

As part of the response analyses, in-structure response spectra were

generated at each output point. The peak acceleration values for these nodes
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El 666 All elevations in feet

El 642

El 630

El 617

El 592 74'

282'

Fig. 25. Auxiliary/fuel-handling/diesel-generator complex showing locations
of the response nodes. Half of the structure has been removed by a cut
through the east-west plane of symmetry.

correspond to the zero-period acceleration of the spectrum plots. Figures 26

through 30 list the peak accelerations at the numbered points for each model.

East-west response is given by those analyses using a 1.0g peak input

acceleration in the east-west direction. Similarly, north-south response is

taken from those analyses with 1.0g peak acceleration input in the north-south
2direction. Acceleration units are ft/s

Figure 26 gives the peak acceleration response of the center of gravity

of each separate floor slab. Figures 27 and 28 list the response of nodes at

the extreme southern and western parts of the building, while Fig. 29 gives

the response of nodes located at different distances from the plane of

symmetry. Acceleration values for the fuel-handling building wall are shown

in Fig. 30.

We found the variation in zero-period acceleration of the slab centers of

gravity to be comparable to the variation in computed frequencies. In the

auxiliary building, the response in the east-west direction tends to vary less

than the north-south response. It appears that symmetry of the structure

along the east-west axis decreases the variability in calculating the

corresponding peak accelerations.

Considering nodes other than the slab centers of gravity, much higher

variation in peak acceleration is seen. The range in the coefficient of
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El 666 All elevations in feet

El 642

El 630 6.

El 617

5.

El 592 4.

N

East-west response (ft/s2).

Model Statistics

Elevation (ft) 1 2 3 4 CT COV

1. 602 (fuel) 32 32 34 33 32.75 0.957 0.029

2. 617 (aux) 44 46 44 43 44.25 1.258 0.028

3. 617 (fuel) 33 33 38 34 34.50 2.380 0.069

4. 630 (aux) 57 68 51 53 57.25 7.588 0.133

5. 642 (aux) 57 65 60 65 61.75 3.950 0.064

6. 666 (aux) 63 67 78 86 73.50 IOA72 0.142

North-south response (ft/s2).

Model Statistics

Elevation (ft) 1 2 3 4 U COV

1. 602 (fuel) 32 32 32 32 32.00 0.000 0.000

2. 617 (aux) 38 36 43 49 41.50 5.800 0.140

3. 617 (fuel) 32 32 32 33 32.25 0.500 0.016

4. 630 (aux) 43 52 50 60 51.25 6.994 0.136

5. 642 (aux) 48 48 56 67 54.75 8.995 0.164

6. 666 (aux) 54 49 64 81 62.00 14.119 0.228

Fig. 26. zero-period accelerations at floor-slab centers of gravity.
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3.
El 666 All elevations in feet

El 642

El 630

El 617

El 592

East-west response (ft/s2).

Model Statistics

Elevation (ft) 1 2 3 4 9 COV
1. 630 (aux) 110 92 55 63 77.50 34.317 0.443
2. 642 (aux) 115 96 64 86 90.25 21.235 0.235
3. 666 (aux) 118 93 83 86 95.00 15-896 0.167

North-south response (ft/s2).

Model Statistics
Elevation (ft) 1 2 3 4 a Cov

1. 630 (aux) 46 41 52 52 47-75 5.320 0.111
2. 642 (aux) 48 43 58 58 51.75 7.500 0.145
3. 666 (aux) 49 54 68 63 58.50 8.583 0.147

Fig. 27. Zero-period accelerations at building's southern extreme.
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El 666 All elevations in feet

El 642

El 630

El 617

2.

El 592��

1.4 O

East-west response (ft/s2).

Model Statistics
Elevation (ft) 1 2 3 4 a COV

1. 617 (fuel) 69 33 168 34 76.00 63-577 0.837
2. 642 (fuel) 80 38 168 65 87-75 56.252 0.641
3. 666 (fuel) 46 48 78 53 56-25 14.796 0.263

North-south response (ft/s2

Model Statistics
Elevation (ft) 1 2 3 4 O, COV

1. 617 (fuel) 41 37 50 34 40.50 6.95 0.172
2. 642 (fuel) 54 47 72 67 60.00 11.518 0.192
3. 666 (fuel) 76 57 86 75 73.50 12.069 0.164

Fig. 28. Zero-period accelerations at building's western extreme.
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4. All elevations in feetEl 666

El 642

El 630��

El 617 -

El 592

East-west response (ft/s2).

Model Statistics
Elevation (ft) 1 2 3 4 JU or COV

1. 666 (aux) 71 71 78 86 76.50 7.141 0.093
2. 666 (aux) 79 65 79 74 74.25 6.602 0.089
3. 666 (aux) 71 59 81 127 84.50 29.727 0.352
4. 666 (aux) 118 93 83 86 95.00 15.895 0.167

North-south response (ft/s2).

Model Statistics
Elevation (ft) 1 2 3 4 a COV

1. 666 (aux) 50 49 68 87 63.50 17.935 0.282
2. 666 (aux) 51 50 68 87 64.00 17.416 0.272
3. 666 (aux) 49 52 67 62 57.50 8.426 0.147
4. 66 (aux) 49 54 68 63 58.50 8.583 0.147

Fig. 29. Zero-period accelerations at nodes away from the plane of symmetry.
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El 666 All elevations in feet

El 642 -

El 630��

El 617

El 592

Response (ft/s 2).

Model Statistics

Elevation (ft) 1 2 3 4 a COV

1. 642 (fuel) 112 64 114 68 89.50 27.197 0.304

Fig. 30. North-south zero-period acceleration of wall of the fuel-handling
building.

variation is 0093 to 0837. Although no single model consistently

contributed most to the variation in response, the effect of certain modeling

assumptions can be identified. The zero-period acceleration of nodes along

the west wall in the fuel-handling building is shown in Fig. 28. The large

variation in response is primarily attributed to the acceleration given by

Model 3 Unlike the other models, the mass of the water in the spent-fuel pit

is lumped in Model 3 at nodes on both floor slabs and external shear walls.

These masses produce several flexible modes with large mass participation that

contribute to the large response. The uniform mass istribution of Model 

and the lumped-mass methods of Models 2 and 4 do not produce this effect. The

in-structure spectrum for the east-west response of point is shown in Fig.

31a and 31b. The large acceleration of Model 3 is evident in both the spectral

plot and the coefficient of variation.
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1200 - (aI

110 - Model :
1000 Detailed finite

element

900 - Model 2:
4-1 Lumped-mass

800'- finite element
0
CU 700 - Model I

Rigid floor
600 - finite element

CU
(D 500'- Model 4:

Shear beam
0 400 

All models assume UI< 300 -
2% damping.

200 -

100

01
lo-, 1 10 102

Frequency (Hz)

I
(b)

1.4 -

1.3 -
1.2 -

1.1071
1.0
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0 0.8

0.7
4__ 0.6

0 0.5

0.4

0.3

0.2

0.1

0
lo-' 1 10 102

Frequency (Hz)

Fig. 31. In-structure response spectrum (a) and coefficient-of-variation
plots (b) for the south wall of the fuel-handling building at elevation 617
ft, east-west response.
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The acceleration of the large wall in the fuel-handling building also

demonstrates differences between the four models (Fig. 30). Because the wall

is unsupported over a large area, its response is governed by local

flexibility rather than the gross stiffness of surrounding slabs or walls.

Owing to their detailed element discretization and uniform mass distribution

in the wall area, Models and 3 were able to capture the large local

response. Although a detailed element discretization was used in Model 2 the

lumped-mass distribution effectively eliminated all local wall modes. The

response of the wall resulted only from gross structural behavior, and a much

lower acceleration level was seen. In Model 4 all mass was lumped at slab

centers of gravity. This approach cannot capture local modes and is therefore

ineffective in determining local-response.

The differences in wall response are graphically illustrated by the

response and coefficient-of-variation plots of Figs. 32a and 32b. Using data

from Models 2 or 4 as input, a subsequent component response analysis would

yield grossly unconservative results.

2.5.3 CONCLUSIONS

In this study we attempted to isolate and quantify the variability in

dynamic response resulting from different structural modeling assumptions.

The subject structure was a complicated shear-wall building typically found at

nuclear power plants. The models were developed by highly experienced

analysts.

Dynamic characteristics and response quantities were compared. We found

that all modeling approaches preserved total mass and rotational moments of

inertia. The coefficients of variation for these quantities were small. This

indicates that the gross inertia characteristics can be determined by an

experienced analyst as accurately as those calculated by a finite element

program.

A greater variation was seen in the frequencies of comparable modes. The

range in the coefficient of variation was 009 to 031. In their report on

structural modeling, Hadjian et al.11 recommended using a coefficient of

variation equal to 0.1 to define the dispersion of frequencies calculated for

complex structures by experienced engineers. Our results suggest a greater

variation, especially as many input parameters that are normally subject to
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1400 I I (a)

Model :
1200 Detailed finite

element
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Fig. 32. In-structure response spectrum (a) and coefficient-of-variation
plots (b) for the south wall of the fuel-handling building at elevation 642
ft, north-south response.
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the judgment of the analyst were specified for this study (e.g., mass

densities and elastic constants).

An evaluation of gross structural response was made by comparing the

nodal accelerations at the centers of gravity for each floor slab. We found

the variation in response of the four models to be comparable to the variation

in the determined frequencies. No single model consistently gave either the

maximum or minimum response.

The effect of the different modeling assumptions was most evident in the

large variations seen in the response of locally flexible areas of the

structure. The method used in each model to define the relative distribution

of stiffness and mass in these areas dictated whether the local response was

accurately determined. In particular, the location of lumped-mass points

profoundly affected te models' dynamic behavior. Lumping mass at nodes

allows the analyst to include or exclude vibratory modes selectively and to

bias subsequent response values. This effect is demonstrated by the greater

variation in the acceleration of nodes on the wall of the large fuel-handling

building. When such local acceleration is a desired response quantity, care

must be taken to ensure that simplifying assumptions do not eliminate

significant structural modes.

The variations in dynamic characteristics and response seen in this study

are evidence of the potential for error introduced even by experienced

analysts when attempting to reduce the number of dynamic degrees of freedom.

The analyst must be able to justify the model assumptions in terms of the

interpretation and use of subsequent response data.
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APPENDIX A: STATE-OF-THE-ART REVIEW

SECTION Al. INTRODUCTION

An initial requirement of Project IV was to review and summarize the

state of the art with-regard to the modeling and seismic response analysis of

major structures, to identify dynamic analysis methodologies appropriate to

SSMRP objectives, to adapt such methodologies to our structural analyses, and

finally to identify areas of uncertainty and variability pertinent to the

seismic response computations. To this end we contracted the services of two

private firms, Sargent Lundy Engineers and Ebasco Services, Incorporated, to

perform the studies. Their results are reported in detail in Ref. and are

summarized in the remainder of this appendix.

SECTION A2. STRUCTURAL AND COMPONENT IDEALIZATION AND MATHEMATICAL MODELS

There are two major methods of discretization applicable to nuclear power

plant structures:

* Equivalent beam models, in which the mass can be considered as

concentrated (lumped) at a series of points and the stiffness of the overall

structure approximates that of a simple cantilevered beam.

* Finite element models (both two- and three-dimensional), in which

various elements (shells, plates, etc.) describe the overall stiffness.

SECTION A3. ANALYSIS METHODS

Structural response can be determined either by a time-history approach

or by a response-spectrum approach. In the response-spectrum approach, one

evaluates the maximum response of each mode to the input design response

spectrum. These modal responses are combined according to certain rules, as

the modal maxima do not necessarily occur at the same instant of time. The

information obtained in this manner is not exact, and the method cannot be

directly used in a nonlinear analysis. In contrast, the time-history approach

is theoretically more rigorous, usually employing modal superposition or

direct nmerical integration of the equations of motion.
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,For linear structures, it is usually advantageous to perform a modal

superposition analysis; that is, to solve the eigenvalue problem and then to

integrate the set of decoupled differential equations. The use of direct

integration for linear structures is generally confined to those situations

where the loading either has an especially short duration or is such that it

can be anticipated that the response will be associated with modes of a very

high order.

SECTION A4. NONLINEAR BEHAVIOR

Nonlinear analysis is necessary to make realistic estimates of structural

behavior under high levels of seismic loading. Nonlinear behavior of nuclear

power plant structures can result from either geometric or material

nonlinearities. Because of the size of these structures, however, geometric

nonlinearities due to large deformations are less likely, and material

nonlinearities dominate the analysis.

Three major types of phenomena are produced by material nonlinearity:

e Lumped plasticity (the formation of a plastic hinge in a frame-type

structure when the maximum bending moment reaches the yield moment).

0 Distributed plasticity (the formation of plastic regions in a shear

wall).

* Stiffness degradation in concrete structures due to cracking.

These nonlinear phenomena are treated in dynamic analyses in three

different ways:

• Detailed multiple-degree-of-freedom (MDOF) inelastic calculations.

• Single-degree-of-freedom (SDOF) inelastic methods.

• MDOF elastic analyses.

The first echnique is the most rigorous, but also the most time-consuming and

costly. Nonlinear analysis of MDOF system response to a given time history of

ground motion is carried out by step-by-step integration of the equations of

motion, dividing the response history into short time increments and assuming

that the properties of the structure remain constant during each increment but

change in accordance with the deformation at the end of each increment.
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Detailed MDOF analysis thus actually a sequence of linear analyses of a

changing structure.

In contrast to the MDOF nonlinear analysis technique, SDOF inelastic

methods are characterized by greater simplicity and lower cost. Primary among

these methods is the equivalent linear approach to the analysis of simple

hysteretic structures, in which an equivalent linear system is developed to

match the response of the nonlinear system. The equivalent linear system can

be developed in terms of three types of input motion--harmonic, random, and

earthquake loading, and various methods of analysis can be applied to each of

these. A comparison of these methods with one another substantiates the claim

that approximate methods can be developed for the nonlinear analysis of

nuclear power plant structures (if such an analysis is necessary) to avoid the

more costly, complex, and time-consuming rigorous approach.

SECTION A5. UNCERTAINTIES IN STRUCTURAL DYNAMIC ANALYSIS

Two inherently different types of uncertainty were identified in the

reports: random variability, associated with such statistical variations as

the natural heterogeneity in material properties, and modeling uncertainty, a

systematic type of variability related to the limited availability of

information, inherent bias in certain models or predictions, consistent

errors, or deviations from reality in material and structural testing.

In fact, however, few sources of variability can be solely attributed to

either random variability or modeling uncertainty. For example, material

properties are certainly a source of random variability; however, the quality

control requirements for, say, concrete lead to average concrete strengths

consistently greater than the nominal values. This latter type of variability

is obviously a modeling or systematic type of uncertainty. Another example of

combined random variability and modeling uncertainty is the damping values,

which exhibit not only natural irreducible variability but also a systematic

bias in present-day calculations, as the prescribed values are believed to be

decidedly less than those experienced in practice, especially at high response

levels.

Three individual sources of uncertainty were addressed:

o Constitutive properties--primarily the elastic constants and strength

values for steel, concrete, and reinforcing bars but also the description of
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the stress-strain behavior over the entire range for use in nonlinear analysis.

* Dynamic structural characteristics, which include the mass, stiffness,

and damping characteristics and the calculated natural frequencies and mode

shapes.

* Other sources of uncertainty, including modeling techniques, analytical

procedures, computer software reliability, and effects such as the variation

in field construction practices, errors in analysis, design and fabrication,

and deterioration of members.

Sources of uncertainty were identified as either random variability (RV),

modeling uncertainty (MU), or both; subjective estimates of the uncertainties

are summarized in Tables Al and A2, based on tables in Ref. 1, Vol. 

SECTION A6. REFERENCES
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Livermore, Calif., NURDS/CR-1423, SL-3759, Vol. II, May 1980 (prepared by
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Table Al. Sources, types (random variability RV or modeling uncertainty MU), and

estimated magnitudes of uncertainties in the constitutive properties of concrete,

concrete reinforcing bars, and structural steel, from Ref. 1, Vol. I.

Source
of

uncertainty Type Uncertainty estimate

Constitutive properties

Concrete

Compressive strength RV, MU * Mean, in-place strength:

fstr ` 0.675f + 1100 < 1.15fc

:fc = Design compressive strength

• Dispersion:

Cylinder strength:

For f < 4000 psi:

COV = 0%, excellent QC
COV = 5%, average QC
COV = 20%, poor QC

For f > 4000 psi:

= 400 psi, excellent QC
* = 600 psi, average QC

= 00 psi, poor QC

In-place strength:

V 2 = 2 00084,
str Cyl

where V = COV

• Distribution function: normal for both
cylinder strength and in-place strength

Tensile strength RV, MU Splitting tensile strength (in-place):

0 Mean:

= 64 T1/2 0.96(l + 0.11)(log R)
r 35

f35 = Strength at R = 35 psi/sec

R = loading rate

0 Dispersion:

V2 = 2 + 00190 > 2
R 1 - strCYL

4
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Table Al. (Continued.)

Source
of

uncertainty Type Uncertainty estimate

Flexural tension strength (in-place):

9 Mean:

-1/2
fR = 8.3f 35 0.96(l + 0.11 x log R)

Dispersion:

2 2 2v = v 00421 > V
.2y_1 - str

4

e Distribution function: normal for both
splitting tensile strength and
flexural tension

Modulus of
elasticity RV, MU Modulus in compression and tension:

• Mean:

E = 60400 11/2 (1.16 - .08 log t)
str35

t = loading duration (sec)

• Dispersion:

2 2v = v + 0.0085
cyl
4

• Distribution function: normal

Concrete member
dimension RV, MU See Tables A3, A4, and 5

Concrete reinforcing bars

Yield strength RV, MU * Grade 40 bars:

Mean f = 48.8 13 lb/in.2)

COV = 10.7%

• Grade 60 bars:

Mean f = 71 103 lb/in.�

COV = 93%

• Distribution function: beta
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Table Al. (Continued.)

Source
of

uncertainty Type Uncertainty estimate

Area RV, MU measured to nominal area:
Lower limit = 094
Mean value = 099
COV = 24%

Distribution function: normal

Ultimate strength RV, MU Ultimate strength = .55 f
y

COV = same as for yield strength
Distribution function: beta

Modulus of
elasticity RV, MU Mean value = 29,200 13 lb/in.2)

COV = 33%
Distribution function: normal

Structural steel

Yield stress RV, MU * Flanges:

Mean = .05 f y
F = specified tensile yield stress
C�v =10%

• Webs:

Mean = .10 f
COV = 11% y

• Shear:

Mean = 0.64 f y
CO = %
Distribution function: normal

Poisson's ratio RV, MU Mean = 030
COV = 3%

Modulus of
elasticity RV, M 9 Tension, compression:

Mean = 29,000 13 lb/in.2)

COV = 6%

9 Shear:

Mean = 11,200 13 b/in.2)

COV = 6%

e Strain-hardening modulus:

Mean = 600 13 lb/in.2)

COV = 25%
Distribution function: normal
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Table A2. Sources, types (random variability RV or modeling uncertainty MU), and

estimated magnitudes of uncertainties that stem from structural dynamic

characteristics and structural modeling, from Ref. 1, Vol. I.

Source
of

uncertainty Type Uncertainty estimate

Dynamic characteristics

Natural period RV, MU All building types (steel, RC
and composite) 

• Ratio of observed/computed period:

Small-amplitude vibrations:
Mean ratio = 0845
COV = 31.1%

Large-amplitude vibrations:
Mean ratio = 1.15
COV = 30%

Distribution function (both cases):
log-normal, gamma

Damping RV, MU e Reinforced concrete buildings:

Small-amplitude vibrations:
Mean = 426%
COV = 76%

Large-amplitude vibrations:
Mean = 663%
COV = 64%

• Steel buildings:

Small-amplitude vibrations:
Mean = 168%
COV = 65%

Large-amplitude vibrations:
Mean = 565%
COV = 45%

Distribution function (both cases):
log-normal, gamma

• Composite buildings:

Small-amplitude vibrations:
Mean = 272%
COV = 42%

Large-amplitude vibrations:
Mean = 323%
COV = 54%

Distribution function:
log-normal, gamma
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Table A2. (Continued.)

Source
of

uncertainty Type Uncertainty estimate

RV, MU Containment-building complex
(subjective estimate):

o Concrete:

Mean = %
Range = 3 to 15%
Distribution: uniform

0 Steel:

Mean = 2%
Range = .05% to 4%

o Reinforced-concrete containment
(subjective estimate):

Mean = %
Range = 2 to 10%
Distribution: See Fig. Al

RV, MU o Reinforced-concrete building:

Mean = 54%
Range = 1% to 11%

0 Various buildings, low-amplitude:

Mean = 31%
Range = to 13%

e High-rise buildings:

Shear-wall type, mean = 234%
Frame type, mean = 348%
Conservatism in nominal vs actual
Damping values = 20 to 40%
COV = 20%

Structural modeling

Modeling RV, MU 0 Simple structure:

Experienced engr: COV = 25%
Inexperienced engr: COV = 5

o Complex structure:

Experienced engr: CO = 10%
Inexperienced engr: COV = 30%
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Table A2. (Continued.)

Source
of

uncertainty Type Uncertainty estimate

RV, MU Subjective estimate:
cov = 5%

RV, MU Subjective estimate:
Range of uncertainty = ±20%

Mass properties RV, MU Subjective estimate:
Range of uncertainty = 0%

Numerical accuracy MU Subjective estimate:
Range of uncertainty = ±%

Table A3. Recommended distribution properties of slab dimensions, in inches.

In-situ slabs precast slabs

Mean Mean
deviation deviation

Dimension Nominal from Standard Nominal from Standard
description range nominal deviation range nominal deviation

Thickness 4 to 9 +1/32 15/32 6 to 9 0 3/16

Effective depth,
concrete cover:

Top reinforcement 4 to -3/4 5/8 4 to 0 3/32
+25/32 25/32 0 7/32

Bottom reinforcement 4 to -5/16 5/8 4 to 0 3/32
+11/32- 13/32 0 7/32

Note: All distributions are assumed to be normal. For concrete cover, the
lower tail should be truncated at zero; in. = 25.4 mm.
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Table A4. Recommended distribution properties of beam dimensions, in inches.

In-situ slabs precast slabs

Mean Mean
deviation deviation

Dimension Nominal from Standard Nominal from Standard
description range nominal deviation range nominal deviation

Width

Rib 11 to 12 +3/32 3/16 14 0 3/16

Flange 19 to 24 +5/32 1/4

Overall depth 18 to 27 -1/8 1/4 21 to 39 +1/8 5/32

Effective depth,
concrete cover:

Top reinforcement 1 to 11/2 +1/8 5/8 2 to 21/2 0 5/16
-1/4 11/16 +1/8 11/32

Bottom reinforcement 3/4 to +1/16 7/16 3/4 0 5/16
-3/16 1/2 +1/8 11/32

Beam spacing and span 0 11/16 0 11/32

Note: All distributions assumed to be normal. For concrete cover of main
reinforcement, a normal distribution with the lower tail truncated at one
stirrup diameter should be used; in. = 25.4 mm.

Table A5. Recommended distribution properties of column dimensions, in inches.

In-situ slabs precast slabs

Mean Mean
deviation deviation

Dimension Nominal from Standard Nominal from Standard
description range nominal deviation range nominal deviation

Rectangular column:

width, thickness 11 to 30 +1/16 1/4 7 to 16 +1/32 1/8

Circular column:

diameter 11 to 13 0 3/16 11 to 13 0 3/32

Note: All distributions assumed to be normal; in. = 25.4 mm.
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Fig. A-1. Subjective probability distribution
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