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1. INTRODUCTION

*.1_Purpose

This report presents the results of studies conducted c¢o identify and rec-
omiend a simplified dynamic analysis procedure applicable for performing
nonlinear analyses of Category I nuclear power plant structures. For the
recommended simplified analysis procedure, the theoretical background,
mathematical formulation, analyticial solution, verification of reliability,
and interpretation of results were to be established. In addition, studies
were conducted to compare the results of conventional linear analysis

with nonlinear analyses to establish the relative merits of the two ap-

proaches.

This is a generic study dealing with the subject of nonlinear structural
response. Various aspects of this study, including the structures con-
sidered, the analysis criteria, the dynamic loadings, and the material
properties, are purely hypothetical. These aspects are intended to model
Category I conditions, and any resemblance to specific nuclear power plant

structures is purely coincidental.

1.2 Scope of Study

The process used to identify and evaluate the applicability of a simplified

nonlinear analysis procedure consisted of three main tasks, as follows:

Task I: A literature search for both rigorous and sim=-
plified nonlinear dynamic analysis procedures
applicable for Category I nuclear power plant
structures.

Task II: An evalutaion of various simplified nonlinear
analysis methods to identify the most perti-
nent yet practical procedure for Category I
structures. This task also included studies
and evaluations aimed at establishing analysis .
guidelines, reliability of the analysis, and; *, { {J\ 4
guidelines for interpreting the results for - L0
the recommended simplified method.



Task III: An analysis of specific benchmark problems for
the purpose of comparing the rigorous and sim-
plified analysis methods and for evaluating
the relative merits of conventional elastic
analysis vis-a-vis nonlinear analysis. The
analysis procedures studied are general and
can be applied to most types of dynamic load-
ings. Budget limitations for this study dic-
tated that verification of these procedures be
limited to the base-input-motion earthquake
problem.

1.3 Report Organization and Summary

The various phases of work and the conclusions of the study are ail pre-
sented in this report in seven chapters and three appendices. In addition
to scope and purpose, this chapter includes a background section, which
presents general information on the types of structures, types of nonlin-

earities, and approaches to nonlinear response analysis.

1.3.1 Literature Search. The literature survey included identification

of all available simplified and rigorous nonlinear analysis procedures
specifically applicable to the earthquake problem. The procedures identi=-
fied are discussed in Appendix A.

On the basis of judgment evaluations of the applicability of these pro-
cedures, four candidate simplified methods were considered for more de-

tailed evaluation:

® the Reserve Energy Technique (RET)

® the Substitute Structure Method

® the Elasto-Plastic Spectrum Method (EPSM)

e the Approximate Inelastic Response Method (AIRM)

In addition, two rigorous nonline- -response analysis methods (computer
programs) were recommended for use in making the comparative evaluation

analysis:

b
‘ .n"
o —
wh
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e DRAIN-2D
e DRAIN-TABS

The survey also revealed that there is currently no computer program avail-
able for performing rigorous nonlinear analysis of shell structures for
nonaxisymmetric loading.

These simplified and rigorous methods are described in detail in Chapter 2.

1.3.2 Simplified Method Selection. Each of the four candidate simplified

methods was studied in detail to establish its merits, limitations, and ac-

curacy in connection with predicting nonlinear response. Rigorous and sim-

plified nonlinear response analyses were performed for each of four hypothet-

ical structures:

a l=-story plane frame
a b-story plane frame

a 2-story shear wall

a 4-story torsion building

The nonlinear analyses of these structures were conducted using each of the
four candidate simplified methods. The results are given in Chapter 3.

The rigorous nonlinear analyses of the same structures are described in
Chapter 4. Conventiona! mathemetical modeling procedures were used in the
analyses. A comparison of the rigorous and simplified analysis results

for the four structures, given in Chapter 5, shows that both the EPSM and
the RET predict inelastic response ductilities that compare well with those
predicted from the rigorous analysis. The RET is recommended as the better
simplified nonlinear analysis procedure because its methodology is suitable
for analysis and design whereas the EPSM is intended for design applica-
tion. Details of the reasons for this selection as woll as the detailed
theoretical background, mathematical formulation, basic assumptions, me thod
of solutior, and guidelines for interpreting the results “or RET analyses

~

are also given in Chapter 5. b /53 “! b



1.3.3 Verification. Verification of the applicability of the RET for spe-

cific Category I nuclear power plant structures was done by performing rig-

orous and simplified analyses for two benchmark problems. These benchmark
problems were selected to be representative of the auxiliary and turbine
buildings of nuclear power plants. An example RET an: lysis was also done

for a containment building. These analyses are presented in Chapter 6.

Chanter 6 also shows the results of studies conducted to evaluate the rela-
tive merits of conventional elastic analyses and nonlinear analyses. As

compared to a rigorous nonlinear seismic analysis, a rigorous elastic seis~
mic analysis is generally not sufficiently accurzte although it may be ade-
quate .n cases involving very limited inelastic response. A rigorous elas-

tic analysis generally establishes a lower bound of i.:lastic response.

1.3.4 Conclusions and Recommendations. Conclusions and recommendations of

the study are presented in detail in Chapter 7. The principal conclusion
of the study is that the simplified RET can be used effectively to predict
the nonlinear response behavior of Category I nuclear power plant struc-

tures.

Additional recommendations concern the nee' for further study of nonlinear
seismic structural response. Specific topics that need additional investi-
gation are: nonlinear modeling techniques; verification of nonlinear re-
sponse caiculations with experimental data, parameter, and sensitivity
studies; and the development of a quasi-rigorous nonlinear analysis method.
Also included as a recommendation for future work is the improvement of the
RET to allow a redistribution of shear forces based on the character of the

inelastic response.

1.4 Background

The following discussion concer s the types of structures, the types of
nonlinearities, and the basis approaches involved in this study.

1.4.1 Types of Structures. The three most Important groupings of Category

I building structures are the containment structure, the auxiliary buildings,

528 3\?



and the turbine building. (The turbine building is not always Category I.)
In combination with v.tegory I equipment supports and piping, these struc-
tures encompass many distinct classes of structural behavior. Each of the
structural classes is subjected to different operating conditions: safety
limitations may require some of them to remain elastic while others can be
permitted to undergo sigrificant inelastic deformation under the safe shut-
down earthquake (SSE) level Consequently, this study does not address the
implications of ductility on safety; rather, it reviews the ranges of
structural typec and structural behavior over which the simplified nonlin-

ear analysis techniques apply.

The containment structure is a continuous shell-type structure that is
distinct from the shear wall and frame structures. Continuous shell-type
structures contain significant reserve strength after the onset of yield
(or cracking), but the combined design requirements of a simultaneous loss-
of-coolant acciden* (LOCA) and a safe shutdown earthquake mav prevent this
reserve capacity from being used fully. Because continuous structures have
significant load-redistribution capability, the nature of the failure mode
can also be difficult to assess without a full-sca'e and extensive analy-

Si5.

Auxiliary buildings are venerally heavy, reinforced concrete shear wall
structures, with the shear walls interconnected by concrete floor dia-
phragms. The combination of shear walls and diaphragms can either be de-
terminate, having a single effective load path, or redundant, having sev-
eral effective load paths. The individual walls and diaphragms often pos-
sess little ductility, but the structural system may have a reserve

strength due to the combination of elements.

The turbine building complex is typically a series of transverse ductile
frames thai are connected longitudinally by bracing or by shear walls.
The behavior of such a turbine building will typically be governed by
bending in the transverse direction and by shear in the longitudinal di-
rection. In addition, it is not uncommon to encounter ggmbinagjjns of

R 5

shear wall and braced-frame structura! systems. %



Equipment is often supported by bracing or moment-resisting connections
that can be made ducti’e. The pipe portions of piping systems represent

a distinctly ductile structural system characterized by a high degree of
redundancy and a large number of branching paths. Failure of the piping
system, however, is the result of a combination of temperature, pressure,
and ground motion effects. Piping supports, on the other hand, can be ei-
ther ductile or nonductile. Because of the substantial influence of temp-
erature and pressure and because of the lack of available simplified meth-
ods of earthquake analysis, equipment and piping are considered to be be-

yond the scope of this study.

The complete range of Category I structures pertinent to this study can

be categorized as follows:

shell structures
shear wall structures
braced-frame structures

ductile, moment-resisting frame struct res

combinations of the above

1.4.2 Nonlinearities and Nonlinear Response Behavior of Structures. Sim-

plified forms of nonlinear analysis are feasible only when the structure
contains a predictabie mode of deformation or failure. 1he type of non-
linearity, or the combination of nonlinearities, therefore has a strong
influence on the selection of an appropriate technique. It is essential
to be able to characterize nonlinearities according to their influence on
structural behavior because this is the controlling influence on the suc-
cess or failure of most of the approximate methods. Nonlinearities impor-
tant in connection with establishing useful simplified analysis procedures
are material force-deformation relationships and geometric deformation mag-
nitude (P-A effects). The structure configuration (i.e., the degree of
redundancy in the assemblage of structural components) and variations in
energy-absorption characteristics are also important factors for assessing

the nonlinear-respor:e capacity of a structure.

23 (}ﬂ \



The most important factor governing the behavior of a structure is its
transition from the elastic state to the collapse state. Brittle structures
make the transition rapidly, and the modes of deformation associated with
each state are distinctly different. Statically determinate structures also
tend to make the transition rapidly, irrespective of the compcnent material
properties. Ductile structures, on the other hand, ..~k=» the transition from
elastic behavior to collapse slowly, and highly redundant structures tend

to do the same. The modes of failure for ductile and redundant structures
do not differ as drustically from elastic behavior as do the modes of fail-
ure for brittle or determinate structures. These characteristics of struc-
tural behavior imply important generalizations about the nature of success-

ful analytic techniques:

® Approximate techniques appropriate to the analysis
of brittle or determinate structures require assump-
tions of two distinct structural states, with instan~
taneous transition from one state to the other.

B uyitable approximations of the structural behavior
for brittle structures can assuie mutually exclusive
d2formation patterns, i.e., the structure is either
elastic or at failure.

L] Ductile structures require a mechanism of transfer
from the elastic to the inelastic state that is more
complex than the corresponding mechanism for brittle
structures.

e Approximate techniques appropriate to thc analysis
of ductile or redundant structures require more
elaborate representations of the elastic, prefailure
condition. Because ductile structures are less
likely to reach structural collapse before component
limitations have been exceeded, approximations of
their failure stite can be less accurate than approx-
imations for brittle structures.

Th: inclusion of nondissipative nonlinearities is rarely treated in the

|' (erature, although these nonlinearities can have pronounced effects on

5 ructural behavior. Nondissipative nonlinearities, notably buckling, in-
flusnce structural behavior by producing a frequency shift in the response
spectrum with an accompanying change in the structural behavioi. Because

there is no appreciable energy dissipation, there is no change in the



response spectrum amplitude. The net effect is to require a nontrivial
transition in the structural behavior between the elastic s:ate and col-
lapse. Any structure with elastic nonlinear behavior must be treated in the
same fashion as a structure in the ductile or redundant category because

the transition has a significant influence on the response.

Summarizing the range of structures typical for a Category I facility, the
following behavioral combinations slould logically be considered for de-

veloping reliable simplified analysis methods:

Structure Energy Magnitude of
Assemblage Material Absorption Deformation
Highly Brittle Dissipative No P-4
Redundant

Nearly Ductile Nondissipative P-A

Determinate

1.4.3 Approaches to Nonlinear Analysis. For convenience, all nonlinear

analysis methods can be grouped under four basic headings: Refined Analy-
sis/Refined Mode! (RA/RM), Refined Analysis/Simplified Mode! (RA/SM), Sim-
plified Analysis/Refined Model (SA/RM), and Simplified Analysis/Simplified
Mode! (SA/SM). The basic characteristics of each analysis are noted below:

RA/RM: The solution class contains all major nonlinear
software packages and represents a refined
finite-element idealiz-cion that employs a time
integration numerical procecdure. RA/RM analysis
is expensive, but it eliminates the uncertainty
associated with approximation techniques.

RA/SM: The solution class contains the same major soft-
ware packages to analyze simplified models of
the complete structure. RA/SM analysis is com-
monly used to reduce three dimensions to two di-
mensions and is often used to reduce the cost
associated with a complex analysis.

SA/RM: The solution class is similar to normal mode
analysis because it is based on approximate so-
lutions to refined models. In the SA/RM analy-
sis, modeling assumptions are minimized at the
expense of truncating the solution accuracy.
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SA/SM:

SA/RM solutions also include pseudoelastic for-
mulations.

The solution class is commonly associated with
hand calculation methods, notably response spec-
trum analysis. Analyses are formulated from
equivalent damping models or from failure mech-
anism models.
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2. SIMPLIFIED AND RIGOROUS NONLINEAR
ANALYSIS METHODS CONSIDERED

2.1 Introduction

nase I of this project consisted of a literature survey to identify avail-
able simplified and rigorous nonlinear analysis procedures that could po-
tentially be used for the analysis of Category I nuclear power plant struc-

tures, systems, and components,

A review of the literature revealed that simplified methods available for
performing nonlinear analyses of structures can be separated into two cate=
gories: time-history analyses and response spectrum analyses. The former
methods generally involve the use of sophisticated models, with simplifica=
tion introduced only with respect to the analyticzal solution of the nonlin-
ear equations of motion. The latter methods generally involve simplifica=-
tion of the model to that of an equivalent linear system. Thus, analysis is

simplified as well because only linear equations of motion need¢ be solved.

At the conclusion of the literature survey phase of this study, four simpli=
fied nonlinear analysis techniques were recommended for further study: the
Substitute Structure Method, the Elasto-Plastic Spectrum Method (EPSM), the
Approximate Inelastic Response Method (AIRM), and the Reserve Energy Tech-
nique (RET). Each of these is described in detail in Appendix A, Additional
information concerning the application of these methods is summarized in this

chapter.

Refined (rigorous) nonlinear computational procedures for the dynamic analy-
sis of various structures subjected to dynamic excitation generally involve
the step-by-step integration of the equation, of motion, dividing the re-
sponse history into short time increments and assuming the properties of the
structure to remain constant during each increment but to change in accord-
ance with the deformation state existing at the end of the increment. Thus,
the nonlinear analysis procedure is actually a sequence of linear analyses
of a successively changing structure. The structures are usually discretized

with a group of finite elements,
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Theie are several rigorous nonlinear analysis programs available to industry.
These may be classified broadly into two categories. The first type includes
programs cdeveloped at universities under grants from various government or-
ganizations and private foundations. Such programs are generally aveilable
to the public. The second type of computer program is developed and main-
tained bv private companies. ell-known programs, both public and private,
are described below. In Phase I, each of these programs was categorized on
the basis ot underlying assumptions, limitations, and applicability to the
nonlinear dynamic analyses of nuclear power plant structures subjected to

dynamic excitations,

On the basis of this survey, DRAIN=-20%+1 and DRAIN-TABS?*? were selected for
use in this study. The general characteristics of these programs were out-
lined in the literature survey and are described in Appendix A; additional
information concerning the formulation and solution techniques of these pro-

grams is summarized here,

2.2 Simplified Methods

2.2,1 Features Common to A'" Methods. Certain fundamental principles are

common to all the simplified nonlinear analysis methods considered in this
study. These principles include the concept of structural capacity, the con-
cept of demand, and the reconciliation of demand and capacity as a means of
predicting the inelastic dynamic response. The following par.jraphs discuss

these common principles.

The teim capacity, as used in this study, refers to the total seismic input
required to bring a structure to particular milestones of behavior. Capac-
ity is not a single value but rather a _et of values reflecting various
structural milestones such as the development of working stress levels, the
development of yield stress levels, the cracking and spalling of concrete,
the initiation of significant nonlinear response, and ultimate failure. Var-
ious seismic lateral-force characterizations, such as base shear, base over-
turning moment, or maximum acce'eration, could be used to quantify the capac-
ity at these milestones. For this study, a plot of load versus deflection
is a convenient way of expressing capacity. A simple example, consisting of
a 1-story steel frame with a -igid beam and flexible columns, is illustrated

in Figure 2.1, In this case, \'1e capacity is represented by a plot of base
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shear versus roof deflection. The plot consists cf two parts: in the
elastic region, the ba<- shear is proportional to the recs. displacement, and
the constant of proportionality is the stiffness of the columns; in the plas-
tic region, unbounded displacements can occur without an increas. in base
shear. Often the plastic region is given a small stiffness to account for
strain hardening and the fact that the columns cannot instantaneously form

perfect plastic hinges.

For seismic loads, it is frequently useful to express .+ acity in terms of
spectral r sponse parameters. This is possibie because base shear is pro-
portional to spectral acceleration, S&, and roof displacement is proportional
to spectral displacement, Sd' Hence, application of the appropriate factors
to a load~deflection d.agram (such as shown in Figure Z.1) can convert it
into a capacity diagram in terms of Sa and Sd' The latter representation

has the same shape as the curve shown in Figure 2.1,

A major step in all simplified nonlinear analysis methods is determination
of the structural capacity corresponding to the initiation of inelastic re-
sponse. This is defined as the point on a load-deflection curve at which
there is a drastic change in structura! stiffness. Structural response be-
yond this point is often expressed in terms of a ductility factor, u, which
is the ratio of the maximum displacement to yield displacemenc A ductility

factor equal to 1.0 is assigned to the initiation of inelastic response.

Determining the initiation of inelastic response may be straightforward or
extremely complicated, depending on structural redundancy and on stress-
strain characteristics of the material of construction. A simple case is
illustrated in Figure 2.1. The column moment of inertia and yield moment,
Mu’ can be determined from conventional analysis. The base shear, Vu’ aad
roof deflection, Au, that cause Mu in the columns may be computed as shown.
{4 this case, it is clear that the initiation of inelastic response is coin-
cident with the development of yield moment in the column; thus, the cal~u-

lation of the displacement associated with u = 1 is straightforward.

Because of the redistribution of load to redundant elements, the yielding of a
single beam or column may not be as significant for a complex structure as for

a simple structure. The load deflection characteristics for gﬂcomplex struc-

h/8 025

12



ture may be similar to those shown in Figure 2.2. Note the gradial reduc-
tion in stiffness In Figure 2.2 as compared with Figure 2.1. For this type
of nonlinearity, it is necessary to arbitrarily select a point on t... load
deflection diagram a:v the initiation of inelastic response. The arbitrary
selection of 1 = 1 should be made on a rativnal basis. For example, u = 1
may be assigned to ‘he point on the load deflection curve at #hich the tan-
gent stiffness is 30% to 50% of tha initial tangent stiffness.

Anothe- common feature of the various simplified methods is the concept of
demand. This is simply a convenient way of quantifying the input load or
disturbance that causes nonlirear structural response. For all the sim=
plified nonlinear methods, de. d '~ expressed in terms of a response spec-
trum. The spectrum alone is a sufficient representation of demand for some

of the methods; however, the RET requires additional demand calculations.

All the simplified nonlinear analysis methods require that load demand
and structura) capacity be expressed in similar units. Several mcthods re-
quire demand and capacity to be calculated in terms of spectral response accel~-

eration: the RET requires calculations in terms of Finetic and strain energy.

One aspect of nonlinear dynamic analysis that sets it apart from linear and
static analyses is the fact that both demand and capacity are a funciion of
peak response. Hence, several of the simplified methods involve an itera-
tive procedure to reconcile demand and capacity. Initial demand and capac-
ity calculations are based on an assumed response (i.e., displacement,
velocity, or acceleration). Demand and capacity are corpared, and the

assumed response is varied unti' the demand equals the capacity.

The following paragraphs summarize the simplifled nonlinear analysis methods

considered in this study.

2.2.2 Modified Substitute Structure Method. The Substitute Structure Method

is basically a design method that has been modified to perform the e-alysis
tasks required by this study., Both demand and capacity can be expressed in
terms of spectral acceleration for this method. Substitute ~tructure analy-
sis requires a mathematical model of the structure for calculation of the

elastic period of vibration and other structural dynamic properties. The
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model may also be used to determine the base shear that, when resolved into
lateral forces, causes the initiation of inelastic response. The correspord-
ing spectral acceleration is computed as follows:

Lf

by 1
S&y W (a) iz.%)
where:
Vb = base shear causing initiation of inelastic
Y response (u = 1)
W = weight
@ = ratio of base shear to spectral! acceleration
Sﬁu = spectral acceleration causing initiation of
- inelastic response
S in Equation (2.1) is referred to a- ‘e cipac'ty of the struciure. The

ai
demand is the spectral acceleration taken irom a response spectrum the period

Te' and damping, As' of the substitute structures. Té and As are functions
of ductility:

TB = Tv,; (2.2)
A o= 0.2 { 1-[ 1 ]} + 0.02 (2.3)
S ————————————————

(M) %

where:
T = elastic pericd

= an assumed ductility factor equal to the ratio of
total disolacement to yield displacement

The ductility factor, u, is varied until the demand spectral acceleration

equals Say‘

Appendix A provides a more detailed description of the Substitute Structure
Method.
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2.2.3 Elasto-Plastic Spectrum Method (EPSM). The EPSM is similar to the
Substitute Structure Method in that it was originally de.civred as a design
method. The EPSM also requires the computatiu: of the elastic period, T,
and yield spectral acceleration. As in the Substitute Structure Method, the

comparison of demand and capacity is made by means of a response spectrum.

For the EPSM, an elastic response spectrum is reduced by a function of u to
obtain an inelastic response spectrum. The demand spectral acceleration is
obtained from the inelastic spectrum at the elastic period of the structure.
The ductility is varied until the demand spectral acceleration is equal to

Say'
Conet-uction of the inelastic response spectrum, detailed elsewhere, 23,24

is provided in Appendix A.

2.2.4 The Approximate Inelasiic Response Method (AIRM). Structural capac-

ity is expressed as a diagram of spectral acceleration versus period of vi-

bration for the AIRM. When this plot is superimposed on a response spectrum,
the intersection of the capacity curve and the demand response spectrum gives

the period and accrleration of the predicted response. The corresponding

ductility factor is computed as follows:

y = S-,:z'/‘;du (2.4)
2
sy = 5&('27) (2.5)
P " §
= o L8 *V\,__‘j
Ddd = Say(:z—ﬂ-) _) L U (2.6)

where:
u = ductility factor
5' = spectral displacement corresponding to Sé and T'
S& = the spectral acceleration obtained from the in-
ters ction of the demand and -apacity curves

7' = perind obtained from the intersection of the
demand and capacity curves

15



Sﬁy = vyield spectral acceleration

T = elastic period of vibraticn

The calculation of structural capacity in terms of spectral acceleration and
period of vibration is described in Appendix A.

2.2.5 The Reserve Energy Technique (RET). The RET was originally developed

for use in both the design and the analysis of structures. The basic prin-
ciple of the method is the conservation of energy. The RET assumes that the
energy dissipated by a structure during its peak response is equal to the

energy demand created by a dynamic disturbance.

Both demand and capacity calculations are bised on the force-deformation
characteristics of the building or of the part of the building under consid-
eration. The demand is calculated using the assumption of linear elastic
behavior. The capacity is based on the area under the force-derormation
curve including both the elastic and the nonlinear range of response.

One important feature of the RET is that it may be applied to a building as
a whole, to a portion of a building (such as a story), or to an individual
element (such as a beam, column, or wall). In each case, the demand, capac-
ity, and calculated ductility refer to the item being considered. This
feature provides the RET with flexibility not found in the other methods.

The RET has been presented in several formats.?-52:8 Any of these may be
used for simplified nonlinear analysis; howevei, the form of RET presented
in Appendix B is especially useful because many of the details of demand and
capacity calculation have been greatly simplified. This versic. of the RET
has been used in this study. For a multistory structure, the required
capacity information consists of the etastic period of vibration and,

the shears that cause first yielding in each story. The demand shears are
calculated from a response spectrum using linear elastic structural dynamics
methods, and story ductility factors are based on the ratios of the demand
to the yield story shears. This calculation of ductility is based on an
elasto-plastic force-deformation relationship, with a factor applied to

528 029

account for other types of nonlinear behavior.
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2.3 Rigorous Methods

The following criteria were applied in the selection of the computer pro-
grams for rigorous nonlinear analyses of the structures: program availa-
bility, dimensions of structures, i~put ground motion capability, and finite-
element library. Elaboration of these criteria follows.

As stated in the introduction to this chapter, there are several nonlinear
analysis programs available to industry. Those developed and maintained by
private companies can be used by anyone after payment of a fee, but program
listings are not available to the public. It was felt that, for a resea. ch-
oriented project such as this, a program in the public domain would be prefer-

able because complete information is avallable.

Programs with the capability to analyze both two- and three-dimensional
structures were needed for this study. For seismic analysis, it is always
convenient to have acceleration time histories input as ground motion. Some
programs have only a nodal load history input option, and seismic analyses

with such programs require prior processing of the input data.

A finite-element library with relevant material-behavior models was neces-

sary. The following elements and material models were required in this study:

. A truss element, to represent the steel brace
behavior, with axial load-deformation behavior

that is bilinear elasto-plastic in tension and
buckling in compression.

& A beam-coiumn element, to model steel beams and
columns, that represents the elasto-plastic be-
havior of steel and incorporates bendirg moment-
axial force interaction curves as yield surfaces.

@ A beam element, to model the degrading-stiffness
hysteretic behavior of reinforced concrete frames,
that is capable of representing the formation of
plastic hinges as well as the lcad-reversal charac-
teristics observed in reinforced concrete frames.

@ A shear panel element to represent the reinforced
concrete shear walls of the structures of this
type that are under investigation.

17
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Various programs were studied with the above criteria in mind (a detailed
discussion is presented in Appendix A). A checklist of the capabilities of
these programs is presented in Table 2.1. On the basis of the criteria dis-
cussed above, it was decided that DRAIN-202:! and DRAIN-TABS?:? would be
most appropriate for the rigorous nonlinear analysis of the two- and three-
dimensional structures of the current study. These two programs are dis-
cussed in the following sections.

2.4 DRAIN-2D

The computer program DRAIN-2D, developed at the University of California,
Berkeley, was used for the rigorous nonlinear analyses of two-dimensional
structures. The elements used in modeling the various structures are:
truss, beam with degrading stiffness, shear {infill) panel, and beam=column.
A brief description of each element follows.

2.4.1 Truss Element. Truss elements may be arbitrarily oriented in the

two-dimensional plane but can transmit axial load only. Two alternative

modes of inelastic behavior may be specified: yielding in both tension and

compression (Figure 2.3a) and yielding in tension but elastic buckling in

compression (Figure 2.3b). Strain-hardening effects are included by consid-

ering an element to consist of two parallel components, one elastic and one

inelastic (Figure 2.4). 1

Large displacement effects may be approximated by including, for the dynamic l
phase of the analysis, a geometric stiffness based on the element axial force

under static load.

2.4.2 Beam Element with Degrading Stiffness. The beam element with degrad-

ing stiffness is formulated to model reinforced concrete beams, which char-

acteristically exhibit degrading flexural stiffness properties when sub-

|
|
\
1
jected to cyclic loads. The degrading-stiffness beam may be oriented arbi-
trarily in the two-dimensional plane. The element possesses flexural and
axial stiffness, and elements of variab. ss section can be considered by
specifying appropriate flexural stiffness coefficients. Flexural shear
deformations and the effects of eccentric end connections can be taken into
account, o
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Yielding may take place only in concentrated plastic hinges at the element
ends. Strain-hardening and degrading flexural stiffness are approximated by
assuming that the element consists of a linear elastic beam element with
nonlinear cotational springs at each end, as shown in Figure 2,5. All plas-
tic deformation effects, including the effects of degrading stiffness, are
introduced by means of the moment-rotation relationships for the hinge

springs.

The moment-rotation relationship for each hinge is an extended version of
Takeda's model,?*? which has the behavior illustrated in Figure 2.5. The
basic relationship is in the form of a bilinear curve, with an initial stiff-
ness and a subsequent strain-hardening stiffness characteristic of monotonic
loading conditions. The degrading stiffness of the hinges is introduced
when reversed loading is applied. Figure 2.5 also indicates rules that are
followed for small-amplitude oscillations. The numbers on che legs of the

relaticonship are yield codes printed by the computer program.

The extensions that have been made to the Takeda model are shown in Figure
2.6. These include (1) a reduction of the unloading stiffness by an amount
that depends on the largest previous hinge rotation and (2) incorporation of
a variable reloading stiffness that is larger than that of the Takeda model
and also depends on the past rotation history. To a large degree, these ex-
tensions reflect behavior observed in practice. However, some of the fea-
tures assumed for the extended model, particularly those associated with
small-amplitude oscillations, were selected on the basis of engineering
judgment and because of the need to avoid 'llogical or inconsistent patterns
of hinge behavior. Such assumed features are necessary because no test data
appear to be available for the case of small-amplitude loading cycles that

follow large-amplitude cycles.

The unloading stiffnes, Ku, denends on the maximum hinge rotation and is
controlled by the input parameter a. This parameter controls the unloading
stiffness by locating the recovery point, Rrec’ as shown in Figure 2.6a. It
must be nonnegative and might typically lie between zero and 0.4. Regard-
less of the value of a, the unloading slope is never permitted to be less
than the reloading slope; otherwise, a hysteresis loop with a negative area
could be produced.
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The reloading stiffness, K!. also depends on the maximum hinge rotation and
is governed by the innut parameter 8, as shown in Figure 2.fb. The param-
eter 8 must be nonnegative and might typically lie between zvro and % 6.

The yield moments may be specified to be different at the two element erds
and for positive and negative bending. There is no interaction betweer axial
force and Lending moment in producing yieid.

Static loads applied within any element length may be taken into account by
specifying fixed-end force values. The results of separate static load

analyses can be incorporated by specifying initial force values.

Large displacement effects may he approximated in the dynamic anaiysis by
including simple geometric stiffnesses based on the element axial forces
under static load.

In the ana',sis of reinforced concrete frame structures, difficulties in-

e itably arise in assigning cross-sectional and material properties. The
nonlinear material behavior of the concrete, the nonhomogeneous composition
of the cross section, and the presence of a varying cross section that is
the result of cracking and steel-area changes al' combine to make "¢ 4iffi-
cult to assign accurate s.iffness va.ues. Considerable experience and ex-
perimentation are needed before the element properties can be specified with
confidence.

An effective Flexural stiffness, EI, which might typically be the EI value
for the cracked section, must be specified for the linear elastic line ele-
ment. An axial stiffness, BA, and an effective shear stiffness, G4', must

also be specified.

2.4.3 Infil)l Panel Element. Infill panel elements are included to permit

approximate consideration of infill panels of masonry and similar materials.

They may also be used to construct inelastic shear beams.

The element is assumed to have only shear stiffness in the two-dimensional
plane. Hence, it r svides resistance, through shear deformation, to rela-
tive horizontal and/or vertical displacement of the nodes it connects. The

-~ 0 -"\"’\3
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relationship between shear stress and shear strain may be inelastic, as
shown in Figure 2.7. |If sudden failure takes place, the forces being re-
sisted by the element immediately prior to failure will suddenly be trans-
ferred to the remaining structure, essentially as a shock loading.

Infill panel elements most ccmonly are rectangular. However, provisions
are included to permit variations from a rectangulir shape without violating
equilibrium. Any variations from a rectangular shape should normally be
small; otherwise, the assumption that the element has only shear stiffness

may be jrcssly inccrrect.

The shear strain in XY coordinates at the element center is the only defor-
mation considered. The element is *reated as an isoparametric finite ele-
ment, and the increment in shear <:rain, yxy' is related to the increments
of horizontal and vertical displacement at the nodal points by a displace-
ment transformation. The inelastic deformation is the amount of shear

strain beyond yield in the elasto-plastic component of the element.

It is important to note that infill panel elements have shear stiffness
only. If these elements are used without a surrounding frame (for example,
to represent a shear beam), it is essential that the displacement degrees
of freedom permitted not allow modes of deformation for which there is no
shear strain at the element center; otherwise, the structure stiffness

matrix will be singular.

2.4.4 Beam-Column Element. Beam-co'umn elements may be arbitrarily ori-

ented in the twc-dimensional plane. The elements possess flexural and axial
vtiffness, and elements of variable cross section can be considered by speci-
fying appropriate flexural stiffness coefficients. Flexural shcar deforma-

tions and the effects of eccentric end cornections can be taken into account.

Yielding may take place only in concentrated plastic hinges at the element
ends. Strain hardening is approximated by assuming that the element con-
sists of elastic and elasto-plastic components in parallel, as for the
truss element. The hinges in the elasto-plastic component yield under con-
stant moment, but the moment in the elastic component may continue to in-
crease. The yield moments may be specified to be different at the two ele-
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ment ends and for positive and negative bending. The interaction between
axial force and moment in producing yield may be taken into account approxi-
mately.

Static loads ap, ied along any element length may be taken into account by
specifving fixed-end force values. The results of separate static load

analyses can be incorporated by specifying initial force values.

Large displacement effects may be approximated in the dynamic analysis by
including simple geometric stiffnesses based on the eilenent axia! forces
under static load.

Yield interaction surfaces of three types may be specified, as follows:

® Bean type (shape code = 1, Figure 2.9a), specified
where axial forces are small or are ignored. Yield-
ing is affected by bending moment ornly,

e Steel colum: type (shape code = 2, Figure 2.9b),
intended for use with «teel colum~s.

e Concrete column type (shape code = 3, Figure 2.9c),
intended for use with concrete columns.

For any combination of axial force and bending moment within a yield suriace,
the cross section is assumed to be elastic. If the force-moment combination
lies on or outside the surface, a plastic hinge is introduced. Combinations
outside the yield surface are permitted only \emporarily, being compensated

for by applying corrective loads in the succeed!ng time step.

This procedure is not strictly correct because the axial and flexural defor-

mations interact after yield, and it is therefore wrong to assume that only

the flexural stiffness changes and that the axial stiffness remains unchanged.

However, this procedure is believed to be reasonable for practical analyses
of buildings.

2.5 GAAIN-TABS 5728 U35

The three-dimensional structures in this study were analyzed with DRAIN-
TABS, an extension of ti "RAIN-2D program. The element library is the same
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as for DRAIN-2D; however, discussion of the three-dimensional idealization

of these structures is appropriate.

The building is idealized as a series of independent plane substructures
interconnected by rigid horizontal diaphragms. Each substructure can be of
arbitrary geometry and may include elements of various types. The elements
of each substructure (beams, columns, braces, shear paneis, etc.) are thus
assumed to be under two-dimensional stress and two-dimensional yielding and
failure criteria are aoplied to beams, columns, etc. This is only an approx-
imation of the general three-dimensional case, but in the case of the struc~

tures studied here it is quite adequate.
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TABLE 2.1

CHECKLIST OF VARIOUS NONLINEAR PROGRAM CAPABILITIES

I I Reinforced Reinforced

Input Ground | Steel Brace | Steel Beam- | Concrete Beam- | Concrete Shear

Program Avafiabiltty | Dimension Motion Element Column Element | Column Element | Panel Element
|

DRAIN-20 Public 2-D Yes Yes Yes , Yes Yes
DRAIN-TABS  Public 3-D Yes Yes Yes { Yes Yes
NONSAP Public 3-D No No No ] No Yes
ADINA Private 3-D No No Yes ‘ No Yes
ANSR Public 3-D Yes Yes No | No No
SAKE Public 2-0 Yes No No : Yes Yes
MARC-CDC Private 3-0 Yes Yes Yes 1 No No
ANSYS Private 3-D Yes Yes Yes l No No
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3. SIMPLIFIED NONLINEAR ANALYSIS OF FOUR HYPOTHETICAL STRUCTURES

3.1 Introduction

This chapter describes the analysis of four hypothetical structures: a
1-story plane frame, a 4-story plane frame, a 2-story shear wall, and a
three-dimensional, nonsymmetrical 4-story building. Each structure was
analyzed using the four simplified nonlinear analysis methods described in
Chapter 2. The resulting predicted ductilities are compared to ductilities
obtained from rigorous nonlinear analyses of the same structures (Chapters 4
and 5) to facilitate the selection of a simplified nonlinear analysis method
for Category [ nuclear power plant structures.

3.2 Simplified Nonlinear Analysis of a 1-Story Reinforced Concrete Frame

3.2.1 Description of the Structure. The first hypothetical structure con-

sidered in this study is the 1-story reinforced concrete frame illustrated
in Figure 3.1. This particular frame was chosen because severa! similar
structures were tested extensively at the University of I1linois.? ! The
Modified Substitute Structure Method of simplified nonlinear analysis was
developed on the basis of those tests.

3.2.2 Description of the Input. Two different input motions were used for

each of the simplified and rigorous analyses of the hypothetical 1-story
frame structure. The first input was based on the spectral shapes recom-
mended in NRC Regulatory Guide 1 60.3:2 The NRC spectra, normalized to
0.75g, for various dampings, are plotted in Figure 3.2.

The second input motion consisted of a modified version of the N21E compo-
nent of the ground acceleration recorded at the Taft, California, Lincoln
School Tunnel on July 21, 1952. The modification consisted of compressing
the time scale by a factor of 5§ and scaling the peak ground acceleration to
2.29. The time-history and response spectra for this modified Taft record
are shown in Figures 3.3 and 3.4. The modified Taft accelerogram was used
by researchers at the University of Iliinois for shaking table testing of
the 1-story frame.
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3.2.3 Structure Capacity Calculations. The four simplified nonlinear
analysis methods considered here require information concerning a

structure's lecad-resisting capacity. The calculation of structural
capacity is based on the mathematical model of the structure shown in
Figure 3.5. The stiffness of the mode! was adju-ted to give an elastic
period of 0.11 sec, corresponding to the period measured just prior to
yield in the I1linois tests. A structural analysis, summarized in Table
3.1, showed that the applicaiton of a 1-kip base shear to the mathematical
mode| resulted in beam and column momerts of 7.7 kip=in. and 7.1 kip=in.,
respectively, By computing the ratio of these moments to the correspond-
ing yield moments, it is deduced that the base shear causing column yield=
ing is 5.43 kip. VYielding of the column is critical and ic identified

as the onset of the inelastic response, i.e., the point where u = 1.

The spectral acceieration ccrrespending to column yieiding is 1.3g. The
yield displacement, here “defined as the displacement corresponding to u = 1,
was calculated to be 0.14 in. In this case, yield displacement is identical
with the yield spectral displacement although this does not hold true for

multidegree-of -freedom structures.

For the Elasto-Plastic Spectrum Method (EPSM) and the Modified Substitute
Structure Method, the required structural capacity information consists

of period, 7, and yield spectral acceleration, Sau' For the 1-story frame,
7 =0.11 sec and Sﬁy = 1.3g.

For the Reserve Energy Technique (57T} and the Approximate inelastic Response
Method (AIRM), more specific post-elastic capacity information i< generally
required. In this case, the nonlinear response ot the structure was based
on a bilinear force-deformation diagrai, as shown in Figure 3.6. For the
AIRM, the slope of the second portion of the bilinear force-deformation dia-
gram was varied from zero to 10% of Koo also =hown in Figure 3.6. (The intent
was to make a similar set of assumptions for the RET; however, the analysis
showed that in this case the results were not sensitive to the assumed bi-

linear slope parameter.)
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Capacity in terms of spectral acceleration and period of vibration is
extracted from a force-deformation diagram, as indicated in Figure 3.7.

3.2.4 Demand. The demand response spectra are summarized in Figure 3.2

for the analysis using NRC spectra and in Figure 3.4 for the Taft analysis.
The NRC spectra are normal!ized to 0.75g; the Taft spectra, to 2.2g.

3.2.5 Results of Simplified Nonlinear Avalysis. Table 3.2 is a summary

of the results of the analysis of the 1-story reinforced concrete frame
using various simplified nonlinear aralysis methods and the NRC input

response spectra.

For all methods except the Modified Substitute Structure Method, damping
ratios of 5%, 72, and 10% were used. (The Modified Substitute Structure
Method involves the calculation of damping as part of the analysis.)

The period of vibration is calculated as part of the RET, the AIRM,

and the Modif.ed Substitute Structure Method. The EPSM specifically rec-
ommends that the inelastic analysis be made using the initial elast'c
period. The ductilities predicted by tne various methods range from

1.0 to 16.0. The RET and EPSM give similar resvlts, and the Modified
Substitute Structure ductility and A!RM ductility for 102 damping are
identical.

Table 7.3 summarizes the results of the simplified analysis of the 1-stor;
frame for the analysis using modified Taft input spectra. For the RET,
AIRM, and EPSM, 7% damping was assumed; 12% damping was calculated as

part of the Modified Substitute Structure analysis. Consldering the ac-
curacy that can reasonably be expected from simplified nonlinear analysis,
it is concluded that the RET, the EPSM, and the Modified Substitute Struc-
ture Metnod give essentially the same result in this case. The ductility
factor predicted by the AIRM (1. = 9) is well beyond the range predicted
by the other methods.

The results of the simplified analyses are compared with rigorous analysis

of this structure in Chapter 5.
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3.3 Simplified Nonlinear Analysis of a 4-Story Reinforced Concrete Frame

3.3.1 Description of the Structure. The 4-story reinforced concrete frame

used in this analysis is identical to one longitudinal frame of a full-scale
L-story test structure that was built in 1964 at the Department of Energy's
Nevada Test Site.”-? Overall plans of the 4-story test structure are illus-
trated in Figure 3.8. The frame shown in the east elevation was used in
this nalysis. Column and beam details are shown in Figures 3.9 and 3.10.
The following material properties were assumed:

f; = 4,500 psi

fy = 50,000 psi

E, = 30x 10% psi
~ - v .
Lc b x 10° psi

3.3.2 Load Capacity Calculations. Calculations of structural load capac-

ity were based on the mathematical model shown in Figure 3.11,

The fundamental mode period of the model was computed to be 0.5 sec. Vibra-
tion tests of the U-story test structurr~ resulted in a measured fundamental
mode period of (.55 sec just prior to major yielding and structural damage.>*“
Hence, the model appears to be an adequate represen ition the pre-yield

response of the structure.

A study was conducted to determine the error that might be introduced into
this analysis from neglecting higher modes o” vibration. The results of a
single-mode analysis were compared with those c¢f a multimode analysis. The
comparison showed that a 12% error in the member “orces miaht result from
neglecting higher modes. This error is not considered to be significant
relative to the approximations inherent in the various simplified unalysis

methods; hence, higher modes were neglected in this study.

Calculations to determine the yield capacity of the 4-story frame ar: sum-
marized in Table 3.4. This analysis shcws that beam 2 and beam 1 both yield
at zero period acceleration of approximately 0.18g. This is equivalent to a

spectral acceleration of 0.54g at 5% damping and T = 0.5 sec. Correspond-
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ing yield forces, displacement, and accelerations of the k-story frame
are summarized in Table 3.5,

The data presented in Table 3.5 are adequate for the EPSM and the Modified
Substitute Structure Method. The RET requires additional data. In this case,

the shears that cause yield in each story are needed; the values are summarized
in Table 3.6. These values were used in calculating story ductility facters
by the method outlined in Appendix B,

The additional data necessary for the AIRM were obtained by modifying the
nr.ginal elastic model. The modification consisted of reducing the moment
of inertia of bsams 1 and 2 to 5% of the initial vaiue. Subsequent analys’s
showed that unly a small amount of lateral force could be added to the modi-
fied mod.! before yielding occurred in the third-story beam anc the bottom
of the first-story column. The stiffness of these elements was reduced to
5% of their iInitial value, and the additional load required to yield the
fourth-story beam was calculated. This was assumed to be the failure point,
and the analysis was stopped here. Each time the model was modified and

reanalyzed, the spectral acceleration, spectral displacement, and period
of vibration were noted. These data are plotted in Figure 3.12.

3.3.3 Description of Input Ground Motior; Input for the various s mplified

analyses of the 4-story reinforced concrete frame consisted of the NRC negu=
latory Guide 1.6U response spectra. Two separate analyses, one with a zero
pericd acceleration of 0.5g and another with a zero period accelceration of
1.0g, were conducted using each simplified method. Damping of 7% of criti-
cal was used in all cases except the analyses using the Substitute Structure
Method.

3.3.4 Summary of Resuits of 4-Story Reinforced Concrete Frame. Predicted

ductilities for the various simplified methods (rounded to the nearest whole

number) are summarized in Table 3.7. Results for 0.5g and 1.0g are given.

The data shown in this table indicate identical results for the EPSM and the

RET. There is also a close correspondence between the results for the AIRM

and Modified Substitute Structure analyses. Similar trends were also noted

in the results of the simplified analyses of the 1-story £(2qg. (.r 3
2£0 U
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3.4 Simplified Nonlinear Analysis of a 2-Story Shear Wall

3.4.1 Description of Structure, Derails of a 2-story shear wall are illuc-
trated in Figure 3.13. This wall is similar to a wall recently tested by
the Portland Cement Associaticn (PCA) as part of a large-scale investigation
of shear wall behavior.3+5 (The PCA tested a 1-story version of this wall.)
An arbitiary weight of 475 kip was assigned to each story; this results in

a fundamenta) mode period of approximately 0.15 sec. Material and reinforc-
ing properties for this shear wall are listed in Table 3.8,

3.4.2 Load Capacity Calculations. This section is divided into three sub-
sections describing ultimate strength calculations, stifiness and period

calculations, and post-ultimate load behavior.

3.4.2.1 Strength Calculations. Flexural strength calculations were based
on the assurptions of section 10.2 of ACI 218-71.3+% The following formula

for fiexural strength was adapted from Reference 3.7:

N g1e
U 1
Y = Ayl <‘ ‘LT, u) (’2’ : iz;)

-

a? ( g2 )
-t -8y
lw 3

where:
e . + a
7, 27 + 0.858;
Agf
4 = TRFT
w e
N f .
g = £ -and 8 = L w ')
. T 87,000 el o .,
/’/.;l .
ML = ultimate moment capacity, in.-1b
As = to:gl arca of vertical reinforcement at section,
in.
f = specified yield strength of vertical reinforce~
¥ ment, psi

! = horizontal length of shear wall, in.
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e = distance from extreme compression fiber to
neutral axis, iIn.

d = distance from extreme compression fibe- to
resul tant of tension force, in.

h = thickness of _.tear wall, in.
N = design axial locd, positive in compression, ib
' = specified compressive strength of concrete, psi
g1 = 0.85 for strength f' up to 4,000 psi and re-
faced continuously fo a rate of 0.05 for

2ach 1,000 psi of strength in excess of
4,000 psi

The shear strenath provisions were taken directly from AC1-318-71:

<
L

N
u
e 3'3<f: * EZUE

v = pFU

=

v, = v, tv, < 104ﬁ§

where:

v = shear stress carried by coacrete, psi
v, = shear stress carried by reinforcing steel, psi

p = ratio of horizontal reinforcing

v = combined ultimate shear strength, < 10{f§, psi

V = wultimate shear load, b

Applying these provisions to the shear wall resulted in the following com-
puted strengths:

ML = 8,243 kip~in. (moment strength)

V, = 172 kip (shear strength) ~ 1

SN
>
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A base shear equal to 120 kip corresponds to HL - 8,243 kio=in., which is
less than the ultimate shear strength. Herice, this wall fai's in a flexural
mode with a base shear of 120 kip and an overturning moment of 8,243 kip-in,
Assuming Cb/Sh = 0.9, the spectral accc¢leration corresponding to the ulti-
mate load capacity is compu*ted as fo'lows:

4
u p 120
Sau '[-ﬁ—]Cb,Sa = 75 x 2 x 0.9 =0.11g

3.4.2.2 stiffness and Period Calculations. Perlod calculations were based

on the two-degree-of-freedom model shown in Fibure 3.14. Assuming equal mass
and stiffness for each story, the equations of motion for free vibration may
be solved for the fundamental mode period as follows:

where:

1 = fundamental mode perioc
X = story stiffness
m

= ,Ltory mass

Approximate calculations of the elastic story stiffness for thi. shear walls
with edgemembe-: were based on the axial stiffness of an equivalent compres~
sion strut. The characteristics of the strut were determined by a method

developed by k! inaner and Bertero.?+? Details are given in Appendix C,

For shear w 1ls without edgememt _rs, the elastic stiffaess can be aoproxi-

mated as follows:

where:
A = shear area of the wal!

8
G = shear modulus
H = interstory height s
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These approximate elastic stiffness formulas may be used ir lieu of a more
precise stiffness evaluation, which might involve an elastic mathematical
model of the structure being considered.

3.4.2.3 Pcstultimate Load Behavior. The post-ultimate load behavior of
reinforced concrete shear walls is Jiscussed in detail in Appendix C. The

limitad data on this subject suggest that shear walls without edgemembers
are essentially elasto-plastic as shown in Figure 3.15a. Different behavior
was observed from the data on shear walls with edgemembers, and the load-
deflection curve illustrated in Figure 3.15b was chosen to represent these
data. Details are given in Appendix C,

Calculations that were performed using the load-deflection curve : - shear
walls with edgemembers (Figure 3.15t) demonsirated that the ultimate load
according to the ACI code was often not substantially greater than the
strength ca'zulated by considering only the horizontal reinforcing steel.
Furthermore, the transition between these two plateaus (see Figure 3.15b)
occurred at a range of deflections that was judged to be excessive; i.e.,
the wall would be considered unserviceable in this range of deflections.
Hence, the load-deflection curve that was initially postulated for shear
walls with edgemembers is not practical. For this study, all shear walls

were considered to have elasto-plastic force-deformation characteristics.

3.4.3 Description of Input Motion. Motion input for the simplified analyses

of this 2-story shear wall consisted of the NRC Regulatory Guide 1.60 re-
sponse spectra normalized to 0.20g. Damping of 7% critical was used in all

cases except the analyses using the Substitute Structure Method.

3.4.4 Results of Simplified Analyses. Table 3.9 summarizes the simplified

analyses of a 2-story shear wall. The EPSM and the RET essentially gave the
same result; extremely large ductility factors were obtained using the AIRM
and the Modified Substitute Structure Method. The numerical values of the
ductility factors obtained with the latter 1. -ethods have little meaning
in this case because these two simplified analys. methods essentially are

predicting collapse.
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3.5 Simplified Nonlinear Analysis of a Torsion Building

3.5.1 Description of the Structure. The purpose of these analyses was to

investigate the application of the various simplified nonlinear analysis

methods to a three-dimensional, nonsymmetrical structure; i.e., a torsion
building. A modified version of the 4-story building shown in Figure 3.8
was used for this analysis; the modification consisted of increasing the

stiffness of one langitudinal frame by 50%.

3.5.2 Capacity Calculations. Capacity calculations for the torsion build-

ing were similar to those performed for the analyses of the 4-story rein-
forced concrete frame, the only difference being that the torsion building
calculations were done using a three-dimensional model. The model accounted

for the actual distribution of strength and stiffness throughout the build-

ing.

Results of the capacity calculations are summarized in Tables 3.10 and 3.11 and

in Figure 3.16.

3.5.3 Description of Input Motion. The input motion for the torsion build-

ing analysis consisted of the NRC Regulatory Guide 1.60 response spectrum

for 7% damping normalized to 1.0g.

An identical input was used for some of the analyses of the b-story rein-

forced concrete frame.

3.5.4 Summary of Results. A summary of the simplified nonlinear analyses

of the torsion building is presented in Table 3.12. As was the case for the
other examples, the EPSM and the RET analyses produced similar results,

and the Modified Substitute Structure Method and the AIRM both predicted greater

ductility factors.

This study of a torsion building indicates that the simpiified methods are
applicable to three-dimensional nonsymmetrical structures. Except for the
additional complexities in modeling and capacity calculations, the simpli-

fied analyses of this torsion building were no different from the analyses

of the other structures considered in this chapter.

/0 A
“5 A s L o £



3.1

302

3.3

3.4

3.5

3.6

3.7

3u8

REFERENCES

Gulkan, P., and M. A. Sozen, '"Response and Energy Dissipation of Rein-
forced Concrete Frames Subjected to Strong Base Motions," Structural
Research Series No. 377, University of Illinois, Urbana, May 1971.

U. S. Nuclear Regulatory Commission, Design Response Spectra for Seismic
Degign of Nuclear Power Plants, Regulatory Guide 1.60, Washington,
D. C., December 1973.

John A. Blume & Associates Research Division, Concrete Test Structures:
First Report on Structural Response, JAB-99-29, prepared for the

Nevada Operations Office, U. S. Atomic Energy Commission, San Francisco,

1976.

Chen, C. K., R. M. Czarnecki, and R. E. School, Vibration Tests of a
4-Story Reinforced Concrete Test Structure, JAB-99-119, prepared for
the Nevada Operations Office, U. S. Energy Research and Development

Administration, San Francisco, 1976.

Barda, F., J. Hanson, and W. Corley, ''Shear Strength of Low-Rise Walls
with Boundary Elements," Reinforced Concrete Structures in Seismic
Zones, ACI Publication SP-42, American Concrete Institute, Detroit,
1974,

Building Code Requirements for Reinforced Concrete (ACI 3/8/71), Ameri-
can Concrete Institute, Detroit, 1971.

Cardenas, A. E., J. M. Hanson, W. G. Corley, and E. Hognestat, ''Design
Provisions for Shear Walls,' AcCrT Journal, American Concrete Institute,
Detroit, March 1973.

Klingner, R. E., and V. V. Bertero, Infilled Frames in Earthquake-
Resistant Construction, EERC 76-32, Earthquake Engineering Research
Center, University of California, Berkeley, 1976.

- y .\,. £l ! i
[:) L ‘\j uJd 7

L6



TABLE 3.1
SUMMARY OF CAPACITY CALCULATIONS: 1-STORY FRAMES

Moment for Base Shear Spectral
1-kip Base Yield for Yield Acceleration*
Shear Moment Moment for Yield
Element (kip-in.) (kip=in.) (kip) (g)
Beam 7.7 56 7.27 % |
Column y 5 | 40 5.63 1.3

*Assuming Cb/:?a

1.0
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TABLE 3.2

SUMMARY OF PREDICTED DUCTILITIES AND DISPLACEMENTS:

SIMPLIFIED NONLINEAR ANALYSES OF THE

1-STORY REINFORCED CONCRETE FRAMC USING

NRC _INPUT SPECTRA

Assumed
Analysis Damping Period Ductility Displacement
Method (%) (sec) Factor (in.)
Reserve [ 0.3 1.4 0.20
Energy |
Technique | 0.12 1.2 0.17
10 ' 0.11 1.0 0.14
|
?pp;oximate ; 0.30 16.0 2.20
nelastic |
Response ' 0.30 11.0 1.50
Method* 10 .20 | 6.0 0.80
Elasto-Plastic 0.11%* 2.0 0.28
Spectrum |
Method 0.11** | 1.5 0.21
10 0.11* 1 1.2 0.17
Modified 14w ‘ 0.26 6.0 0.80
Substitute
Structure
Method J ]

*Res.1ts shown are for 5% bilinear slope parameter.

The analysis for

other slope paramet2rs gives different results, but these do not
materially affect th> conclusions of this study.

**Assumed
***Calculated
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TABLE 3.3

SUMMARY OF PREDICTED DUCTILITIES AND DISPLACEMENTS:

SIMPLIFIED NONLINEAR ANALYSES OF THE

1-STORY REINFORCED CONCRETE FRAME USING

MODIFIED TAFT INPUT SPECTRA

Analysis
Method

Damping
(%)

Period
(sec)

Ductility
Factor

Displacement

(in.)

Reserve
Energy
Technique

Approximate
Inelastic
Response
Method

Elasto-Plastic
Spectrum
Method

Modified
Substitute
Structure
Method

12

0.17

0.27

0.11

0.20

3.6

9.0

3.5

4.4

0.50

1.21

0.49

0.62

k9
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TABLE 3.4
4-STORY REINFORCED CONCRETE FRAME:
CALCULATIONS TO DETERMINE YIELD POINT

Moment from Yield Moment,
Analysis** My Ratio

Element* (kip=in.) (kip-in.) to Yield
Column 4

Top 2,122 1,470 0.69

Bottom 1,036 1.42
Column 3

Top 3,339 1,470 0.44

Bottom 2,764 ! 0.53
Column 2 ;

Top 4,063 ; 1,470 0.36

Bottom 3,997 : 0.37
Column 1 |

Top 3,043 5 1,470 0.48

Bottom 5,840 0.25
Beam 4 2,122 989 0.47
Beam 3 ‘ 4,376 989 0.23
Beam 2 6,827 1,277 0.19
Beam 1 7,041 1,277 0.18

*See Figure 3.11.

**Analysis for 5% NRC Response Spectrum normalized to 1.0g, fundamental
mode only.

U635
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TABLE 3.5

4-STORY REINFORCED CONCRETE FRAME:

YIELD POINT DATA

Spectral Spectral Roof
Period Acceleration Displacement Base Shear Displacement
(sec) (9) (in.) (kip) (in.)
0.5 0.54 1.3 30 1.7
TABLE 3.6
4-STORY REINFORCED CONCRETE FRAME:
STORY YIELD SHEARS FOR RET ANALYSIS
Yield Shear, VQ
Story, Jj (kip)
4 29
3 26
2 28
1 30
528 064
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SUMMARY OF PREDICTED DUCTILITIES:

TABLE 3.7

SIMPLIFIED NONLINEAR ANALYSIS OF

4-STORY REINFORCED

CONCRETE FRAME

Analysis
Method

Damping

(%)

0.5g9 Earthquake

1.0g Earthquake

Period Ductility
(sec) Factor

Period
(sec)

Ductility
Factor

Reserve

Energy
Technique

Approximate
Inelastic
Response
Method

Elasto-Plastic
Spectrum
Method

Modified
Substitute
Structure
Method

12*

0.63 2

0.84 B

0.50 2

1.00 B

1.2

1.3

0.5

2.0

13

14

*Computed
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TABLE 3.8
MATERIAL PROPERTIES OF SHEAR WALL
Concrete Elastic Shear Edgemember
Ultimate . Steel Yield Modulus of Modulus of Elastic Web (flange)
Strength [, Strength, f, Concrete, ¥ Concrete, Modulus of Reinforcing Reinforcing
(psi) ° (psi) ¥ (psi) © (psi) Steel, &_ Ratio, o Ratio, ¢,
4,000 75,000 3.4 x 10° 1.36 x 10° 29 x 10° 0.005 0.018
(both ways) (vertical)
-y
™0
o




TABLE 3.9

SIMPLIFIED NONLINEAR ANALYSIS OF 2-STORY SHEAR WALLS

Predicted Ductility of

Predicted Ductility of

Analysis 2-Story Wall with 2-Story Wall without
Method Edgemembers Edgemembers
Reserve 8 8
Energy
Technique
Approximate 200 200
Ineiastic (collapse) (collapse)
Response
Method
Elasto-Plastic 7 7
Spectrum
Method
Modified 60 60
Substitute (collapse) (collapse)
Structure
Metiiod

526 Lol
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TABLE 3.10
TORSION BUILNING:
YIELD POINT DATA

Structural Spectral Roof
Period Aczeleration Displacement Base Shear Disp]acement
(sec) (9) (in.) (kip) (in.)
0.45 0.7 1.39 68 1.8
TABLE 3.11

TORSION BUILDING:
STORY SHEAR DATA FOR RLT ANALYSIS

Yield Shear, Vu

Story, (kip)

+_~___w

4 5¢
3 57
2 66
1 68
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TABLE 3.12
TORSION BUILDING:

SUMMARY OF RESULTS

Analysis Method

Predicted Ductility

Reserve

Energy
Technique

Approximate
Inelastic
Response
Method

Elasto-Plastic
Spectrum
Method

Modified
Substitute
Structure
Method
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4. RIGOROUS NONLINEAR ANALYSIS OF FOUR HYPCTHETICAL STRUCTURES

4,1 Introduction

Rigorous nonlinear analysis of four hypothetical structures is presented in
this chapter. The structures analyzed are: a l1-stc y reinforced concrete
olanar frame, a U4-story reinforced concrete planar frame, a 2-story shear
wall, and a three-dimensional 4-story reinforced concrete frame structure.
These structures are described in detail in Chapter 3, which also discusses
their analysis using the simplified nonlinear methods.

In this chapter, the modeling technigues and analytical methods applied to
each of the structures and the results obtained in the process of the rigor-
ous analysis are discussed. The main objective of the rigorous analysis was
to obtain response values against which the results obtained from the various
simplified nonlinear methods could be compared so that the validity, appli-
cability, and accuracy of the simplified methods could be evaluated.

4,2 1-Story Reinforced Concrete Planar Frame

The 1-story reinforced concrete planar frame, illustrated in Figure 3.1, was
chosen because it has been subjected to extensive experimental studies“*! at

the Uriversity of Illinois.

For rigorous analysis, the structure was idealized as a beam-column system,
as illustrated in Figure 4.1. The masses at the different nodal points are

presented in Table 4.1.

A linear elastic analysis of the structure was carried out using the computer
program SAPIV*:2 The gross uncracked section properties were used for the
beam-columns, The section and material proparties used in the linear analy-
sis are presented in Figure 4.2, The frequency of the frame was computed to
be 16 Hz, and this was equal to the frequency of the frame measured during
low amplitude tests. Hence, the mathematical mode! provides an adequate rep-

resentation of the pre-yield response of the frame.
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For the rigorous nonlinear analysis, several parameters have to be input by
the user tc the DRAIN-2D%-3 program. These parameters are: yield moments
and moments of inertia of the beam-column elements, damping, strain-hardening
slope coefficient, degrading stiffness parameters for reinforced concrete
subjected to cyclic loading, and shape of yield surface for beam-column ele-
ments. Some of these parameters are difficult to quantify, and the results

of the analyses may be sensitive to the values used.

The yieid moments prescribed for the different beam-column elements are ex-
tremely important in determining the overall structure behavior. When it is
subjected to lateral ground motion, the structure under study is essentially
a single-degree-of-freedom system. It is expected that plastic hinges will
be formed in the columns at the base and at column-girder interface. Atten-
tion has thus been focused on the yield moments for column elements 1, 2, 3,
8, 9, and 10 (Figure 4.1). Elements 4 and 7 were assumed rigid so that the
finite dimension of girder elements 5 and 6 would be modeled properly and

the hinges would be formed at node points 4 and 8, which are at the interface

of the girder and columns.

Three values of the yield moment for the columns were used. The first value
was based on the AC! formulas assuming the yielding of tension steel and was
computed to be 45 kip-in. A second value was chosen to be 38 kip-in. from a
computed moment-curvature relationship,“:* as shown in Figure 4.3. A third
value for the yield moment was based on static test results“*l: this was

equal to 31.9 kip-in.

The moment of inertia for the columns was determined bv equating secant
stiffness at the yield point of the experimental PA curve (Figure 4.4) to
the stiffness of the idealized frame. This resulted in a column moment of
inertia of 8.7 in." (Figure 4.5). The cracked moment of inertia was com-
puted to be 38.3 in."* (Figure 4.5).

To assign a value for damping is always a problem in structural analysis;
judgment and experience are relied on to obtain a2 reasonable number. In this
study, no attempt has been made to look at damping in detail because it con-
stitutes a major area of research in its own right. Rather, m.dal damping to

be input into the system is assumed as some fraction of the critica! value.

-~ -
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in DRAIN-2D, two parameters, a and B, need to be specified. These are de-
termined from the relationships presented in Figure 4.6.

In this study, a and £ were taken to be 1.166 and 0.00008. For the first

two structural modes (7; = 0.1086 sec and T, = 0.0588 sec), this provides
1.2% and 1,0% damping, respectively., These values were considered adequate
because the Illinois study“+! indicated good correlation at 1% damping. A
strain-hardening slope coefficient of 1.3% obtained from the moment-curvature

relationship of Figure 4.3 was used.

The behavior of reinforced concrete members under flexural load reversals,
with or without axial loads, has been the subject of many studies. Takeda™*"
proposed a complicated hysteresis model on the basis of experimental
observation of a number of reinforced concrete frame structures subjected to
dynamic tests to failure. This model has been incorporated into DRAIN-2D.
This is essential!ly a degrading-stiffness model with increasing cycles of

loading.

During experimental investigations, this structure was subject to a base
motion simulating a modified version of the N21E component of the 1952

Taft record. To excite the test frame into the inelastic range, the origi-
nal record was scaled. Accelerations were amplified, to a peak value of

229, and the time axis was compressed. The modified time-history is pre-
sented in Figure 4.7. The time history input into DRAIN-2D analyses for the
curren. study is aiso presented in Figure 4.7. Although the same scale
factors were used, the two records do not match completely. Tha Illinois
record seems to have some high frequency noise; however, because the patterns

of both records were similar, similar structural responses were expected.

Table 4.2 summarizes the results of the various DRAIN-2D runs. The main
parameter varied was the column yield moment: 45.0, 38.0, and 31.9 kip-in.
No yielding occurred with a column yield moment of 45.0 kip-in. Yialding
occur red, and plastic hinges were formed at the top and the base of the col-
umn, for runs with column yield moments of 38.0 and 31.9 kip-in. The duc-
tility ratios for these yield moments were computed to be 2.94 and 3.78,
respectively. The experimental ductility was 3.94. The ductility ratio was

-
Y -~

s
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computed as the ratio of the maximum lateral displacement at the roof to the
lateral displacement at first yield.

The roof displacement time histories are presented in Figure 4.8 for the
analyses with column yield moments of 38.0 kip-in., 31.9 kip=in., and the
experimentally obtained response. The computed time histories indicate
trends similar to the experimental data; the model with a yield moment of
31.9 kip-in. shows better correspondence with the experimental record. Dis-
crepancies occur mainly in the amplitudes of the displacements and may be
partly due to the dissimilarities in the input time histories.

The analyses also indicate that the results are rather sensitive to one in-
put parameter: yield moment of the columns. For a structure with more re-

dundancies, such sensitivity to a single parameter is not expected.

4.3 L-Story Reinforced Concrete Planar Frame

The 4-story reinforced concrete frame used in this analysis is identical to the

one-longitudinal frame of a full-scale, 4-story test structure that was built
in 1964 at the U.S. Department of Energy's Nevada Test Site. A detailed de-
scription of th!s structure is given in Section 3.3.

Figure 4.9 presents the mathematical model used for the DRAIN-2D analysis.
The model consisted of beam-column elements. The mass assigned to each node
is listed in Table 4.3. Beam-column flexural stiffnesses (i.e., moments of
inertia) are presented in Table 4.4; computation of moments of inertia was
hased on the assumption of cracked sections. The yield moments are also pre-
sented in Table 4.4, These were based on first yielding in tension steel of

the section. Sample calculations for the column properties are presented in
Figure 4.10.

A linear analysis of the model was performed with the SAPIV computer pro-
gram. The computed fundamental period, 0.48 sec, compares well with the
measured fundamental period (0.55 sec) prior to major yielding and struc-
tural damage. Hence, the model appears to be an adequate representation of

the pre-yield response of the structure.

o
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For the nonlinear analysis, the program DRAIN-2D was used. Beam-column ele~
ments with degrading-stiffness hysteretic behavior under cyclic loading were

used.

Input for the seismic excitation was obtained from 2 synthetic time history
(Figure 4.11) obtained from NRC Regulatory Guide 1.60 response spectra (Fig=
ure 4.12). The response spectra from the synthetic time history show good
correspondence with the NRC spectra at 2% and 5% damping (Figures 4.13 and
4.14). Two separate analyses, one using a peak ground acceleration of 0.5qg
and another with 1.0g acceleration, were conducted. Three damping values

for the structure were specified: 2%, 4%, and 5% of critical.

The results for the six analyses are presented in Table 4.5. These indicate
ductility ratios of approximately 2 and 4 at input acceleration levels of
0.5g and 1.0g, respectively. The ductility ratio at a particular accelera-
tion level decreases with damping. The plastic hinges seemed to be forming
at about 1.0 sec at column joints at the first-, second-, and third-floor
levels for 1.0g input acceleration. Plastic hinges at the roof level seemed
to be forming at around 6.5 sec. For the 0.5g input acceleration, no plas-

tic hinges formed at the roof level.

k.4 2-Story Reinforced Concrete Shear Wall

Details of the 2-story, one-bay reinforced concrete shear wall structure are
presented in Section 3.4. The mathematical model used for DRAIN-2D analysis
is presented in Figure 4.15. This model consists of column elements 1, 3,
7, and 9; beam elements 5, 10, and 11; rigid links 2, 4, 6, and 8; and panel
elements 1p and 2p. The column elements represent edgemember-; the panel
elements represent the shear walls. The beam elements represent the slabs
at the floor levels. Rigid links are provided to correctly specify the

masses at the centers of mass. The nodal coordinates and the masses are

presented in Table 4.6.

The nonlinear analysis was conducted using the DRAIN-2D program. The input
motion used was the synthetic time history (Figure 4.11) generated from the
NRC Regulatory Guide 1.60 response spectra, normalized to 0.2q peak ground

acceleration. Damping specified for the structure was 5% of critical.
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The results of the analysis are presented in Figure 4.16. Ductility ratios
of 12 and 7 were obtained at the first and second level. The bottom panel
yielded at 0.94 sec; the top panel yielded at 5.90 sec. The maximum deflec-
tion at both levels occurred at 10.34 sec with format'on of hinges at the

column joints at level 1.

4.5 Three-Dimensional 4-Story Reinforced Concrete Frame

,The structure used for this analys.s is shown in Figure 4.17. The longitu-

dinal frames are the same as those shown in Figure 4.9 and used for the
planar-frame analysis. The stiffness and dimensions of the members in frame
IT were increased in order to develop a nonsymmetrical <“ree-dimensional
model .

The structure was first analyzed using a linear elastic program called
TABS"+5 to determine the fundamental period. All horizortal inertial masses
were assumed to be lumped at the diaphragms, as shown in Table L.7. The
moments of inertia of the column elements were computed assuming gross, un-
crached sections; beam elements were assumed to have cracked. The first two
periods from the TABS analysis were 0.452 sec and 0.411 sec. These values
were used to compute damping coefficients for the nonlinear analysis. Both

2% and 4% of critical damping ‘are considered.

Nonlinear analysis of the model was performed with the program DRAIN-TABS":€
using a synthetic time history (Figure 4.11) that corresponds to NRC Regula-
tory Guide 1.60 spectra normalized to the peak ground acceleration of 1.0q.
Yield moments were computed assuming first yielding of the wensile steel.
Figure 4.18 presents the lateral displacements at various floor levels.
Frame II, being stiffer, shows less displacement than frame I. Displace~

ments are also higher for the analysis at 2% structural damping.
Table 4.8 presents the ductilities at various floor levels. Again, the 2%-

damped model shows slightly higher ductility ratios for the same excitation
when compared to the 4%-damped model.
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TABLE 4.1

1-5TORY, ONE-BAY REINFORCED CONCRETE FRAME :

LUMPED MASSES

Nede Point

Lumpec Mass
(1b-sec?/in.)

W o N OO B W N e

[ SEE—
-0

0.024
0.049
0.049
0.024
0.166
10.680
0.166
0.024
0.049
0.049
0.024
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TABLE 4.2

1-STORY, ONE-BAY REINFORCED CONCRETE FRAME:

SUMMARY OF QCSULTS

DRAIN-2D Resu]ts Experimental Results
Colimin Max imum Yield Maximum Yield
Yield Moment Deflection Deflection Deflection Deflection
(kip=in.) (in.) (in.) Ductility (in.) (in.) Ductility
No No No
45.0 Yielding Yielding Yielding 0.615 0.165 3.94
39.0 0.435 0.148 2.94 0.615 0.165 3.54
31.9 0.501 0.133 3.78 0.615 0.165 3.94
Note:
[column = 10.4 in.“
Damping = 1%

Slope Coefficient = 1.3%
Takeda Model for Degrading Stiffness

L
™ 3

O

L)

=N

o
~

Ductility, u =

maximum deflection

yield deflection



TABLE 4.3
4-STORY STRUCTURE:
NODE_WEIGHTS, MASSES, AND INERTIAS

Mass Moment

Weight, = and y Mass, x and of Inertia

Node (1b) (lb-seczlin.g (1b-sec2-in.)
1 1,050.0 2.72 704.7
2 1,050.0 2.72 704.7
3 2,100.0 5.43 1,409.0
4 2,100.0 5.43 1,409.0
5 10,087.0 26.11 18,409.0
6 10,087.0 26.11 18,409.0
7 2,100.0 5.43 1,409.0
8 2,100.0 5.43 1,409.0
9 10,087.0 26.11 156,409.0
10 10,087.0 26.11 18,409.0
11 2,100.0 5.43 1,409.0
12 2,100.0 5.43 1,409.0
13 10,087.0 26.11 18,409.0
14 10,087.0 26.11 18,409.0
15 2,100.0 5.43 1,408.0
16 2,100.0 5.43 1,409.0
17 9,037.5 23.39 17,704.0
18 9,037.5 23.39 17,704.0
19 12,242.0 31.68 33,997.0
20 12,242.0 31.68 33,997.0
21 12,242.0 31.68 33,997.0
22 12,242.0 31.68 33,997.0

228 (3175
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MOMENTS OF INERTIA AND YIELD MOMENTS

TABLE 4.4
4-STORY FRAME:

I;o s ‘r;eg +My -My

Member (in. ) (in. ) (kip-in.) (kip-in.)
Column 4,778 4,778 1,500 1,500
Second 1,484 1,770 1,242 1,567

Floor

Beam
Third 1,482 1,670 1,243 1,458
Floor

Beam

Fourth 1,220 1,479 976 1,248

Floor

Beam

Roof 1,218 11,294 977 1,069
Beam

*Gross section is used for moment of inertia calculation

in columns; cracked section is used in the beams.

Note:
f'c

Ty

4.5 ksi
50 ksi

E,6 = 4 x 103 ksi
Ea = 29 x 103 ksi
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4-STORY FRAME:

TABLE 4.5

SUMMARY OF RESULTS

Ground | Yield Element Yield Element Yield Element Yield Element Yield Element ' Maximum Top | Yield Top
Acceleration | Damping [} 0 709 923 Deflection  Deflection | Ductility
(9) | (%) [Yime [Node PoTnt |Time [Node Point | Time nt | Time int " Yime [Node Point (in.) (in.) v

i 02 9 13 NA 7 (e 1’6;7 7% .
: 2 : . 1.0 e 1 7 i %3
r__1:) ‘ _jvel 1 j1.02 | 5 1 . _ sec)| 1 % |
| 716
1.0 4 i 1.00 1 1.03 5 1.01 9 1.02 13 6.54 7 (® 9.02 sec) 1.69 a2
et Yrome-mmermanery T +
| | 6.80
1.0 5 106 1 1.03 (1 1.02 K 1.03 13 6.5 17 (® 9.01 sec) 1.65 412
jL e T s Sl e T
‘ l | 3.3
0.8 | 2 |17 1 17 5 1.28 9 1.81 13 NY® oa ® 10.67 sec) 1.53 .17
+ SRR S ! T
| J : 2.9¢
0.5 @ |1 ] 1.78 5 .29 9 po.ss 13 Nye -~ [#10.6] sec) 1.41 2.09
. o T o n 1 - 1 ‘7._1# 2". =
0.5 s L] 8.90 5 ln.n 9 hoss 1 Nre - [910.60 sec)| 189 1.75
*No yield

SR amana _ o
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TABLE 4.6
2-STORY SHEAR WALL:

COORDINATES AND MASSES

{ Node x Y Lu nped Weight Mass
| Point Coordinate Coordinate (kip) (kip-sec?/in.)
! 1 0 0 0 0
1 2 0 37.5 118.75 0.307
| 3 0 43.5 118.75 0.307
: 4 0 81.0 0 0
| 3 0 84.0 237.50 0.614
| 6 67.0 84.0 237.50 0.614
; 7 67.0 81.0 c 0
8 67.0 43.5 118.75 0.307
9 67.0 37.5 118.75 0.307
10 67.0 0 0 0
=~
J7Z ys
} Z8 { ?8
85
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TABLE 4.7

4-STORY _TORSION MODEL:

INPUT PROPERTIES

86

Properties Lumped at Diaphragms
Center of Mass Rotational
- i Mass Weight Inertia
Lev . X, in. Y, in. (kip-sec?/in.) (kip) (kip-sec?-in.)
Roof r~120.0 74.59 0.087 33.66 855.4
4 120.0 75.15 0.099 38.31 1,090.9
3 120.0 75.15 0.099 38.31 1,090.9
2 120.0 75.15 0.099 38.31 1,090.9
% s - —— |
Member Properties
A Av I +M9 -ML
Frame Member (in.2) (in.?) (in.%) (kip=in.) (kip=in.)
Column I 224.0 187.0 3,659 1,500 -1,500
Beam-Roof 240.0 200.0 2,500 977 -1,069
I 4 240.0 200.0 2,500 976 -1,248
3 240.0 200.0 2,950 1,243 -1,458
2 240.0 200.0 2,950 1,242 -1,567
Column II 272.25 227.0 6,177 1,895 -1,895
Beam-Roof 280.50 234.0 3,405 1,267 -1,260
il 4 280.50 234.0 3,405 1,267 -1,280
3 280.50 234.0 4,092 1,590 -1,755
2 280.50 234.0 4,092 1,590 -1,870
Column I 224,00 187.0 4,779 1,180 -1,180
I 272.25 227.0 6,177 1,562 -1,562
111 & IV Beam-Roof 168.00 140.0 2,550 544 -386
4 168.00 149.0 2,550 544 -661
3 168.00 140.0 2,695 712 -629
2 168.00 140.0 2,695 712 -930
228 U097




TABLE 4.8

4-STORY TORSION STRUCTURE:

SUMMARY OF DUCTILITY RESULTS

87

Time of
Damping A Max imum A Time of
(%) Le max Displacement yield First Yield Ductility*, u
Roof 7.668 9.02 1.593 0.99 4.81
5 4 5.946 9.03 1.265 0.99 4.70
3 3.939 9.05 0.797 0.99 4.94
2 1.849 9.06 0.298 0.99 6.20
Roof 6.812 9.01 1.495 0.99 4.56
2 4 5.376 9.01 1.198 0.99 4.49
3 3.582 9.02 0.168 0.99 4.66
2 1.670 9.03 0.291 0.99 5.74
Maximum Diaphragm Deflection
F Diaphragm Deflection at First Yield
=~ n . -
/3 10U
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MATERIAL PROPERTIES !

E = 3.82x%x10¢ ps
2 = 0,8
SECTION PROPERTIES
COLUMNS AXIAL AREA = 25.00 IN®

SHEAR AREA = 20,83 IN®

MOMENT OF INERTIA = 52.08 IN®

AREAaMmS AXI1AL AREA = 50.00 IN?

SHEAR ARGA= 41.67 IN®

MOMENT OF INERTIQ = 106.17 IN?

MATERIAL AN SECTION PROPERTIES USER
ROR LINGAR ANALYS!IS OF ONG-STORY_ FRAME

9

L

228 102

NRC/ NONLIN EIGURE 4.2
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(a) CRACKED JECTION 5"

A; = 0.22 N2 - o

n = /5 0 ( (P-1)As

nAg= 3.2 N8 v i"‘m

(R=1)As=z 3.08 /N2 b3
WY X

£AG:=0 5Kk(5-)*3.08(k-0.5)=3.3(45-k)

K= /)59
[4
Ly

= 2 55‘7) +3.08 (.59-0.5)%+3.3(4.5-/.59)°

= 38.3/NY

(k) AT YiELD JAN
ASSUME BEAM TO BE RIGIN i
VKA K= _2_4___!! Y. VSIS -y =3
Ld f ;
FROM ILINOIS TEST RESULTS (F16.4.4) / N
K= 39/ LB/IN. 1 ]
€ = 3.3x/70°pPy £ A% e 77—
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MOMENT OF INERTIA CALCULATIONS FOR
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(e s XM pln] —-—~====—= (4.1)

_ ¢ (Tid- Tene) (4.2)

TeT (Tyni=TiAj)
'y (TJ‘-T;_Z)

&L Te AT
y o -+ NP U ——
A: . XL, T
' J am 7 (¢.5)

WHERE, o = MASS PROPORTIONAL RUMPING COERE/CIENT
A =2 STIFENESS PROPORTIONAL DAMPING COSRRICIENT
[M],[e] [K] = MaSS, PAMPING AND STIRENESS MATRICES
7(, T, = STRUCTURE PERIODS IN L § JTh MODES

A;,A; = STRUCTURE DAMPING IN ¢ § /% MORES

'™ o -
JZ8 1N«
& \J / LID

RAMPING COEFRFICIENTS FCR INRUT.- TO
DRAIN=- 2R MONREL OF ONESTORY FRAME

NRC/NONCIN FIGURE 4.6
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Xy = 2.90 IN.

101. 93

/15.1©0
117 683 s T

Cs (rr.1e5-2.9¢)+ ¢, (12125 - 52 )
1242 KI®«IN.

€, = 0082 Ce = €, Ec?,"‘g (16)
€ = .Cc020 C, = (E,-€¢) €54,

My

My
4
Icr -‘-'3—"— + Ad?

4%

e -

S —————

(n-)As=18.75 P o

390
a

o 4
” A}‘/G.’?

JIMILAR CALCULATIONS FOR TENSION ON TomP GAVE

Xg = 4,30 IN.
My = /5@ KIPIN
Lepz1709.5 /N4

"

JAMPLE CALCULATIONS FOR BEAM PROPERTIES (CONT)
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FIGURE 4./0b
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5. COMPARISON OF SIMPLIFIED AND RIGOROUS ANALYSIS RESULTS AND
RECOMMENDATION OF A SIMPLIFIED NONLINEAR ANALYSIS METHOD
FOR CATEGORY I NUCLEAR POWER PLANT STRUCTURES

5.1 Comparison and Recommendation

The previous chapters described rigorous and simplified nonlinear analyses

of fcur hypothetical structures. A comparison of the results from the two
types of analyses is presented in Table 5.1. In most of the cases consid-
ered, ductility factors predicted using the Modified Substitute Structure
Method and the Approximate Inelastic Response Method (AiRM) were greater than
those obtained from the rigorous analysis. For this reason, both methods were
eliminated from consideration. Ductility factors obtained using the Elasto-
Plastic €, “~trum Method (EPSM) and those obtained from the Reserve Energy
Technique (RET) are in close agreement with each other and with the results
from the rigorous analysis. This suggests that the RET and the EPSM are
equally suitable for simplified analysis of Category I nuclear power plant

structures. The RET is recommended for several reasons:

@ The RET involves a more detailed structural analy-
sis than is required by the EPSM. This is advanta-
geous because a detailed analysis is likely to iden-
tify critical weak or nonductile structural members
that might otherwise go unnoticed.

. The RET considers all types of nonlinear behavior
whereas the EPSM is appropriate only for elasto-
plastic structures.

@ The RET predicts ductility factors for various
parts of structures (maximum values are shown in
Table 5.1) whereas the EPSM predicts a single value
for the entire structure.

e The RET was developed for the analysis, design, and
evaluation of nonlinear response whereas the EPSM
was originally intended exclusively for design.

For this reason, the basic formulation of the RET
if more suitable for analysis of structures.

Hence, the RET is recommended for the simplified nonlinear analysis of Cate-
gory | structures because it gives sufficiently azcurate results &nd also
because it is capable of providing detailed nonlinear re<ponse information

for a wide variety of structures.
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5.2 Theoretical Background, Mathematical Formulation, and Basic Assumptions
of the RETS-1"5.»

The theoretical background for the RET is taken from a basic law of physics:
the conservation of energy. |In this case, energy supplied by a dynamic dis-
turbance must be balanced by the energy dissipated within the structure plus

the energy radiated away from the structure. The energy balance equation
may be written as follows:

B, = Ep+Eg (5.1)
or:

ED = EI - ER (5.2)
where:

EI = energy input by a dynamic disturbance

ED = energy dissipated by the structure

ER = energy radiated away from the structure
ED is the quantity of interest because it determines structural behavior and

response. The underlying theoretical principle of the RET is that structures
will respond dynamically in a manner that satisfies Equation (5.2).

Using state-of-the-art time-series methods of analysis, it is thec-etically
possible to perform rigorous energy balance calculations. However, because
their accuracy is currently limited by the lack of precise knowledge con-
cerning the dissipation and radiation of energy, such calculations are not
yet practical. Even so, the energy balance concept remains extremely useful
as a tool for the prediction of nonlinear structural response. The RET was
developed to take advantage of this principle while avoiding lengthy, and
possibly imprecise, rigorous calculations. Several approximations and

assumptions are used to accomplish this, as outlined below.

The term EI - ER from Equation (5.2) is the energy demand, or the net energy
affecting the structure. Linear elastic behavior is assumed in the demand

calculations. The energy capacity of a structure (its capacity to dissipate

™o

28 |

(&
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energy) Is a function of the response; usually, greater response implies
greater energy dissipation. The nonlinear response characteristics of a

structure are reflected in its energy capacity.

Both demand and capacity calculations are based on a force-deflection dia-
gram. An illustrative example is shown in Figure 5.1. An example single-~
degree-of -freedom system, consisting of a mass, m, and an elasto-plastic
spring, is shown in Figure 5.1a. The force-deflection characteristics of the
spring are shown in Figure 5.1b. The yield point is identified as the point
corresponding to the force = Vé and the deflection = Ay. For forces less
than Vé. the spri~.g has a constant stiffness, K. Note that X is equal to
the ratio Vulc .  The elastic period of vibration, 7, of the single degree

of freedor is computed as follows:

T = 2w\/§ (5.3)

The force-deflection diagram of Figure 5.1b is elasto-plastic, and a force
greater than VQ cannot be developed. (Deflections greater than Au can occur
without additional resistance.) The effective linear stiffness of the plas-
tic response is defined as ¥, and this is equal to the ratio VQ/A' where A
is any deflection greater tian Au' The effective period of the nonlinear

response is computed as follicws:

(5.4)

»N
lj\ax

T =

The demand is calculated as the area under the force-deflection curve, assum-
ing the system remains elastic. For example, assume that the single-degree-
of-freedom system is subjected to a peak acceleration, a. The corresponding

force in the spring, assuming elastic response, is computed as fo! lows:

V = ma (5.5)
The energy demand is:

V2
- (5.6)

N =

Energy Demand =
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Hence, the demand is calculated on the fictitious assumption of elastic
behavior. The capacity is calculated as the area under the actual (in this
case, elasto-plastic) force-deflection diagram. The energy capacity for a
given deflection A is computed as follows:

Energy Capacity = %'VQAy + Vy(A - Ay) (5.7)

where:

Vy = yreld level shear force
Ay = yield level deflection
A

= maximum deflection
Equating demand and capacity gives the following results:

1V 1

The ductility factor is defined as u = A/Ay. Equation (5.8) can be rewritten
as follows:

72
" LAyt va -2 (5.9)

vy Y

Substituting the ratio Vé/ﬁ for Ay and solving for u gives the following:

+% (5.10)

J'?L

N
W 27

4

The ductility factor, u = A/Ay. is the result of an RET analysis. This quan-

tity pr ‘id=s a measure of the nonlinear response.

The foregoing example for an elasto-plastic single-degree-of-freedom system
can be easily generali.ed to multistory structures with various types of
force-deformation relationships. For a multistory applicaticn, the RET cal-

culates a ductility factor, Wi for each story, 4» on the basis of the dynamic
story shear, ng:

)
¥
!
§
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N

2. "y

C

. b N-1 j

DV T (1 + 3550 S 4 (5.11)
20 "
1
where:

Cb = fundamental mode dynamic base shear coefficient
S, = spectral acceleration (g)

N = total number of stories
W, = total dynamic weight (kip)

b
‘j = fundamental mode-shape deflection for story J
mj = dynamic mass ‘or story J

The expression for the story ductility, u_., is similar to Equation (5.10):

P.al(pv.)?

U, =
2(V .
Y

* (5.12)

LY
|-

where:
u. = ductility factor for story J
P. = ratio of effective energy-absorption capacity in

J story j to the sum of same for that story plus
all superimposed stories

a = a factor to convert elasto-plastic to bilinear
softening values

vé, = yield shear or yield force of story j (kip)
J

The ratio cb/sa in Equction (5.11) is called the modal weight ratio; this
term is a conc<tant, depending on the fundamental mode shape and the distri-

bution of mass. The term:

o
M
O
)
e
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Is introduced to account approximately for the effect of higher modes of
vibration, which are otherwise ignored in this analysis. Thus, the first
terms on the right side of Equation (5.11), i.e.,:

e
b N-1 |
7 0+ 750 S |
= |
i
are equal to the approximate multimode base shear. The final term in .S

equation, the ratio of the sum of mass times mode-shape deflections, is a
factor that distributes the total base shear to the various stories. This
is similar in principle to the shear distribution adopted by the Umiform
Building Code.

A ductility factor may be predicted for each story us! y Equation (5.12).
This equation is based on energy considerations of a single-degree-of-
freedom system; the tern Pj is a factor that accounts for the effective
energy-absorption capacity of 2 single story of a multistory structure. The
equation for story ductility was also based on elasto-plastic conditions,
and the term a is introduced to .ccount for other types of force-deformation
relationships:

a = ‘%ZT‘ (5.13)

where:

f4) = the area under an elasto-plastic force-
deflection curve up to a deflection &

A(2) = the area under the actual ferce~deflection
curve up to the deflection 2

The factor a may be a function of 4; however, for practical force-deflection
curves, it is a constant. Appendix B gives more specific information on the

factors a and F} and on the calculation of story ductilities.

For many types of dynamic loads, the story accelerations (and also the story
shears and cemand energie-) depena on the period of vibration. The RET re-

quires thit the effective period of the nonlinqar\éesponse be used in the
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calculation of demand energy. By manij.iating Equations {(5.4) and (5.5),
the effective nonlinear period can be expressed as follows:

T = IVK/K' (5.14)

where:
T' = effect’~ nonlinear period
T = linear elastic period
K = linear elastic stiffness

K' = effective nonlinear stiffness

For simplicity, the ratic of K/K' for the first story may be used to calcu-
late T'.

Note that X' and T' depend on the peak deflection (see Figure 5.1b) and that
this quantity is not known at the start of an RET analysis. Hence, it is

necessary to perform iterative calculations as follows:

(1) Calculate the demand from the initia’ elastic
stiffness, X, and period, T.

(2) Evaluate Equation (5.12) for the ductility.

(3) Calculate the peak displacement, & = us,, and
evaluate the effective nonlinear stiffness.

(4) Calculate the effective nonlinear period.

(5) Calculate the demand from the effective nonlinear
stiffrness, X', and period, T'.

(6) Repeat steps 2 through 5 until the sa.2 ductility
is calculated on two successive cycles. Note that,
due to the various assumptions and approximations
of RET analysis, convergence of u to only one, or
at most two, significant figures is required.

Examples of ‘these iterative calculations are given in the section dealing

with analysis of the benchmark problems.

5.3 Analytical Models and Capacity Calculations

The application of the RET requires the use of a mathematical model of the

structure being analyzed. The model is used to calculate the initial elastic
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dynamic characteristics as well as to calculate the story shears and inter-
story displacement for the initiation of inelastic action.

A mathematical model for RET analysis may be quite complex, or it may be
very simple, depending on the nature of the structure being analyzed and the
level of sophisticatior required. The accuracy of tinal results (i.e., duc-
tility) is affected by the assumptions and approximations of the model.
Generally, a stick model such as shown in Figure 5.2 is adequate. A lumped
mass, m, is included to represent the dvnamic mass of each floor, and the
spring constant, K, is the interstory stiffness: the shear required to
cause a unit deflection of one story relative to an adjacent story. The
constant X may be determined by approximate methods or by computer analysis.
Section properties used to calculate X should be representative of those
that wil! occur at or near the yield point. For reinforced concrete, this
means that moments of inertia should be based on cracked-section calculations
for beams. Columns and slabs may be considered as uncracked; however, it is
wise to verify this assumption. For nonsymmetrical buildings, a more com-
plex, three-dimensional model is usually required to model torsional effects

correctly.

An eigenvalue analysis of the model must be performed to extract the fre-
quencies and mode shapes. This may consist of a hand analysis using the
Rayleigh Method 5.8 or any one of a number of available computer routines
may be used. Only the fundamental mode properties are required for an RET
analysis; however, it is usually wise to obtain several modes and to esti-

mate the relative contribution of each to the total response.,

The n el may also be used to deterrine the story shear and displacement

that cause the initiaticn of significant nonlinear response. To do this, it
is necessary to calculate the moment and shear capacity of each element in
the story. These element capacities should be computed by conventional
methods such as those recommended by the ACI or the AISC. Element capaci-
ties are compared to the element moments and shear resulting from an analy~
sis for a unit story shear. The minimum story shear causing significant
yielding in the story can be calculated by simple ratio. The correspont ing
interstory displacement is obtained by dividing the yield shear by the inter-
story stiffness, X.
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Application of the RET also requires knowledge of the force-deflection char-
acteristics of .ne structure in the post-elastic range. Selection of one of
of the 12 cases outiined in Appendix B is usually adequate. Adopting one of
these will eliminate the need * further calculations; otherwise, addi-
tional calculations to determine the postelastic force deformations for each
story will be necessary. Such analyses may consist of a series of linear
approximations of the nonlinear response. At the end of each linear analy-
sis, members that have yielded are identified and replaced with dummy
elements having a fraction of the criginal member's stiffness. An advanta-

geous by-product of such analysis is the opportunity to identify (and correct

for design) weak or nonductile elements.

The demand calculations of the RET require an assumption concerning damping.
In general, the damping ratios recommended in NRC Regulatory Guide 1.615:5
for structures at or near the yield point may be used for an RET analysis.

However, other damping values may be used where justified.

5.4 Methods of Solution and Interpretation of Results

The analysis of a building using the RET may be performed in various ways;
all are based on the energy balance concept. The calculation sheet shown in
Ficure 5.3 is a useful tool for organizing and performing reserve-energy
calculations. A description of the input data and various calculations re-

gquired on this sheet is given in Appendix 2 aleng v th various examples.

Note that the RET does not require that the ductility of each story be cal-
culated. The number of stories that are included in the analysis is an
option. An expedient scheme for an RET analysis consists of first perform-
ing the iterative calculations for the period using only the first story,
and, after this solution converges (see section 5.2), calculating ductili-
ties in other parts of the building. This scheme avoids the unnecessary

complications that would be introduced by iterative calculations using all

the stories.

The results of the RET are ductility factors for the various stories consid-
ered in the analysis. (The ratio of peak interstory displacement to inter-
story displacement at yield is defined as the ductility factor.) The duc-

228 128

e

115



tility factor applies to the story as a whole and is not necessarily indica~
tive of the ductility demand on a given element. Note that the interpreta-
tion of the story ductility factor depends on the cricerion used to identify
=i (the initlation of inelastic response). For example, If uy = i is
assigned to an interstory displacement causing the weakest element to reach
yield, the story ductility resulting from the RET will also be the ductility
demand for the weakest element. In this case, the ductility demand for other
elements wouid be less than the story ductllity. Alternatively, a ductility
factor of 1 may ve assigned to an interstory displacement that is sufficient
*o cause yielding of severa! members. In this case, an RET analysis will re-
sult in a ductility factor indicative of the minimum ductility demand of the
members whose ylelding identified u = 1, In either case, members that do

not yield for u = 1 save ductility demands that are less than the story duc-
tility predicted by tle RET.

Load-versus-deflection diagrams for structur.s that possess a great deal of
redundancy do not generally have a definite yield point where there is a
drastic reduction in structural stiffness. For these structures, judgment is
required to establish the point where » = 1, i.e., the initiation of inelastic
action. In general, u = 1 may be assigned to a point on the load-versus-
deflection diagram that corresponds *o the overstressing of several important
structural members. The tangent stiffress at this point should be 302 to 50%
of the elastic tangent stiffness.

For structures with less redundancy, ¥ = 1 can be assioned to the overstressing
of a single major structural element inasmuch as this normally corresponds
with a drastic reduction in stiffness. Because of the general lack of redun-

dancy, this criterion for y = 1 is used in the analysis of the benchmark
problems.

From the ductlliities and correspending displacements predicted by the RET,
it is possible to calculate moments, shears, stresses, and stra:ns in struce
tural members. These calculations may be performed vy varlous methods; how-
ever, specific details are beyond the scope of RET analysis.
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The computed ductilities may be used as a criterion to judge the accepta-
bility of a structure that has been analyzed using the RET. Wwhile this
study is not intended to establish allowable or acceptable ductilitles, it

Is possible to provide some general guidelines on this subject as it per-

tains to the RET. The following factors will generally influence an allow-

able ductility criterion.

(1)

(2)

(3)

(4)

Type of Building. Buildings with redundant struc-
tural elements can be allowed a higher ductility
than those without alternative load paths. For ex-
ample, a ductiie frame might have several redundant
load paths, but this may not be the case for a shear
wall structure.

Function of Building. Noncritical buildings can be
allowed higher ductilities than critical buildings.
Category structures (the subject of this report)
are all important buildings, but certain parts of
these structures are undoubtedly more critical than
others. Various allowable ductility factors may be
assigned on this basis. The determination must
necessarily be made by others who are responsible
for the operational and safety aspects of nuclear
power plants.

Material of Construction. Structural steel is gen-
erally considered to be the most ductile material
used in nuclear power plants. Properly detailed

and carefully placed reinforced concrete may also

be quite ductile. The various types of masonry con=
struction are all considered to be less ductile than
reinforced concrete unless specially reinforced.

Type of Failure. This criterion for allowable duc-
tility is also related to material of construction.
For example, a bending failure may be quite ductile
in an under-reinforced concrete beam or a steel
beam, but failure might be sudden for bending of an
over-reinforced concrete beam. A compression fail-
ure in a steel column might be nonductile if buck-
ling occurs; however, a spiral reinforced concrete
column can exhibit considerable ductile behavior.
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There has been a considerable amount of research on the extent of

ductile behavior that can be safely allowed.5-?» 5:7°5:13 | tarstory

or total displacement ductility factors between 2 and 8 have been
sustained by conventional structures without loss of structural integrity;
however, these tests were generally inconclusive regarding the details

of structural performance associated with a given displacement ductility
factor. Hence, the following ductility criteria are established with
concern for overall structural integrity, and details such as cracking,

spalling, and permanent set are not given specific consideration.

General guidelines for allowable ductilities for Category I nuclear power
plant structures may be presented as shown in Tables 5.2 and 5.3. Table 5.2
applies to buildings that resist lateral forces through frame action; Table
5.3 is for shear wall structures. Each table lists acceptable and unaccept-
able ductility factors for various performance criteria. A structure may

be considered acceptable if an RET analysis results in values less than or
equal to those presented in the "acceptable ductility" column. A structure
with ductility factors equal to or greater than those shown in the '"‘unac-
ceptable ductility'" column should be considered unacceptable., A detailed
analysis is generally necessary to demonstrate the adequacy of structures
whose RET ductility factors are between the acceptable and unacceptable

values.

Performance criteria listed in the tables consist of safe shutdown and non-
collapse. The function of a building determines which of the performance
criteria must be satisfied. For example, certain noncritical buildings may
be required only to remain standing after a severe earthquake. In this
case, the noncollapse performance criterion would apply. Other buildings
or elements are required tc provide containment or safe shutdown of the

plant; hence, more restrictive ductilities would apply.

Note that the values presented in Tables 5.2 and 5.3 are only general guide-
lines. The ductility criterion used for a specific building may differ,
depending upon the degree of redundancy, the presence or absence of brittle
elemeiits, and the material of construction. Following an RET analysis of a
specific structure, it is wise to take a critical look at the building to
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identify the elements that have failed or have been severely damaged. |Is
there a safe-load path remaining to transfer lateral forces to the ground?
If not, the building is unacceptable regardless of the computed ductility.
In such cases, the building should be redesigned or otherwise strengthened.
These considerations, in addition to the ductility criteria presented in
Tables 5.2 and 5.3, must be included in evaluating the results of an RET

analysis.

The energy balance concepts of the RET appear useful for analyzing a broad
range of structural problems and thus has little limitation in applicability.
However, a successful RET analysis requires careful selection of modeling
parameters, calculation of structural capacity, calculation of demand, spe-
cification of inelastic behavior characteristics, and interpretaticn of re-
sults. The lack of adequate consideration of these factors will limit the
applicability of an RET analysis. The degree of care reflected in the
analysis presented in this report will generally ensure reliable results

at least within the range of the acceptable ductility factors listed in
Tables 5.2 and 5.3.
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COMFARISON OF RIGOROUS AND SIMPLIFIED RESULTS

TABLE 5.1

1-Story Frame 4-Story Frame
Tat (2.29)  WRC(1.0g)|
Input Input 0.5g Input 1.0g Input
Rigorous Analysis w4 v = LS Rigorous Analysis ne2 u=4
Simplified Analysis Simplified Analysis
Elasto-Plastic Spectrum Elasto-Plastic Spectrum
Method u=35 w=1.5 Method ue=2 u=4
Modified Substitute Modified Substitute:
Structure Method =40 w=56.0 Structure Method v=4 pe= 14
Reserve Energy ' Reserve Energy
Technique ' w =36 w=1.2 i Technique we2 u=4d
Approximate Inelastic Approximate Inelastic
l w = 9.0 =11 Response Method l v =4 ue=l3

Response Method

2-Story Shear

Wall (0.2g Input)

Rigorous Analysis

Simplified Analysis

Elasto-Plastic Spectrum
Method

Modified Substitute
Structure Method

keserve [nergy
Technique

Approximate Inelastic
Response Method

[

uw= 12

=17

60 (collapse)

=
u

u=38

200 (collapse)

=
L

Torsion Building (1.0g Input)

T

Rigorous Analysis

Simplified Analysis
Elasto-Plastic Spectrum
Method

Modified Substitute
Structure Method

Reserve Energy
Technique

Approximate Inelastic
Response Method

|

|

e

v=10

= §

pe= 16
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TABLE 5.2

ALLOWABLE DUCTILITIES AND LIMITS OF APPLICABILITY

FOR REINFORCED CONCRETE MOMENT-RESISTING FRAME BUILDINGS

Performance Acceptable Unacceptable
Criteria Ductility Ductility
Noncollapse 5 10
Safe Shutdown 2 6
TABLE 5.3

ALLOWABLE DUCTILITIES AND LIMITS OF APPLICABILITY

FOR REINFORCED CONCRETE SHEAR WALL BUILDINGS

123

Performance Acceptable Unacceptable
Criteria Ductility Ductility
Noncollaps?2 4 7
Safe Shutdown 2 4
5(‘3
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&. BENCHMARK PROBLEMS

6.1 Introduction

For the preparation of the benchmark problems, structural details of nine

nuclear power plants, built in the United States over the past der ade, were
considered. The following general conclusions regarding the main structural
features of the buildings of nuclear power plants were drawn as a result of

this study.

6.1.1 Turbine Building. The turbine building is a large rectancular build-
ing, typically 150 ft by 300 ft in plan. It has a mixed type of lateral-
force-resisting system. A steel frame system, usually braced, supports a

large overhead crane. A reinforced concrete shear wall/diaphragm system sup-

ports the two to three working floors. The turbine support system, made of
massive reinforced concrete frames, is isolated from the building ctiructural
syste~. The foundation is of the mat type. Figure 6.1 nresents the lateral-
force ‘sting system, composed of reinforced concrete shear walls and
braced steel frames, of a hypothetical turbine building. Figure 6.2 is the
proposed benchmark model of one bay of this wall, with the typical dimensions

as shown.

6.1.2 Auxiliary Building. The auxiliary building is a reinforced concrete

shear wall/diaphragm structure, usually rectangular or L-shaped in plan,
with overall dimensions of about 200 ft by 100 ft. There are usually three
to six working floors for various functions. The foundation is usually of
the mat type. The shear walls and diaphragms are uniformly ~2inforced with
about 0.3% to 0.5% reinforcement. The walls are up to 3-1/2 ft thick. Fig-
ure 6.3 shows the plan of a hypothetical auxiliary Luilding. The builuing
surrounds the containment buiiding on two sides, giving it an L-shaped
appearance in plan. Figures 6.4 and 6.5 show typical sections through the
building. The structure has shear walls of different aspect ratios varying
from 1:2 (height:width) to 1:4. Figure 6.6 shows very simplified lumped-
mass models used for dynamic analysis of these complex structures. For the
benchmark problem, it was decided to choose a model that represents the

auxiliary building more completely (see Figure 6.7). The shear walls are

9
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24 in. thick, and the diaphragms are 30 in. thick. The shear walls are
assumed to have 0.5% reinforcement uniformly distributed on both faces.

6.1.3 Containment Building. A reinforced concrete cylindrical shell build-
ing topped by a hemispherical dome usually houses the nuclear reactor and
provides containment. The buiiding is usually about 150 ft in diameter and

about 200 ft high (Figure 6.8). A massive reinforced concrete mat provides
the foundation. The cylindrical reinforced concrete shell is about 30 in.

te 42 in. thick and has about 3% to 6% reinfurcement placed uniformly in

both longitudinal and hoop directions. This structure may be modeled as a
lumped-mass shear-beam structure as shown in Figure 6.8. This mode! was used

for simplified nonlinear analysis of the hypothetical containment building.

6.2 Analysis of a Turbine Building

The hypothetical turbine building structure is made up of a braced steel
frame and reinforced concrete shear panels as shown in Figure ©.2. The
benchmark analyses of a turbine building structure consisted of three par*s:
a rigorous elastic analysis, a simplified nonlinear analysis using the
Reserve Energy Technique (RET), and a rigorous nonlinear analysis. The
following paragraphs discuss each of these steps.

6.2.1 Elastic Analysis and Capacity Calculations. The main purpose of this

analysis is to predict the elastic response of the structure. A comparison
of the clastic response with the results of simplified and rigorous nonlinear
analyses will be beneficial in judging the relative merits of these analyti-
cal approaches. Elastic analyses are also performed as a prerequisite of
both the rigorous and simplified nonlinear analyses. The information ex-
tracted from these elastic analyses includes: modal frequencies, mode shapes,
participation factors, modal weight ratios, story stiffnesses, and story
shears and displacements causing the initiation of inelastic action in each
story. Note that the elastic analyses performed as a prerequisite of the
simplified and rigorous nonlinear analyses are independent of the type of
dynamic disturbance and level of force that cause nonlinear response.

The two-dimensional elastic model of the hypothetical turbine building shown
in Figure 6.9 was developed to determine ela!‘{(cdresp&»‘e’properties and to
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aid in calculating structural capacity. The masses, dimensions, and member
properties used in this model were the same as those used for rigorous non-
linear analysis of this structure (details are included in Section 6.2.3).
The hypothetical structure was presumes to have two diagonal braces at levels
6, 5, and 4. For the elastic model, it was assumed that the diagonal braces
were incapable of sustaining compressive loads. This condition was modeled
by a single member that could resist equal tensile and compressive forces.
The TABS computer program®:! was used for the elastic analysis; however,
rumerous other structural analysis programs could have been used to obtain

the same results.

Three analyses were conducted using the elastic model. The first consisted |
of an eigenvalue analysis to cbtain the mode shapes and periods of vibration.
These results are summarized in Tables 6.1 and 6.2. The latter table also

includes story masses and the calculation of participation factors, I', and

modal weight ratios, i.e., the ratio of the base shear coefficient to the spec-

tral acceleration. The data presented in Table 6,2 indicate that this structure

is somewhat unusual in that the second mode has the largest participation factor

and mcdal! weight ratio.

The second analysis using the elastic model consisted of the calculation of
the root-sum-square displacements of the various floors. These calculations
are summarized in Table 6.3. Three modes are included in this analysis;
spectral accelerations for these modes were obtained from the 5%-damped curve
of Figure 6.10. Input data for the rigorous and simplitied nonlinear analy-
sis were based on the same spectrum. This damping ratio is considered appro-
priate because the structure consists of both steel and reinforced concrete

elements,

The elastic model was also used to perform a static lateral-load analysis.
Static latecal loads proportional to the mass times the first mode shape
were applied to each story of the elastic model, and the resulting story
shears, displacements, and member forces were calculated. These results are
summarized in Tables 6.4 and 6.5. This analysis was conducted (1) to deter-
mine the interstory stiffness, which is equal to the story shear divided by

the corresponding interstory displacement, and (2) to extrapolate from these

14
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results the story shear and interstory displacement corresponding to the
initiation of Inelastic behavior in each story. The end products of this
analysis (i.e., interstory stiffness. story shear, and interstory displace-
ment) are independent of the level of lateral force applied to the model,
Lateral forces that are proportional to the mass times the first mode shape
result in deflections that are proportional to the first mode shape, which
may provide additional insight into the response of this turbine building.

Member yield capacity data for this structure are summarized in Table 6.6.
These values were obtained using provisions of the American Institute of
Steel Construction for steel members and the American Concrete Institute for
reinforced concrete. The yield stress of structural stee! was assumed to be 36
ksi. The compressive strength of concrete was taken as 4,000 psi, and 50,000
psi was used for the yield value of reinforcing steel. The capacities of
steel members are based on the yield strength, and the concrete capacities
are based on ultimate strength theory.

Also shown in Table 6.6 are tihe ratios of element capacities to the corre-
sponding moments and forces from Table 6.5. These ratios indicate the rela-
tive strength of the various members in this structure: weak members and
members with high loads have low ratios. From these data, one can con-
clude that the walls at levels 1 and 2 are the weakest members in the frame.
They will exceed their capacities when the total shears in levels 1 and 2
are approximately 77 times the shears reported in Table 6.4, and the corre-
sponding displacements will be approximately 77 times the displacements in
Table 6.4. Hence, the initiation of inelastic action for the building as a
whole occurs when the walls at levels 1 and 2 are overstressed; the corre-

sponding shears and total displacements are summarized in Table 6.7.

The shear and interstory displacement causing first yield in each story can
also be determined from the ratios listed in Table 6.6. These values, which
are the capacity Input required by the RET, are summarized in Table 6.8.
They are calculated by applying the minimum ratio found in each story to the
shear and intersto~v displacement in Table 6.4. For example, the minimum
ratio found in level 6 is 150.2 (Table 6.6). Hence, the shear and inter-
story displacement values for level 6 shown in Table 6.8 are 150.2 times the
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corresponding values in Table 6.4. The values for other levels shown in
Table 6.8 were computed in an analogous manner.

6.2.2 Analysis of a Turbine Building with the RET. The RET analysis of
the turbine building example consisted of two parts. The f’rst part concen-

trated on the first story of the structure and was principally an iterative
analysis to determine the effective inelastic period of vibration. Once this
was established, a full RET analysis was conducted, and a ductility value
was calculated for each story. Elasto-plastic shear deformation characteris-
tics were assumed for each story in both of th=se analyses.

The formulation of the REV includes rigorous consideration of only the
fundamental-mode response; a correction factor is applied to account for
higher modes, which is adequate for most buildings. However, this building
is an exception because of the importance of the higher modes relative to
the fundamental mode. The higher-mode correction factor is not sufficient
in this case, and an alternative procedure must be adopted. A logical solu-
tion is to perform the RET calculations using as many modes as needed. In
this case the lowest three modes were sufficient because the modal weight
ratios listed in Table 6.2 indicate that the combination of these modes com=
prises 96% of the total modal weight.

Iterative calculations for the periods of vibration are summarized in Figure
6.11. Note that these calculations consider three modes and only the first
story. Modal periods from the elastic analysis were used for the first cycle,
and spectral accelerations were obtained from the 5%-duamped spectral curve
shown in Figure 6.10. The spectral acceleration for each mode times the
modal weight ratio, Cb/Sa, times the total building weight is equal to the
dynamic base shear for that mode. The total dynamic base shear, DV, was ob-
tained by a root-sum-squares combination of the modal contributions. The
shear capacity of the base story is listed in Table £.7 as 911 kip. The duc-
tility calculation, from Equation (5.12) resulted in a value of 3.7 for the
first cycle of this iteration. The corresponding interstory displacement, &,
and story stiffness ¥' 6 were computed as shown in Figure 6.11. For cycle

2, the elastic periods are adjusted by the square root of the ratio of the
original elastic stiffness to the effective stiffness, x¥'. The calculations

for cycle 2 are similar to those performed for cycle 1 except that the
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spectral accelerations used for cycle 2 were obtained from the 5%-damped
spectral curve of Figure 6.10 at the adjusted periods for cycle 2.

This iteration was continued until the same ductility factor (rounded off
to the nearest whole number) wa> caiculated on two successive cycies. In
this case, the solution converges to a first-story ductility factor of 4.

The calculations of ductility factors for each story are shown in Figure
6.12. These calculations were based on the adjusted periods determined by
the iterative calculations. The dynamic story shears, DV&, were calculated
as shown in Figure 6.12 using a root-sum=-squares combination of the modal

story shear.

The last column of Figure 6,12 shows interstory ductilities, which indicate the
degree of inelastic action in each story, Ductilities foir stories 4, 5, and

6 result from tensile yielding of the diagonal braces, and the values |isted

in Figure 6.12 are considered to be acceptable for this type of inelastic
response. The ductilities calculated for stories 1, 2, and 3 are for the
reinforced concrete panels. These values are slightly above the range of
ductilities normally considered to be safe for concrete shear walls. Hence,

a rigorous nonlinear analysis would be necessary to verify the adequacy of

this structure.

The story ductilities listed in Figure 6.12 are the ratio of the maximum
interstory displacement to the interstory displacement causing inelastic
behavior in that story. A sliaghtly different definition of ductility factor
is the ratio of total story displacement to the displacement of that story
when first yield occurs anywhere in the building. The tctal displacement is
defined as the actual displacement of a story relative to the base. It is
also equal to the sum of the interstory displacements fo~ the stories beiow
the one being considered. The values in Figure 6.12 can be converted to the
latter definition of ductility, as shown in Table 6.9. The total-ductility
factors in Table 6.9 (so called because they are based on total rather than
intarstory displacement) are of interest because they can be compared to the
rigerous nonlinear analysis results of this building.
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The foregoing analysis considered the lowest three modes of vibration. To
assess the importance of the higher modes, asn RET analysis was conducted
using only the first mode; these results are summarized in Table 6.10. Note
that the higher-~ - correction factor recommended by the RET was in-

cluds « calculations. The single-mode analysis resulted in values
that are up to a factor of 2 lower than the multimode results. The conclu-
sion from this comparison is that it is very important to include the higher
modes in the analysis of this type of building.

6.2.3 Rigorous Nonlinear Analysis of a Turbine Building. The rigorous non=
linear analysis of the turbine building was based on the mathematical model

shown in Figure 6.13. Nodal geometry and lumped masses are listed in Table

6.11. The model consists of beam-column elements 1 through 24, diagonal

brace elements 1 through 6, and panel elements 1, 2, and 3.

Diagonal brace propsrties are listed in Table 6.12. The braces consist of
two 6-in. by 6-in. angles 9/16 in. thick having an area of 12.9 in.? and a
minimum radius of gyration of 1.85 in, Tensile yield strength of 36 ksi was
assumed, and a compressive strength (i.e., buckling) of 3 ksi was obtained
by applying the buck!ing criteria specified by the American Institute of
Steel Construction, Because elasto-plastic behavior was assured, the hard-

ening ratio was taken to be zero.

Reinforced concrete panel element properties are listed in Table 6.13. Con-
crete of normal weight with a compressive strength of 4,000 psi was assumed.

Strength calculations were based on the following:

Young's Modulus £ = Wwl-9 33/}"; = 3,834 ksi

Shear Modulus G = 0.4 = 1,534 ksi

The shear and moment capacities of the panels were calculated according to
the procedures outlined in Chapter 3, and the results of these calculations
are listed in Table 6.6. The ratios listed in this table indicate that the
panels fail in bending before attaining their shear capacity. These ratios
may be applied to the wall shears of Table 6.5 to calculate the wall shear
associated with bending failures. These calculations are summarized below.

I‘-
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Panel Element 1:
ratio “r moment failure = B82.4%
wal’ , ear at moment failure = B82.44 x 8.5 = 700.7 kip
shear stress = 700.7/12 x 327.25 = 0.178 ksi

Panel Element 2:
ratio for moment failure = 78.18
wall shear at moment failure = 78.18 x 9.97 = 779.5 kip
shear stress = 779.5/12 x 327.25 = 0.198 ksi

Panel Element 3:
ratio for moment failure = 77.23
wall shear at moment failure = 77.23 x 11.38 = 878.9 kip
shear stress = 878.9/22 x 327.25 = 0.122 ksi

The shear stress values are shown in Table 6.13 and were used in the non-
linear analysis. A hardening ratio of zero was assumed, resulting in elasto-

plastic response.

Properties of the beam-column elements are shown in ble 6.14. The yield
moments were based on elastic section moduli and an assumed yield stress of
36.0 ksi. The positive yield force, Pu (i.e., tension), was calculated as
the area times 36 ksi. The negative yield force was calculated from the
buckling criteria of the American Institute of Steel Construction. Yield
forces were not required input for horizontal beam-column elements because

axial forces are neglected in these members.

The time history shown in Figure 6.14 was used as input for the rigorous

nonlinear dynamic analysis. The peak acceleration of this accelerogram is
1.0g, and the response spectrum of this time history for 5% damping gener-
ally conforms to the 5%-damped curve shown in Figure 6.10. The nonlinear

structural analysis computer program DRAIN-202+6 was used in this analysis.

The qualitative aspects of the nonlinear analysis results are quite similar
to the results from the RET analysis. For example, both analyses predict
that the concrete panels in the lower three stories will be the first ele-

mencs of the structure to exceed their capacity. Both analyses also predict

134

H78 147



extreme Inelastic response in these panels. The rigorous analysis predicts
yielding in Lhe steel columns of the lower two stories. The RET analysis
predicts that the columns in stories 3 and 2 will yield and that the columns
in level 1 are within 90% of yield stress. (Conclusions concerning column
yielding are not a direct result of the RET analysis presented in Section
6.2.2. These conclusions are inferred from the peak interstory displacements
predicted by the RET.) A difference between the rigorous and simplified non-
iinear analyses is that the latter predicts yielding in the diagonal braces
while the former does not. The reason for this difference is that the RET
analysis distributes the total base shear to the various stories in accor=
dance with the original elastic model. This distribution is not realistic
because early yielding in the lower stories tends to isolate the diagonal
braces in the upper stories from extreme loads. After yielding, the lower
levels behave as so-cailed soft stories. The rigorous analysis method is
capable of recognizing and accounting for this phenomenon: however, this is
not possible with the current version of the RET. It is entirely feasible
tuat the RET could be modified to acccunt for the development of soft stories
due to irelastic action. However, this is Leyond the scope of the current

effort.

Total displacements resulting from the rigorous nonlinear analysis and the
RET are compared in Table 6.15. Also listed in the table are the displace-
ments that resulted from a rigorous elastic analysis, a multimode simplified
nonlinear analysis, and a single-mode simplified analysis. By coincidence,
the displacements from the rigorous elastic analysis closely correspond to
the results of the single-rmode simplified analysis. Both these analyses
resulted in considerably lower displacements than those of the rigorous
analysis. In the lower stories, the displacements from the elastic and
single-mode nonlinear analysis are 20% to 30% of the rigorous nonlinear
analysis results. For this reason, the former two analysis schemes are

judged to be unacceptable

In the upper three stories, the results of the multinode simplified non-
linear analysis compare favorably with the rigorous nonlinear analysis. How-
ever, in the lower stories,the simplified results are only 40% to 60% of the
rigorous analysis displacements. The main reason for the discrepancy is the
improper distribution of story shears previously discussed. However, on an
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overall basis, the displacements resulting from the multimode simplified
nonlinear analysis compare favorably with the rigorous analysis results,
Hence, the simplified analysis can be used with confidence.

6.3 Analysis of an Auxiliary Building

An auxiliary building is a massive reinforced concrete structure such as
shown in Figures 6.15 and 6.16. The building hypothesized for this example
is made up of 24-in.-thick reinforced concrete shear walls and 30-in.-thick
roof and floor slabs. The walls and slabs are bounded by reinforced concrete

beams and columns (i.e., edgenembers).

The benchmark analyses of this hypothetical auxiliary building consisted of
a rigorous elastic analysis, a simplified nonlinear analysis using the RET,
and a rigorous nonlinear analysis. Each of these is discussed in the follow-

ing paragraphs.

6.3.1 Elastic Analysis and Capacity Calculations, The main purpose of this

analysis is to predict the elastic response of the auxiliary structure. A
comparisor of the elastic response with the results =" simplified and rigor-
ous nonlinear analyses will be beneficial in judgino the relative merits of
these analytical approaches.

Elastic analyses are also performed as a prerequisite of both the rigorous
and the simplified nonlinear analyses. Information extracted from these
elastic analyses includes: periods of vibration, mode shapes, participation
factors, modal weight ratios, elastic stiffnesses, and the shears and inter-
story displacements that cause the onset of inelastic response in each story.
The masses, dimensions, and elastic member properties used in the elastic
model were the same as those used for the rigorous nonlinear analysis of
this structure (details are provided in Section 6.3.3). The TABS ®*! com-
puter program was used for the elastic analysis; however, numerous other
structural analysis computer programs could have been used to obtain the
same results,

Three analyses were conducted using the elastic model. The first consisted

of an eigenvalue analysis to obtain the mode shapes and periods of vibration.
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These results are summarized for the lowest three modes in Tables 6,16 and
6.17. The first two modes of this structure involve rotation and y transla-~
tion whereas the third is the lowest x-translation mode. For the simplified
nonlinear analysis using the RET, modes 1 and 2 were used for the y direction,
.nd mode 3 was used for the x direction. Participation factors and modal
weight ratios, "b/Sa are listed in Table 6.18. The modal weight ratio for
mode 3 is safficiently high to justify the assumption of single-mode behavior

in the & direction of the building.

The second analysis using the elastic model consiste " of the calculation
of tye root-sum-square displacements of the center of mass cf the various
floors. These calculations are summarized in Table 6.19. The iowest two
modes contribute to the deflection in the y direction whereas only the
third mode is considered in the x direction. Spectral accelerations were
obtained from the NRC response spectrum for 7% damping normalized to 0.5g.
The input data for the rigorous and simplified nonlinear analyses were

based on the same spectrum.

The elastic model was also used to perform static lateral load analyses.

The purpose of these analyses was to provide the data necessary to calculate
the elastic story stiffness and the story shears and interstory displace-
ments that cause the initiation of inelastic behavior in each story. Static
lateral loads proportional to the mass times the first mode shape were
applied in the y direction, and loads proportional to the mass times the
third mode shape were applied in the x direction. (Note that the resulting
lateral deflections arcz proportional to the respective mode shapes.) The
resulting shears, veflections, and interstory stiffnesses are summarized in
Table 6.20; corresponding member forces are listed in Table 6.21. Only the
wal! shears ard moments are presented because these elements comprise the

lateral-load-resisting system of the structure.

Member capaci‘ ' data for this structure are given in Tab'e 6.22. These
values were obtained using the ultimate strength provisions of the American
Concrete Institute. The compressive strength of concrete was taken as 5,000
psi, and the yield strength of reinforcing steel was assumed to be 50,000
psi. Horizontal and vertical reinforcing steel ratios equal to 0.005 were

assumed for all walls.



Also shown in Table 6,22 are the ratios of element capacities to the cor-
responding moments and shears from Table 6.21, These ratios indicate the
relative strength of the various walls: weak walls and walls with high
loads have low ratios. For the x direction, the shear ratios are lower than
the corresponding moment ratios, indicating that these walls fail in shear.
The lowest ratio in the x direction is 50.49 for level 1. This means that the
z-direction walls in level 1 will exceed their shear capacities when the
shears and displacements are 50.49 times the values given in Table 6.20.
Overstressing of the x-direction walls in levels 2 and 3 would cccur when
the shears and displacements are 76.41 and 96.94 times the values shown

in Table 6.20,

The ratios given in Table 6.22 for the y direction indicaie ilat these walls
are expected to fail in bending. First overstressing s 2xpected in level

| of wall A and is followed by progressive overstressing in level 1 of

walls B, C, and D. This failure pattern is a result of torsional response
that increases the load at one end of the building and decreases it at the
other. The conclusion from these data is that all of the y-direction walls
in level 1 are approximately simultaneously overstressed when the shear

in level 1 reaches 9.15 tLimes the shear shown in Table 6.20.

The story shears and total displacements for first overstressing are sum=
marized in Table 6.23, The values for the x direction are 50.49 times the
z=direction shears and displacements of Table 6.20. For the y direction, a
factor of 9.15 was used to obtain the values shown in Table 6.23. Note

that the values in Table 6.23 are the shears and displacements corresponding
to overstressing in the first level in the = and y directions. Overstressing
in the upper stories of the building would occur at forces that are nigher
than those shown in the table. The forces and interstory displacements that
cause overstressing in each story are listed in Table 6.24. The values

in Table 6.24 are used as input to the RET. - \
528 151

6.3.2 Analysis_of an Auxiliary Building with the'RET. Separate RET
analyses were conducted for each direction of the hypothetical auxiliary

building. The input ground motion for each direction consisted of the NRC

Regulatory Guide 1.60 response spectra normalized to 0.5g. The response
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spectra used for this analy.is were exactly one-ha!f of the curves shown
in Figure 6.10, A damping ratio of 7% was used in each case. Elasto-plastic

force-deformation characteristics were assumed for all walls.

Calculations for the x direction are summarized in Figure 6.17. Note that
mode 3 is the lowest mode in the x direction. For each story in the

x direction, the ratio of ng/v ; is less than 1, which indicates no over-
stressing. Calculations indicaté that overstressing would occur in the

x direction if the seismic input acceleration spectra were approximately
7 times the input used in this analysis. For this reason, a rigorous

nonlinear analysis in the x direction was not performed.

The RET analysis for the y direction r~-.isted of an iterative analysis for
the effective periods and compucation of a ductility factor for each level.
The iterative calcu ations, wnich deal with the lowest two modes and only
the first story, are summarized in Figure 6.18, The elastic periods of
vibration were used for the first cycle. Spectral accelerations were
obtained from a 7%-damped response spectrum curve. The spectral acceleration
for each mode times the modal weight ratio, Cb/Sa. times the total building
weight is equal to the dynamic base shear for that mode. The total dynamic
base shear, DV, was obtained by a root-sum-squares combination of the modal
contributions. The d ctility factor, uj, was computed in accordance with
the procedure outlined in Chapter 5. The interstory displacement, &, and
effective stiffness, X', were computed, and nr« periods were calculated
from the original periods and the square root of the ratio of the original
elastic stiffness to the effective stiffness. The new periods were used in
the second cycle of the analysis. The calculation converges in three

cycles to a first-level ductility factor of approximately 1.5.

The calculations of in*erstory ductilicy factors are summarized in Figure
6.19. These calculation: were based on the adjusted periods that resulied
from the iterative calcul 'tions. The dynamic story shears, DVj, were
calculated by taking a roc*t=-s''m-squares combination of the story shears
of modes 1 and 2. The inters-ory ductility factors in Figure 6.19 are

the ratios of the maximum inte.story displacements to the corresponding

r~
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values for the initiation of inelastic action in each story. The analysis
shows that inelastic response is confined to the first story.

An alternative definition of ductility factor is the ratio o’ total

story deflection to the deflection of that story when first overstressing
occurs anywhere in the structure. The values in Figure 6.19 can be converted
to the latter definition of ductility; these calculations are summarized

in Table 6.25. The total-ductility factors of Table 6.25 (so called because
they are based on total rather than interstory displacements) are of interest
becaus: ‘hey can be compared to the rigorous analysis results for this
building. The total-ductility factors alone do not indicate what portions

of the building are overstressed; this information is explicit in the inter-
story ductility factors. Note tha. b *h the interstory ductility factors
(Figure 6.19) and the total ' cil. - factors (Table 6.25) are quite low.
These values are within the rege that is considered accep.able for this

type of building.

The foregoing analysis for the y direction considered the lovest two modes
of vibration. To assess the importance of the higher modes, in RET analysis
was conducted using only the first mode; these results are summarized in
Table 6.26. ilote that the higher-mode correction factor was included in
these calculations. The ductility factors from the sint -mode analysi:

are equal to the ductility factors from the multimcde analysis, and the total
inelastic displacements from these two analyses are nearly identical.

Hence ¢ single-mode analysis using the higher-mode correction factor is
adequate for this building.

6.3.3 Rigorous Nonlinear Analysis of an Auxiliary Building. A rigorous

nonlinear analysis of the hypothetical auxiliary building shown in Figure
5.15 was conducted to verify the results of the RET analyses, A mathematical
model of the building was develop=d. It included the walls located on

lines 1, 2, A, B, C, and D of Figure 6.15. Each wall was modelea by an
assembly of node points that were connected by beam-column elements. The
beam-column elements surrounded reinforced concrete pane, elements. The
node configuration, panel numbers, and beam-column elejents are shown in
Figure 6.20.
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Each node was assigned three degrees of freedom: horizontal translation in

two directions and rotation about a vertical axis. The translational masses
and rotational mass roment of inertia were assumed to be concentrated at the
center of mass of each floor diaphraam. These data are suamarized in Table
6.27. The floor diaphragms were assumed to be infinitely rigid, and the
translational masses and rotational inertias were assigned to the various nodes

on the basis of that assumption.

The pane! elements are the major lateral-load-resisting menbers of this
building, A shear modulus of 1,612 ksi was assumed, and the elastic stiff-
ness of the panel was calculated using this value. The yield stress of each
panel is given in Table 6.28. These values were obtainad by =ultiplying the
story shears from Table 6.21 by the minimum ratio for each stor, from Table
6 "2, The product was divided by the area of the wall., For example, 0.150
ksi is given in Table 6.28 as the :hear capacity of panel 2 of wall E.
Checking Figure 6.20 reveals that this pane' is in level 2. Table 6.22
shows that the minimum ratio for wall B ot level 2 is 19.91; this value is
associated with moment failure. Table 6.21 gives the shear in wall B at
level 2 as 49.94 kip. Figure 6.16 indicates that the area of wall B is 24 x
(300 - 24) = 6,624 in? These data are assemhled to calculate the yield stress

as follows:
Tu = 49.94 x 19.91/6,€2F = 0,150 ksi

Elasto-plastic nonlinear characteristics were assumed for all walls; hence

no stresses in excess of the values shown in Table 6.28 were allowed.

The panels were assumed to cairy only horizontal shear forces, i.e,, axial
loads and banding were not allowed in the walls. The effective axial

and bending stiffnesses of the panels were modeled by assuming fictitious
properties for the beams and columns that surround the panels. The columns
were assumed to have no shear stiffness; hence, all of the horizontal shear
was applied to the panels. The various types of beam-column properties
used in the model are listed in Table 6.29. Table 6.30 shows the types of
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beam-column properties assigned to various elesents of the model.

The rigorous nonlinear analysis computer program DRAIN-TABS®:3 was used for
analysis of this structure. A time history of ground acceleration having a
maximum value of 0.5g was input at the base of the nonlinear model. The
accelerogram used in this analysis was the same as that shown in Figure 6.14
except that the accelerations were scaled by a factor of 0.5. The analysis
routine approximates the nonlinear response of the structure by a series of
linear calculations. for each time step (AT = 0,01 sec), the stiffness of
the structure is reevaluated. Elements that have exceeded their assigned
capacity are assumed to be elasto-plastic wher:as the unyielded members re-
tain their original elastic stiffness. The response of the structure during
a given time step is based on the stiffness of the structure at the beginning

of that step. The stiffness is reevaluated at the end of each time step.

Qualitatively, the results of the rigorous nonlinear analysis are very
similar to the results of the simplified nonlinear analysis. Both the RET
and the rigorous analyses predict overstressing in the walls that are
oriented in the y direction in level 1. The rigorous nonlinear analysis
provides more details on this point; it indicates overstressing in walls

A and B in level 1.

Total displacements resulting from the rigorous analyses are listed in
Table 6.31. Also given in the table are the displacements resulting from

a rigorous elastic analysis, a multimode RET analysis, and a single-mode
RET analysis. The displacements obtained by the two RET analyses compare
favorably with the rigorous analysis. The elastic analysis resulted in
lowsr displacement values. These results suggest that the RET analysis can

be used with confidence for this type of building.

6.3.4 Rigorous and Simplified Avalyses of an Auxiliary Building for i.0g.

In addition to the analyses reported in the previous sections, the auxil-
iary building was analyzed using an input motion with a peak ground accel-
eration ol 1.0g. This input was twice that used in the previous analyses. |

The following paragraphs present a summary of the analyses for 1.0g.
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The simplified analyses using the REi indicated no yielding in the x direction
for 1.0g. The RET analysis predicted a ductility factor of 5 at the first
story and 2 at the second story. Overstressing in level 3 was not predicted.
Comparing these predicted ductility factors with the criteria for shear wall
buildings (Chapter 5) indicates that the building is either marginal or un-
acceptable, depending upon the applicable performance criterion. Engineering
judgment suggests that the building be considered unacceptable unless a

rigorous analysis indicates otherwise,

A rigorous analysis of the structure was conducted using a ground motion
accelerogram with a peak value of 1.0g. The results of this analysis were
quite different from the RET analysis. The rigorous analysis predicts
widespread overstres ng in both directions of the building. All the
y~direction walls in the first level are overstressed quite early in the rec-
ord. This greatly increases both the torsional response and the forces
applied to the walls in the x direction. Later in the analysis, the
r-direction walls in level 1 are overstressed; this leads to extremely
large deflections. The analysis indicates structural instability; hence,
the numerical values of displacements and ductility factors may be greatly
in error. Small changes in the model or in the input time history would
probably result in substantial changes in the results. Regardless of the
numerical values, the results of the rigorous analysis indicate that the

building is unacceptable and pcssibly hazardous for a 1.0g earthquake.

The reason for the large numerical discrepancy between the rigorous and the
RET analysis results is that the RET has no provision for redistributing
forces based on the yielding or failure of structural members. This was
noted also irn the analysis of the turbine building; therefore, it is not
realistic to expect close numerical correspondence between the rigorous and
simplified analyses for high values of the ductility factor. For low
ductility factors (i.e., those considered acceptable in Chapter 5), force
redistribution is not significant; hence, closer agreement between the
rigorous and ET analyses may be ~»pected. 5‘;(3 1y
’ t JO
Importantly, the qualitative conclusion from the analysis of the hypoihetical

auxiliary building for 1.0g is the same for the rigorous and RET anal .es:
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that the building is unacceptable. Compared with the significance of
this observation, the numerical value of the computed ductility is
unimportant,

6.4 Analysis of a Containment Building

An elevation view of a hypothetical containment building is shuwn in Figure
6.c. This reinforced concrete structure consists of a 3.5-ft-thick cylin-
drical shell topped by a 2.5-ft-thick hemispherical dome roof. The inside
radius of the cylinder and of the dome is 70 ft; tle spring line of the
dome is 231 ft above the base.

The benchmark analyses of this structure consisted of an elastic analysis
and a simplified nonlinear analysis using the RET. No rigorous nonlinear
analysis was conducted because appropriate dynamic analysis techniques are
not currently available for shell structures.

6.4.1 Elastic Analysis and Capacity Calculations. The main purpose of this

analysis is to predict the elastic response of the structure. A comparison
of the elastic response with the results of simplified nonlinear analyses is
presented in a following section. Elastic analyses are also performed as a
prerequisite of the simplified nonlinear analyses. The information extracted
from the elastic analysis includes: modal frequencies, mode shapes,
participalion factors, modal weight ratios, internodal stiffnesses, shears,
and displacements that cause the initiation of inelastic action in each
element. Note that the elastic analyses that are performed as a prerequisite
of the simplified nonlinear analyses are independent of the type of dynamic

disturbance and level of force that cause nonlinear response.

The mathematical model used for the elastic analysis of this structure is
illustrated in Figure 6.22. Nodal masses and member properties are listed

in Table 6.32. Each node was assigned two degrees of freedom: x translation
and z rotation.

The data in Figure 6.22 and Table 6.32 were assembled for use by the computer
program SAPIVE-% in the elastic analysis. Numberous other structural analysis
computer programs could have been used to ol tain the same results.
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Three aralyses were conducted using the elastic model. The first consisted

of an eigenvalue analysis to obtain the mode shapes and periods of vibration.
The results are summarized in Tabies 6.33 and 6.32, The latter table lists
the nodal masses and the mode shape displacements for three modes of vibration.
The calculations for the participation factors and the modal weight ratio

are also illustrated. ' “ese calculations demonstrated that the fundamental
mode contributes at leas. 76% of the total base shear.

The second analysis using the elastic model consisted of the calculation of
| the root-sum-square displacements of the various floors. These calculations

are summarized In Table 6.35. Three modes are included in this analysis,

and spectral accelerations were obtained from the 5%-damped curve of Figure

6.23. The RET analysis used the same response spectra.

The elastic model was also used to perform a static lateral load analysis.
The purpose of this analysis was to determine the elastic stiffness between
adjacent nodes and to calculate the shear and internoda: displacements
causing the initiation of inelastic action. Note that the end products of
the lateral load analysis are independent of the magnitude of the lateral
forces that are applied to the model. The lateral force applied to each
node was proportional to the mass of that node times the first-mode displace-
‘ment. This distribution of lateral forces results in a deflected shape that
is proportional to the first mode shape. The results of this analysis are
summarized in Table 6.36. They include total displacement, internodal
displacement, shear, moment, and internodal stiffness. The last quantity is

’ defined as shear divided by internodal displacement.

Member capacity data for this structure are sunmarized in Table - 37. Also
given in this table are the ratios of the shear and moment capacities to the
corresponding values in Table 6.36. These ratios indicate the relative

strength of various elements: weak elements and elements with high loads
Enn .
"'[' ':\ ’ JS
The shear capacities were calculated according to the ACI code; the expres-
sions for the ultimate shear strength of walls were used. This led to an

ultimate shear strength which was greater than 10{2;. the maximum value

have low ratios.
allowed by the ACi code. Hence, the maximum allowable shear strength was
|
l
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taken as equal to 104{;, which is equal to 775 psi (111.6 ksf) in this
case. The shear capacities shown in Table 6.37 ¢ ¢ equal to the maximun
allowabie shear utrength times the shear area (Table 6.32).

The moment capacities shown in Table £.37 were computed by the provisions
of the ACl code. It was assumed that the containment shell behaved as a
cylindrical reinforced concrete beam; plane sections were assumed to remain
plane. The moment caps.ity calculations assumed a distribution of axial
strain that corresponds to yield strain at the extreme tension fiber. The
location of the neutral axis was determined by equating the tensile and
compressive forces corresponding to the assumed strain distribution. The
effect of the weight of the structure was included. The moment capacity

was calculated by summing the moments of the tensile and compressive forces
about the neutral axis.

The ratios listed in Table 6.37 indicate that cverstressing first occurs
in element 9; the corresponding shears and displacemunts (see Table 6.38)
are 27.05 times the values shown in Table 6.36. The shears and internodal
displacements corresponding to the overstressing in each level are listed
in Table 6.39. These values were obtained for each node by multiplying
the shear ratio times the shear and internodal displacements from Table
6.36. The data listed in Table 6.39 are necessar. for the simplified
analysis of this structure using the RET.

6.4.2 Analysis of a Containment Building with the RET. The RET analysis

of this containment building consisted of two parts. The first part was
to perform iterative calculations to determine the effective period of
vibration. The second part of the analysis was a complete RET evaluation,
which resulted in a ductility calculation for each level. Both of these
analyses used the 5%-damped spectral response curve shown in Figure 6.23.

Elasto-plastic stiffness characteristics were assumed for all elements.

The iterative period calculations are summarized in Figure 6.24. In the
First cycle, the demand, DV, and internodal ductility factor, u, are based
on the elastic periods =f the lowes. three modes. The periods for the
next cycle are obtained by multiplying the elastic periods times the

i |
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square root of the ratio of the initial stiffness, X, to the effective
stiffness, K'. The demand and ductility computations for cycle 2 are
based on the adjusted period. The iteration shown in Figure 6.24 converges
in two cycles.

Calculation of internodal ductility factors at each level is demonstrated
in Figure 6.25. Note that ductility factors are not computed if DVE/VyJ
is less than or equal to 1.0. The ductilities computed in Figure 6.25 are
quite low and are within the range considered to be acceptable for this

type of structure.

The ductility factors listed in Figure 6.25 are the ratios of internodal
displacement to internodal displacement at yield. The ductility factor may
alternatively be defined as the ratio of total displacement to the total
displacement when yield occurs anywhere in the structure. Total displacement
is defined as the displacement of a point on the structure relative to the
base. It is equal to the sum of the internodal displacements below the

point in question. The internoda' ductility factors listed in Figure 6.25
may be (onverted to total ductility factors; these calculations are

summarized in Table €.40.

Table 6.41 presents a comparison of displacements of this structure computed
from an elastic and an RET analysis. The RET displacements are from 5%

to 10% larger than the displacements derived from an elastic analysis. The
difference between the two analyses is small, which suggests that the

elastic analysis alone would be sufficient in this case. However, this
conclusion depends on the relative intensity of the ground motion compared
with the strength of the structure being considered. The discrepancy between
an elastic and an RET analysis would increase if the intensity of the ground

motion were increased or the strength of the structure were decreased.

rad

n
‘\\ )
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TABLE 6.1
ELASTIC ANALYSIS OF A TURBINE BUILDING:

PERIODS OF VIBRATION

Mode

Period (sec)

OB Ww N =

0.226
0.115
0.044
0.039
0.025
0.017
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TABLE 6.2
ELASTIC ANALYSIS OF A TURBINE BUILDING:
MASSES, MODE_SHAPES, PARTICIPATION FACTORS, AND MODAL WEIGHT RATIOS

Mode Shapes
Mass
Level | (kip-sec?/in,) 4 42 # ¢y ¢ b mé, me; "3 me,, mys meg
6 0.12 2.07 1.26 0.54 1.54 0.02 0.32 0.25 0.15 0.06 0.18 .002 0.04
5 0.10 1.63 0.69 -0.48 -2.725 -0.10 -1.11 0.16 0.07 -0.05 -0.28 -0.01 -0.11
4 0.03 0.1 -0.22 -0.84 -1.91 0.21 $63 003 -0.01 -0.03 -0.06 0.01 0.17
3 1.14 | 0.40 -0.69 -0.41 0.19 0.18 -0.09 0.46 -0.79 -0.47 0.22 0.21 -0.10
2 1.07 0.18 -0.41 0.2 -0.09 -0.67 003 0.19 -0.44 0.56 -0.10 -0.72 0.03
1 1.52 ..06 -0.17 0.54 -0.14 0.5 -0.01 0.09 -0.26 _0.82 - _0.85 -0.02
im= 3.9 = r = Fy = T ® Ty g ®
| 1.18 -1.28 0.89 -0.21 0.34  0.02
Modal Weight Ratio Calculation
b, tF
5, ™m
Mode 1 Mode 3 Mode S
Cb Cb Cb
7 = (1.18)%/3.98 = 0.35 F " (0.89)7/3.98 = 0.20 il (0.34)2/3.98 = 0.03
a a a
Mode 2 Mode 4 Mode 6
" (-1.28)%/3.98 = 0.41 = " (-0.21)%/3.98 = 0.01 0 (0.02)7/3.98 = .0001
a a a
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TABLE 6.3

ELASTIC ANALYSIS OF A TURBINt oUILDING:

DISPLACEMENT FOR NRC SPECTRUM ANALYSIS

Mode 1* Mode 2** mode 31 |  Rss™t
& Ap Aj A
Level (in.) (in.) (in.) (in.)
6 3.60 -0.62 0.01 3.65
5 2.84 -0.34 -0.01 2.86
4 1.58 0.11 -0.02 1.58
3 0.70 0.34 -0.01 0.78
2 0.31 0.20 0.01 0.37
1 0.10 0.08 0.01 0.13
*Mode 1
=0.23s.; 5 =2.850; T = 1.18; &. = T'9.5 (T)2=174
T 23503 5 = 2. 59, -18; 8, oJ e X ‘j
**Mode 2
. = . T - . = o _T g -
7= 0.12 sec; 5, = 2.74g; T = -1.28; 4, re s, (2') 0.49s
"Mode 3
= . = . = . = —Z- = !
T = 0.044 sec; 5, = 1.38g; I = 0.89; 4, re.5, (2 ) 0.023

Rrssa = (a2 + a2 + a2)1/2




28t

TABLE 6.4

ELASTIC ANALYSIS OF A TURBINE BUILDING:

STATIC FORCES, SHEARS, AND DISPLACEMENTS

Total Interstory Interstory
Level Force Shear Displacement Displacerent Stiffness
(kip) (kip) (in.) (n.) (kip/in.)
6 2.5 2.5 .027€8 .00587 425.9
5 1.6 4.1 .02181 .00967 424.0
4 0.3 4.4 .01214 .00684 643.3
i 4.6 9.0 .00530 .00293 3,071.7
2 1.9 10.9 .00237 .00152 7,171.1
1 1 0.9 11.8 .00085 .00085 13,882.4
t\_‘?ﬂ
~)
m
(o

P g



TABLE 6.5
ELASTIC ANALYSIS OF A TURBINE BUILDING:
MEMBER FORCES AND MOMENTS*

Moment Shear Axial Load
Level £lement (kip=in.) (kip) (kip)
Diagonal -- - 3.09
6 Beam 2.97 e el
Column 24,94 0.14 1.39
Diagonal - - 4.40
5 Beam 3.44 - -
Column 43.23 0.29 4,06
Diagonal - - 3.04
4 Beam 69.30 - .
Column 190.85 0.95 6.22
Wall 2,717.18 8.50 -
3 Column 40.85 0.25 5.76
wWall 3,523.98 9.97 .-
2 Column 56.78 0.47 9.20
Wall 6,201.10 11.38 -
1 Column 39.07 0.21 9.34

*Corresponding to shears and displacements shown in
Table 6.4.
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TABLE 6.6
ELASTIC ANALYSIS OF A TURBINE BUILDING:

MZMBER CAPACITIES AND RATIOS

lloment Shear Axial Load
Capacity Capacity Capacity
Level Element (kip-in.) Ratio* (kip) Ratio* (kip) Ratio*
Diagonal - 2ol . ol 464 150.2
6 Beam 1,656 557.60 - — X s
Column 47,238 1,894.10 -- -- -e -
Diagonal - - -- -- 464 105.5
5 Beam 1,656 481.40 - - = i
Column 47,238 1,092.70 p - . L
- Diagonal s - - -- 464 152.6
oo 3 Beam 12,816 184.90 - - o ol
Column 47,238 247.50 - - — -
o~ Wall 224,000 82.44 | 1,936 227.3 . 3
~ 3 Column 47,238  1,155.40 . . ) o
Wali 275,500 78.18 2,038 204.4 -5 g
! Column 47,238 831.90 o e s i
Wall 478,890 77.23 3,687 324.0 . .
1 Column 47,238  1,209.10 - . . N

*Ratio of member capacities given in this table to the corresponding

T-hle 6.5.



TABLE 6.7

ELASTIC ANALYSIS OF A TURBINE BUILDING:

SHEARS AND DISPLACEMENTS CORRESPONDING

TO OVERSTRESSING OF TH. WALLS AT LEVELS 1 AND 2

Shear Total Displacement.
Level (kip) (in.)
6 193 2.13
5 317 1.66
= 40 0.93
3 695 0.41
2 84z 0.18
1 911 0.07
528 168
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TABLE 6.8

ELASTIC ANALYSIS OF A TURBINE BUILDING:

STORY SHEARS AND INTERSTORY DISPLACEMENTS

CORRESPONDING TO OVERSTRESSING IN EACH STORY

Shear Interstory
Capacity Displacements
Level (kip) (in.)
6 376 0.88
5 433 1.02
B 672 1.05
3 742 0.24
2 852 0.12
1 911 0.07
r : 6 o
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TABLE 6.9
RET ANALYSIS OF A TURBINE BUILDING:
CALCULATION OF TOTAL DUCTILITY FACTOR FROM

INTERSTORY DUCTILITY FACTOR

Yield** Inelastic Inelastic Yield'
Interstory* Interstory Interstory Total Total Total
Ductility Displacement Displacement Displacement Displacement Ductility
Story Factor (in.) (in.) (in.) (in.) ractor
6 1.00 0.88 0.88 4.68 2.13 2.2
5 1.50 1.02 1.53 3.80 1.68 2.3
4 0.95"" 1.05 1.00 2.27 €.93 2.4
3 2.40 0.24 0.58 1.27 0.41 3.1
2 3.30 0.12 0.40 0.69 0.18 3.8
1 4.10 0.07 0.29 0.29 0.07 4.1

*From Figure 6.12
**From Table 6.8

“From Table 6.7

HUse DV;/Vj for u < 1.0



TABLE 6.10
RLT ANALYSIS OF A TURBINE BUILDING:

SUMM'RY OF AN ANALYSIS CONSIDERING
ONLY THE FIRST MODE

Inelastic
Interstory Total Displacement Total
Story Ductility Factor (in.) Ductility Factor
6 0.88" 3.77 1.8
5 1.28 3.00 1.8
4 0.87" 1.69 1.8
3 1.79 0.78 1.9
2 1.93 0.35 1.9
1 1.74 0.12 1.7
Tov /v s given when u < 1.
J y 4
J
B v 7\
528
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TABLE 6.11

RIGOROUS NONLINEAR ANALYSIS OF A TURBINE BUILDING:

NODE_GEOMETRY AND MASSES

Node Geometry Node Masses
x Coordinate y Coordinate x Mass ¥ Mass
Node (in.) (in.) (kip-sec?/in.) (kip-sec?/in.)

1 0 0 0 0

2 327.250 0 0 0
.3 0 228.0 1.530 0.510
4 163.625 228.0 0 0.510
5 327.250 228.0 0 0.510
6 0 750.0 1.050 0.350
i 163.625 408.0 0 0.350
8 327.250 408.0 0 0.350
9 0 660.0 1.140 0.380
10 163.625 660.0 0 0.380
11 327.250 660.0 " 0.380
12 0 888.0 0.027 0.009
i3 163.625 888.0 0 ¢.009
14 327.250 888.0 0 0.009
15 0 1,134.0 0.099 0.033
16 163.625 1,134.0 0 0.033
17 327.250 1,134.0 0 0.033
18 0 1,296.0 0.117 0.039
19 163.625 1,296.0 0 0.039
20 327.250 1,296.0 0 0.039

28 172
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TABLE 6.12
RIGOROUS NONLINEAR ANALYSIS OF A TURBINE BUILDING:

BRACE ELEMENT PROPERTIES

Young's Tensile Yield Compression Yield

Element Modulus Hardening Area Stress Stress
Number (ksi) Ratio (in.2) (ksi) (ksi)

1 29 x 103 0 12.9 36 -3

2 29 x 103 0 12.9 36 -3

3 29 x 103 0 12.9 36 -3

4 29 x 103 0 12.9 36 -3

5 29 x 103 0 12.9 36 -3

6 29 x 10° 0 12.9 36 -3
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TABLE 6.13
RIGOROUS NONLINEAR ANALYSIS OF A TURBINE BUILDING:
REINFORCED CONCRETE PANEL ELEMENT PROPERTIES

Panel Yield
Element Shear Hardening Thickness Stress
Number Modulus Ratio (in.) (ksi)
1 1,534 0 12 n.178

2 1,534 0 12 0.198

3 1,534 0 22 0.122

wy
f‘-\- )

-
4

~
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TABLE 6.14
RIGOROUS NONLINEAR ANALYSIS OF A TURBINE BUILDING:

BEAM-COLUMN ELEMENTS

Young's Moment of Positive r_nogotwve Positive Negative
Element Modulus Hardening Area Inertia My My P,
Number (ksi) Ratio (in.2) {(in.%) (kip=in.) (kip=in.) (kip) (kif)
1 29 x 107 0 99.0 26,244 47,232 -47,232 3,564 -2,722
2 29 x 103 (i 99.0 26,244 47,232 -47,232 3,564 -2,722
3 29 x 10? 0 99.0 26,244 47,232 -47,232 3,564 -2,722
4 29 x 103 0 95.0 26,244 47,232 -47,232 3,564 L =222
5 29 x 10 0 99.0 26,244 47,232 -47,232 3,566 | -2,722
6 29 x 109 0 99.0 26,244 47,232 -47,232 3,564 -2,722
7 29 x 103 0 99.0 26,244 47,232 -47,232 1,564 -2,722
8 29 x 10? 0 99.0 26,244 47,232 -47,232 3,564 -2,722
9 29 x 10° 0 99.0 26,244 47,232 -47,232 3,564 -2,722
10 29 x 107 0 99.0 26,244 47,232 -47,232 3,564 -2,722
11 29 x 103 0 99.0 26,244 47,232 -47,232 3,564 -2,7122
12 29 x 10? 0 9y, 26,244 4,232 -47,232 3,564 -2,722
13 29 x 10? 0 10.6 281 1,656 -1,556 - i -
14 29 x 107 0 10.6 281 1,656 -1,656 - | -
15 29 x 103 0 10.6 281 1,656 -1,656 - ; -
16 29 x 107 0 10.6 281 1,656 -1,656 - ‘ -
17 29 x 10° 0 34.8 5,900 12,816 -12,816 - -
18 29 x 103 0 34.8 5,900 12,816 12,816 - -
19 29 x 103 0 1 x 108 1 x 108 1 x 10° -1 x 108 - -
20 29 x 103 0 1 x 108 1 x 108 1 z 3" -1 x 108 - -
21 29 x 103 0 1 x 1.t 1 x 108 1 x10 -1 x 108 - e
22 29 x 0? J 1 x 108 1 x 108 1 x 108 -1 x 108 -- -
23 29 x .0 0 1 x 108 1 x 108 1 x 108 -1 x 108 -- -
24 29 x 10 0 1 x 108 1 x 108 1 x 108 -1 x 108 - --




TABLE 6.15
SUMMARY OF ANALYSES OF A TURBINE BUILDING*

Displacement

Rigorous Rigorous

Elastic Multimode Single-Mode Nonlinear

Analysis RET Analysis RET mralysis Analysis
Level (in.) (ir ) (in.{ (in.)
6 3.65 4.68 3.77 4.17
5 2.86 3.80 3.00 3.47
4 1.58 2.27 1.69 2.43
3 0.78 1.27 0.78 ) O 4
2 0.37 0.69 0.35 1.08
1 0.13 0.29 0.12 0.70

*All analyses based on 1.0g input ground motion.
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ELASTIC ANALYSIS OF AN AUXILIARY BUILDING:

TABLE 6.16

PERIODS OF VIBRATION

Mode Period (sec)
i 0.036
2 0.056
3 0.044
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TABLE 6.1/
ELASTIC ANALYSIS OF AN AUXILIARY BUILDING:

MODE SHAPES
Mode Mode Mode

Level Direction 1 2 3
3 x 0.000000 0.000000 0.480054
2 0.000000 0.000000 0.350775
1 0.000000 0.000000 0.194621
¥ 0.581407 | -0.264140 0.000000
0.329946 0.192597 0.020000
0.138050 0.100779 G.000000
3 Rotational 0.000304 | -0.001279 0.000000
2 Rotational 0.000245 | -0.001000 0.000000
1 Ro*ational 0.00009¢ | -0.000456 0.000000

528 178
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TABLE 6.18

ELASTIC ANALYSIS OF AN AUXILIARY BUILDING:
PARTICIPATION FACTORS AND CyplSa

Participation Factor,

Modal Weight

Mode r Ratio, ¢, /5a
2.84 0.74
1.07 0.10
3.13 0.89
£
JZ R
‘ /7 9
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TABLE 6.19
ELASTIC ANALYSIS OF AN AUXILTARY BUILDING:
DISPLACEMENTS FOR NRC SPECTRUM ANALYSIS

Mode 1* Mode 2** RSS Deflection Deflection’
Defle_tion Deflection in y Direction in x Direction
Level (in.) (in.) (in.) (in.)
0.120 0.006 0.120 0.017
0.068 -0.005 0.068 0.012
0.028 -0.002 0.028 0.007

*Mode .
7 = 0.086 sec; 5_
**Mode 2 :
T = 0.056 sec; S,

1.0g; I = 2.88; 4. = T'$.5 (T)2=ozos
.Ugs . !j @jta 2_"' . QJ.

. = . = g T . =
0.72g; T = 1.07; &, = I'¢.5, (,5) 0.024s

"Deflection in x Direction = Mode 3 Deflection )
. = T =
T = 0.084 sec; 5, = 0.60g; T = 3.13; 4, = T¢_S, (’5) 0.0360



TABLE 6.20

ELASTIC ANALYSIS OF AN AUXILIARY BUILDING:

STATIC FORCES, SHEARS, AND DISPLACEMENTS

x Direction

168

(Longitudinal)
Total Interstory Interstory
Force Shear Displacement Displacement | Stiffness
Level (k:2) (kip) (in.) (in.) (kip-in.)
3 55.61 55.61 0.00231 0.00063 88,270
2 148.59 204.20 0.00168 0.00074 275,946
1 108.77 312.97 0.00094 0.00094 332,947
¥ Direction
(Transverse)
Total Interstory Interstory
Force Shear Displacement Displacement Stiffness
Leveli (kip) (kip) (in.) (in.) (kip-in.)
3 £7.37 67.37 0.01028 0.00404 16,681
2 139.77 207.16 0.00624 0.00363 57,069
1 77.16 284.32 0.00261 0.00261 108,935
’
8 -
/(J /




TABLE 6.21

ELASTIC ANALYSIS OF AN AUXILIARY BUILDING:

MEMBER FORCES AND MOMENTS

z Direction
(Longfhu{{na'l 3

Wall Shear Wall Moment
Wall Level (kip) (kip-in.)
1 3 27.81 3,336.6
and 2 102.10 21,715.9
¢ 1 156.49 49,880.9
y Direction
(Transverse)
Wall Shear Wall Moment
Wall Level (kip) (kip-in.)
3 31.85 3,822.57
A 2 63.33 15,222.53
1 85.02 30,525.62
3 35.54 4,264.23
B 2 49.94 13,253.10
1 74.39 26,643.76
2 52.87 9,517.56
¢ 1 67.59 21,683.42
2 41.01 7,382.39
0 1 57.32 17,700.35
e Y PO
<K ,
/N
i Ug
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TABLE 6.22
ELASTIC ANALYSIS OF AN AUXILIARY BUILDING:
MEMBER CAPACITIES AND RATIOS*

x Direction

(Longitudinal)
Shear Capacity | Shear* | Moment Capacity | Moment*
Wall Level (kip) Ratio (kip=in.) Ratio
1 3 2,696 96.94 445,237 133.44
and 2 7,804 76.41 3,851,827 177.37
¢ 1 7,901 50.49 4,162,258 83.44
—
y Direction
(Transverse)
Shear Capacity Snear® Moment Capacity Moment*
Wall Level (kip) Ratio (kip-in.) Ratio
3 1,940 60.91 221,593 60.59
A 2 1,969 31.09 256,061 16.82
1 1,996 23.48 279,411 9.15
3 1,940 54.59 231,593 54.31
B 1,978 39.61 263,902 19.91
2,016 27.10 297,155 11.15
2 1,956 37.00 245,019 25.74
¢ 1 1,994 29.50 278,294 12.83
2 1,947 47.48 237,200 32.13
0 1 1,974 32.44 260,551 18,72

*Ratio of capacities shown in this table to corresponding shears and
moments of Table 6.21.
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TABLE 6.23
ELASTIC ANALYSIS OF AN AUXILIARY BUILDING:
SHEARS AND DISPLACEMENTS CORRESPONDING TO
OVERSTRESSING THE WALLS AT LEVEL 1

x Direction

(Longitudinal)
Shear Total Displacement
Level (kip) (in.)
3 2,508 0.117
2 10,310 0.085
1 15,802 0.047
y_Direction
(Transverse)
Shear Total Displacement
Level (kip) (in.)
3 517 0.094
2 1,896 0.057
1 | 2,602 0.024
:5<7i? 7 n
34
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TABLE 6.24

ELASTIC ANALYSIS OF AN AUXILIARY BUILDING:

STORY SHEAR CAPACITIES AND INTERSTORY DISPLACEMENTS

x Direction

172

(Longitudinal)
Shear Capacity Interstory Displacement
Level (xip) (in.)
3 5,391 0.061
2 15,603 0.057
1 15,802 0.048 *4
y Direction
(Transverse)
Shear Capacity Interstory Displacement
Level (kip) (in.)
3 3,660 0.219
2 3,484 0.061
1 2,602 0.024




€L
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TABLE 6.25

é;? RET ANALYSIS Of AN AUXILIARY BUILDING:
CALCULATION OF TOTAL DUCTILITY FACTOR FROM
INTERSTORY DUCTILITY FACTOR
» DIRECTION
Yield Inelastic inelastic Yield
ov Interstory Interstory Interstory Total Total Total
7 Ductility Displacement Displicement Displacement Displacement Ductility
Level Yy Factor (in.) (in.) (in.) (in.) Factor
3 0.23* - 0.219 0.050 0.122 0.094 1.4
2 0.75* -- 0.061 0.046 0.082 0.057 1.4
1 - 1.5 0.024 0.036 0.036 0.024 1.5

*se DV/VQ when u < 1.



TABLE 6.26

RET ANALYSIS OF AN AUXILIARY BUILDING:

SUMMARY OF AN ANALYSIS CONSIDERING

ONLY THE FIRST MODE IN THE » DIRECTION

Interstory Inelastic Total
Ductility Displacement Total Ductility
Level Factor (in.) Factor
3 0.23* 0.135 1.4
2 0.75* 0.082 1.4
1 1.50 0.036 1.5
*DV/VV is g.ven where p < 1.
o e M7
h728 1ol
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TABLE 6.27
RIGOROUS ANALYSIS OF AN AUXILIARY BUILDING:
MASSES AND ROTATIONAL INERTIAS

Rotational Mass Moment
r Mass y Mass of Inertia2
Level (kip-s2c2/in.) | (kip-sec?/in.) (kip-in.-sec“)
3 1.159 1.159 29,330
2 4.236 4.236 521,700
1 5.589 5.589 651,600
r
).':)8 i N
188
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TABLE 6.28
RIGOROUS ANALYSIS OF AN AUXILIARY BUILDING:

PANEL ELEMENT YIELD STRESS

Yield Stress (ksi)

Panel

Element | Walls Wall Wall Wall Wall

Number | 1 & 2 ) B C D
1 0.293 0.291 | 0.291 | 0.206 | 0.199
2 0.295 0.161 | 0.150 | C.131 | 0.127
3 0.298 0.118 | 0.125 -- --
4 0.295 -- -- -- -~
5 0.298 -- -- -- --
6 0.295 -- -- -- --
7 0.298 - -- -- --

176
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TABLE 6.29

RIGORQUS ANALYSIS OF AN AUXILIARY BUILDING:

BEAM-COLUMN PROPERTY TYPES

Property Area Moment of Inertia
Type (in.?) (in.") Shear Area
1 1,748 1.0 0
2 1 x 1015 1 x 1015 1 x 1015
3 4,153 1.0 0
4 934 1.0 0
5o,
< .,)/
.,'( & )
/
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RIGOROUS ANALYSIS OF AN AUXILIARY BUILDING :

TABLE 6 30

BEAM-COLUMN ELEMENT

Property Type*
Beam-Column |
Number Walls 1 & Walls A & B Walls C & D
1 1 4 4
2 3 4 4
3 3 4 )
4 1 4 ¢
5 4 4 2
6 4 a4 2
7 4 2 ik
8 4 i -
9 3 2 ol
10 3 -- -
11 2 -- --
12 2 -- -
13 2 -- -
14 2 -- --
15 2 -- -
16 2 -- --
17 2 -- --
*See Table 6.29.
528 191
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TABLE 6.31
SUMMARY OF ANALYSES OF AN AUXILIARY BUILDING

FOR 0.5g IN THE y DIRECTION

Displacement
Rigorous Rigorous
Elastic Multimode Single-Mode Nonlinear
Analysis RET Analysis RET Analysis Analysis
Level (in.) (in.) (in.) (in.)
3 0.120 0.132 0.135 0.148
2 0.068 0.082 0.082 0.087
1 0.028 0.036 0.036 0.032
L
e
o
/'CLJ
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TABLE 6.32
ELASTIC ANALYSIS OF A CONTAINMENT BUILDING:
NODE _AND ELEMENT PROPERTIES

Mass Axial Area | Shear Area | Moment of Inertia
Node  (kip-sec?/ft) | Element (ft2) (ft2) (Ft“)
1 58.57
1 1,119.2 559.6 798.0
2 130.99
2 1,119.2 559.6 2,105.0
3 131.24
1 3 1,119.2 559.6 2,759.0
4 160.75
4 1,570.0 785.0 |  4,080.0
5 190.68
5 1,570.0 785.0 4,080.0
6 190.68
f 5 1,570.0 765.0 4,080.0
7 190.68
7 1,570.0 785.0 4,080.0
8 174.07 e
<4 8 1,570.0 785.0 4.080.0
9 156.49
9 1,570.0 785.0 4,080.0
[
2
[ 92
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TABLE 6.33
ELASTIC ANALYSIS OF A CONTAINMENT BUILDING:
PERIGUS OF VIBRATION

Period
Mode (sec)

1 0.196
0.067
0.037
0.026
0.021

o & W N
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ELASTIC ANALYSIS OF A CONTAINMENT BUILDING:

TABLE 6.34

MASSES, MODE SHAPES, PARTICIPATION FACTORS, AND MODAL WEIGHT RATIOS

Node (kipT::ZZ/ft) o s ) i o v
X 58.57 0.0470  0.0487 -0.04.7 2.75 2.85 -2.44
2 130.99 0.0430  0.0355 -0.0230 5.63 4.65 -3.01
3 131.24 0.0381  0.0157  0.0095 5.00 2.06 1.25
4 160.75 0.0324 -0.0064  0.0337 5.21 -1.03 5.42
5 ; 190.68 i 0.0267 -0.0226  0.0298 5.09 -4.31 5.68
6 120.68 . 0.0205 -0.0324  0.0029 3.91 -6.18 0.55
7 | 190.68 ; 0.0143 -0.0335 -0.0268 2.73 -6.39 -5.11
8 174.07 f 0.0084 -0.0256 -0.0367 1.46 -1.46 -6.39
9 156.49 . 0.0039 -0.0147 -0.0244 0.61 -2.19 -3.82
Im = 1384.15 ‘ Participation Factors: rl = r2 = r3 =
1 32.39 -15.00 -7.87
.
Modal Weight Ratios
Mode 1 b 2 Mode 3
Cy/S, = T%%é%%%ﬁ = 0.76 6,/S, = ljls.?gg = 0.16 e, /5, = Tf%ég%;g = 0.04

Note: IMé2 = 1.0 for each mode.
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TABLE 6.35
ELASTIC ANALYSIS OF A CONTAiMMENT BUILDING:
DISPLACEMENT FOR NRC SPECTRUM ANALYSIS

Mode 1% Mode 2%* Mode 3" Rss™*
A A A A

Node (in.) (in.) (in.) (in.)
1 2.00 -0.07 -0.01 2.00
2 1.83 -0.05 - 1.83
3 1.62 -0.02 A 1.62
4 1.38 0.01 -0.01 1.38
5 1.14 0.03 . 1.14
6 0.87 0.95 L 0.87
7 0.61 0.05 & e 0.61
8 0.36 0.04 0.01 0.36
9 0.17 | ¢.02 - 0.17
*Mode 1

. o . S by
7 = 0.196 sec; 5 = 3.500; Iy = 32.39: &) = 1415, (37) = 42.634

**Mode 2
7 = 0.067 sec; S, = 2.259; T

n

T 2
-15.00; 82 = 2025, (3=) = -1.486;
"Mode 3

- - Y - . = . = T 2 S -
7 = 0.037 sec; 5, = 1.4g; Ty = -7.87; 83 rysss, (37) = -0-1563

TTRRSA = (a2 + 42 + Ag)*



TABLE 6.36
ELASTIC ANALYSIS OF A CONTAINMENT BIIILDING:
NODAL DISPLACEMENTS, SHEARS, AND MOMENTS

Total Internoda’ Internodal
Displacement | Displaceme:t | Shear Mcment Stiffness
(ft) (ft) (kip) | (kip-ft) | kip/ft x 105
0.00459 0.000390
275 5,647 7.1
0.00420 0.000480
838 26,901 17.9
0.00372 0.000566
1,338 59,241 23.6
0.00316 0.000560 —— —— -
1,859 | 16¢€,180 33,2
0.00260 0.000590 e
2,368 | 165,970 40.1
0.00201 0.000610
2,759 | 235,640 45.2
0.00140 0.0(0584
- 3,032 | 312,200 51.9
0.000816 0.000437
3,178 | 378,140 2.7
0.000379 0.000379
3,239 | 445,350 85.5
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ELASTIC ANALYSIS OF A CONTAINMENT BUILDING:

TABLE 6.37

ELEMENT CAPACITIES AND RATIOS*

Shear Capacity Mor2nt Capacity
Element (k1pg Shear Ratio* (kip-ft) Moment Ratio*
1 62,451 227.09 5.08 x 106 764.25
2 62,451 74.52 8.23 x 108 305.94
3 62,451 46.67 1.13 x 107 190.75
4 87,606 47.13 1.15 x 107 108.31
5 87.606 37.00 1.16 x 107 69.89
6 87,606 31.75 1.18 x 107 50.08
7 87,606 28.89 1.19 x 197 38.12
8 87,606 27.57 1.21 x 107 32.00
9 87,606 27.05 1.22 x 107 27.39

*Ratio of shear and moment capacities to corresponding

185
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TABLE 6.38

ELASTIC ANALYSIS

OF A CONTAINMENT BUILDING:

SHEARS ANN D]

SPLACEMENTS CORRESPONDING

TO OVERSTRESSING OF ELEMENT 9

Shear Total Displacement
Node (kip) (ft)
1 7,439 0.1242
2 22,668 0.1136
3 36,193 0.1006
a 50,286 0.0855
5 64,054 0.0703
6 74,631 0.0544
7 82,016 0.0379
8 85,965 0.0221
9 87,606 0.0103
528 199
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TABLE 6.39

ELASTIC ANALYSIS OF A CONTAINMENT BUILOING:

SHEAR AND INTERNODAL DISPLACEMENT

FOR OVERSTRESSING AT EACH LEVEL

Shear Internodal Displacement
Node (kip) (ft)
1 62,451 0.0886
2 62,451 0.0358
3 62,451 0.0264
4 87,606 0.0264
5 87,606 0.0218
6 87,606 0.0194
7 87,606 0.0169
8 87,606 0.0120
9 87,606 0.0103
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TABLE 6.40
RET ANALYSIS OF A CONT” YNMENT BUILDING:

COMPUTATION OF TOTAL DUCTILITY FACTOR

Yield* inelastic Inelastic Yield**
Interncodal Internodal Internodal i.tal Total Total
Ductity Displacement Displacement Displacement Displacement Ductility
Node Factor (ft) (ft) (ft) (ft) Factor
1 0.18" 0.0836 0.016 0.179 0.124 1.4
2 G.53 0.0358 0.019 0.163 0.114 1.4
3 0.83 0.0264 0.022 0.144 0.101 1.4
4 0.81 0.0264 0.021 0.122 0.086 1.4
5 1.00 0.0218 0.022 0.101 0.070 1.4
6 1.20 0.0194 0.023 0.079 0.054 1.5
7 1.40 0.0169 0.024 0.056 0.038 1.6
8 1.40 0.0120 0.017 0.032 0.022 1.5
9 1.50 0.0103 0.015 0.015 0.C10 1.5

*From Table 6.37
**From Table 6.38
Use Dvﬁ/vyj when uj < 1



TABLE 6.41
COMPARISON OF ELASTIC AND RET ANALYSIS

OF A CONTAINMENT BUILDING

Displacement
Elastic Analysis RET Analysis
Node (in.) (in.)
1 2.00 2.15
2 1.83 1.96
3 1.62 1.73
4 1.38 1.46
5 1.14 1.21
6 0.87 0.95
7 0.61 0.70
8 0.36 0.38
9 0.17 0.18
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Co Cé
—& = = 0.4/ =2 = 0.20
Ja 0.35 A ¢ p
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Vys 911K
AL = o.sx(“gf/',“'z +0.5 = 3.70 —» AL = 4
v,z 07" (TARLE ¢.8) J =0.7x83.70 = 0.2%
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Building AUXIL/IARY RENCHMARK Direction X= LONG/TUNDINAL

Joe

NITINON/2YN
ONIVUINY AYVITNIXDY IVIILSHLOJAN

V YO NOILIIYIU=-XN JO SITAIVNY L3V

LI'9 I¥yNeIS

N = 3 Earthauake _ 2.5 9
Story Shear Model parg a = /1.0
MODE 1 MODE 2 MODE 3
r = T = T *0.086 S€C.
Sa g Scz ) Sa : O‘GO’
| ndo L : r =3./3 L oV,
Level, F DVJ., F vaz F DV .4 DVJ. ¥; F‘L
J (kip) | (kip) | (kip) | {kip) (kip) | (kip) | (kip) (kip) ¥
3 403.4740347|403.47| 532/ | 0.07
2 /078.33 /48/.80|1481.80|1503 | 0.09
/ 789.52\227/.32|2271.32|/5802 | 0.14
- L e M .
j:




MONE ! MONE 12

CYCLE | T, = 0.086 JSec. T, -+ .056 Jec.
Ja=7.09 Jaz: ©.79
% = 0.7¢ % = 0.10
PV, = 3/40.72% Pveg 2 297.10%
PV = (3140.72 + 297.10%)"t = 3/5¢.74%
Vy = 2072 %

3/54.74° ;

AL = o.e(“oz, +0.5 =128

Jy : .C28" o 2123x.024 = 0.030"
k': 2602/.03 = 88/¢3.63K/In
K = /108,935 KX/~

L7/

CYCLE 2 T, = .080x/.11%.09656C. T, = 0.062 JEC.

Ja,= /.14 Jaz = 0.85
RV, = 3580.42% PV, =360.76%
AL = /.40

K' = 2602/,46x0.26 = 74257.99
\I Kk = 12l

CYCLE 3 T = 0.104 JéEc. T2 .08 JEC.
PV,= 3580.42 PV, = 360.76
AL = .46
JOLUWUT/ION CONVERGES
7,z 0./104 J&C. T, 2 0.068 JS6cC.
Ja,z /-/49 qu’- 0-853
,’/."/’ |
CLy
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CYCLE | T20./19G JEC. Tp%C.067 JEC. T3#0.087J6C. W= 44,570"
Jar:3.509 Jaz:2.2%69 Ja3 ° 1.999
€o.0% C6:010 Sb:0.09
a; Jaz Jas
PV, : 1185565 NDV,:/0065% PV3:2496%
DVz/9663K Vyz 87600K (TAARLE &.39)

) 119663
AL % 0.9 ( 87606

oJy = 0/02 (FT) S =20/03x/.43 > O.0I4T7FT.
K' = 87400/ 0147 25,947,858 K/pr
K, = 85 © .,07

e —y

\*ar & ntO

)z-ﬁ 0.5 = /.43

CYCLE 2 ,2C  x/2:0.2456C Ty2.067x/.270.08 56, T32.037x/.25.04% SEC.

Ja;- J.uCa Jq2: 2.60g¢ Jq3= /.70g
PV, 2/1219%4% Ry, =18541% Ry =030k
Pv=123383%

AL = .87

JOLUTION CONVERGES

7',:0.24 SEC. ‘rz: 0.08 JSEC 7}: 0.044 S&c.
Ja,* 3.©39 ngf 2.9 .}'453 1.79

RET ANALY SIS OF A CONTAINMENT RUILNDING
| TERATIVE PERION CALCULATION
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Building CONTA,NMENT AENCHMARIK Direction NA
V= 7 Earthquake [.2 53
Story Shear Model IZ o /.0
MODE 1 MODE 2 MONE 3
T =0.24 S&€C I =0.085€C| T =0.0445€C
5,369 5.7 26o §,=179
r =32,39 r ==/5.00 r ==7.87 .
Level, F DV . F DV 2 F ! vy | DV, Vyf L
J (kip) | (kip) | (kip) | (kip) (kip) | (kip) | (kip) (kip) ) i
/ 10328 | /0326|-3879|=-8579 | 106/ I/oSl 10978 | @2451| 0.]8

2 21139 |3/46%|-5839|-9418| 1297 | 2348 |32927|G245/|0.53

3 18773 | 50237|-2587|-12008| -539 | /809 | 5/083| G245/ 0.82

4 19562 ,69799|1293 |-10712|-2335|-5626| 706/8| 87¢06| ©.8/

s 19111 |889/0|54/2 |-5300|-2437/-2972|89117 |87¢06| .02 |/.©0

o 14681 10359/ 776! 246/ |=237 |=82/0|/103670|87606| /.18 /.2

/0250|//3284/ |8025 10486 |220] |-1002|1143271872606| 1.3/ | 1.4

8 5487 | 19323560/ | 1608|2763 |174%|120915| B7606| /.37 | I.9

< 2290 |1C!GI3|2750 |18837 1646 |3390 |123:0|87600]| 1.41 | /.5




7. CONCLUSIONS AND RECOMMENDAT IONS

7.1 Discussion

Rigorous nonlinear dynamic analysis methods are valuable tools in seismic
analysis and design when combined with engineering judgment, careful de-
tailing, and quality construction workmanship. Although the methodology
applied in the solution of the equations of motion is rigorous, there are
three areas in the aralyses that require considerable engineering judgment
and scientific development. These three areas are: (1) mathematical mod-
eling of the mechanical behavior of structural components, (2) estimating
the energy dissipation capacity of the critical regions, and (3) selecting
site- and structure-specific ground motions. The analysis procedures are
rigorous to the extent that these areas are representative of actual field

condi tions.

It is always difficuit to model reinforced concrete members properly be-
cause reinforced concrete is a composite material exhibiting tensile
cracking at low stress levels, bond-slip between the concrete and steel
reinforcement, aggregate interlock, degrading stiffness, and spalling un-
der cyclic loading. The models that are currently availabie can orly re-
veal the overall behavior of the menber (i.e., the moment-rotation rela-
tionship in case of a flexural member and the shear stress-strain rela-
tionship in case of a shear panel). Many uncertainties would stili remain
even if more refined mechanical models were formulated because of varia-
tions in material properties. The variation of some critical modeling
parameters, such as tensile strength of concrete and modulus of elasti-
city, can be accounted for only in a probabilistic sense by investigating
the various bounds on these parameters and their effects on the response.
Until such capabilities are developed, crack propagation, spread of plas-
ticity, concrete spalling, and crushing cannot be examined properly. How-
ever, current hysteretic models, such as the Takeda degrading-stiffness
model for reinforced concrete beams, seem to be adequate to capture the

overall structura! response under lower levels of inelastic excursions.

An area where little work has been reported is the hysteretic behavior of
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shear walls. As discussed in the Appendix C of this report, significant
behavioral discrepancies were observed in low-rise and high-rise bounded
or unbounded shear wall structures. The rigorous models currently avail-
able can model only bilinear constant hysteretic behavior. Additional
work is needed to develop new models that will incorporate the available
experimental data.

One significant point that has to be noted is that most of the nuclear
power plant structures are massive, stiff sctructures. The bulk of the
experimental data on component hysteretic behavior and the mathematical
models derived therefrom are for tall, flexible structures [(suitable for
high-rise buildings). Additional work is needed to catalog experimental
data relevant to nuclear power plant structures and to perform further
tests to accumulate enough data so that accurate mathematical models en-

compassing the key parameters may be developed and used.

The response of a structural svstem after the furmation of a collapse
mechanism is extremely sensitive to the time variations of inertia forces.
Studies have indicated that the nonlinear response of structures with short
fundamental periods subjected to accelerograms with long-duration accel-
eration pulses would be expected to differ substantially from their elas-
tic response. It is necessary that several accelerograms of different
types of ground motion that can be expected at a site he used to account

for the probabilistic nature of the seismic events.

Given the fact that hysteretic modeis for reinforced concrete components
are still in the developmental stage, it is difficult to specify a confi-
dence level for nonlinea: responses of the structures as computed by the
rigorous methods. However, the overall displacement responses of the
reinforced concrete frame structures, as computed by the rigorous methods
in this study, seem to be well matched with experimental data. It may be
estimated, in the light of these analyses, that reliable overall displace-

ment responses may be analytically computed for reinforced concrete frame

structures subjected to the levels of inelasticity considered in the present

study. Additional studies, both experimental and analytical, are needed

for shear wall types of struct:res to determine the accuracy and the
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reliability of the hysteretic models. However, it is expected that the
current hysteretic models may be adequate for limited excursions in the

inelastic ranges.

Additional studies aimed at developing a rigorous nonlinear uynamic anal-

ysis methodology for the con‘ainment structure subjected to seismic loading

are needed. This effort might consist of three phases.

In the first phase, the containment shell may be modeled . shear beams,
and a lumped-mass model may be developed. The main effort in this phase
would be to develop a hysteretic model for the shear beams that would
correspond tc the shell behavior. Several simplifications, such as ne-
glecting the ovaling modes. may have to be made. It would also be diffi-
cult to obtain the response of any local area of the shell. However,

this phase would require minimum effort.

In the second phase, efforts may be directed at developing a nonlinear
analysis algorithm for an axisymmetric structure subjected to nonaxisym=
metric loading such as ground motion due to a seismic event. This will
require a major software development effort and may still require quite a

few broad simplifying assumptions.

In the third phase, the general three-dimensional model with three-
dimensional brick or shell elements may oe used. The problems here are
twofold. First, no compreh=nsive constitutive model of concrete under
triaxial cyclic loading is currently available. Secondly, the cost of a

total three-dimensional analysis may be prohibitive at this point. How-

ever, with the acvent of new generation computers having vector processing

and pipelining capabilities, such computations may become feasible in the

not-too-distant future.

Among the three phases discussed abuve, the first two may yield uncertain

results. The first method, with its shear beam assumption of the cylin-

drical section, can only provide information about the overall displacement

response. icate determination (stress, strain, cracking, etc.) at any local

area may not be possible with such a method. The second phase may also
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have problems in properly considering inelastic behavior of local regions
on the shell surface. The third phase seems to be the most straightforward
in t' e sense that three-dimensional elements are available for the proper
modeting of the shell surface The major problem is the computational cost,
but less refined finite element meshes may be used in the beginning to

make parameter studies. However, collectior of experimental data and addi-
tional experimental work involvina ~.uels of the containment structure are

also needed for the proper calibration of the analytica! work.

Orn he basis of comparison of the rigorous and simplified analyses of sever.l
structures and other considerations, this report concludes that the Reserve
Energy Technique (RET) is a reasonably accurate yet simplified method of
nonlinear seismic dynamic analysis. The method is appropriate for the pre-
diction of maximum total inelastic displacements and ductility factors.

The results of an RET analysis may be used in conjunction with the ductility
criteria described in Chapter 5 for approximate evaluations of the seismic

adequacy of Category 1 nuclear power plant structures.

The energy balance coi.cepts of the RET appear applicable to a broad range
of structural analysis problems. The accuracy of the RET is currently
limited by the accuracy of various input parameters. The elastic and
nonline r idealizations used in both rigorous and simplified analyses are
much simpler than the phys'cal phenomena they represent. Considerable
engineering judgment is necessary in modeling member mechanical charac-
teristics and estimating energy dissipation capacity. Successful appli-
cation of the RET requires careful considerations of these topics; other-
wise, erroneous and misleading displacements and ductility factors will
result. A prudent analysis with the RET would involve parameter studies

to identify the sensitivity of various parameters.

The analysis of the turbine building benchmark problems dsmonstrated that
the RET needs to be improved by adopting an analysis scheme that would
allow a redistribution of member forces reflecting the changing stiffness
patterns prevalant in nonlinear response. The current analysis scheme
distributes member forces according to the initial relative stiffness,

and this is clearly not realistic for nonlinear response. The technical
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aspects of the suggested modification of the RET are quite straightforward;
however, the procedural aspects may become too involved for a simplified
hand analysis. Hence, development of a computer program would prcbably be
needed. This future develcpment of the RET should be pursued because it
would substantially improve the accuracy of the method in situations in-

volving severe inelastic action.

The various analyses that were performed as part of this work have demon-
strated the reliability of the RET within the limits of applicability
specified in Chapter 5. These limits could be expanded by additional stud-
ies consisting of the analysis of more benchmark structures and by parameter
studies. Such studies might involve rigorous and simplified nonlinear

analysis of ten or more Category I nuclear power plant structures.

Various trends indicate that the future course of structura! engineering
will require more explicit considerations of the nonlinear, inelastic
strength and energy capacity of structures. Since rigorous nonlinear
analysis seems too involved for ordinary engineering design, a quasi-
nonlinear analysis method is needed. This method would probably incor-
porate the energy balance concepts and other aspects of the RET, and it
could also utilize improved dynamic force calculation and redistribution
schemes and more precise element modeling. Importantly, input for the
method would consist of an elastic response spectrum. The proposed quasi-
rigorous method could give results in terms of displacements, velocity,
acceleration, and member forces, and it could even be extended to give
floor response spectra for nonlinear response. UDevelopment of such an
analysis method would be a considerable undertaking; however, it is clearly
needed for a more complete yet practical accounting of the nonlinear

strength of structures.

7.2 Conclusions

Main conclusions of this report are as follows:

@ Compared with a rigorous nonlinear seismic analy~-
sis, the Reserve Energy Technique (RET) is a rea-
sonably accurate yet simplified analysis method.
It may be used for approximate evaluation of the
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nonlinear seismic displacements of Category I struc-
tures.

Compared with a rigorous nonlinear seismic analysis,
a rigorous elastic seismic analysis is generally

not sufficiently ascurate although it may be accept-
able in cases involving very limited inelastic re-
sponse. A rigorous elastic analysis generally es-
tablishes a lower bound of inelastic displacement.

7.3 Recommendations

Recommendations of this study are as folliows:

The RET may be used in conjunction with the criteria
established in Chapter 5 of this report for approxi-
mate evaluations of nonlinear seismic response of
Category I nuclear power plai't structures.

The RET could be improved by a modification that
would allow an approximate redistribution of shear
based on the character of the inelastic response.
This modification might involve iterative calcuia-
tions. After each cycle of iteration, the stiffness
matrix of the structure would be updated to reflect
stiffness lost due to yielding. The “istribution of
shear for the folleowing cycle mighi be based cn the
updated stiffness matrix.

Additional benchmark anal!yses and parameter studies
should be conducted to expand and more firmly esta’-
lish the limits of applicability of the RET.

Additional studies aimed at improving the mathemati-
cal models for nonlinear seismic response are
needed. The ap.ropriateness of the current models
diminishes as the magnitude of inelastic response
increases. Further work in this area should focus
on matching measured nonlinear structural response
with the results of rigorous nonlinear mathematical
medels. Specific areas of study should include
spread of plasticity in the critical regions, stiff-
ness deterioration under mcment and curvature rever-
sals, shearing deformations, and yielding in members
subject to axial loads; the investigations should
estimate the effects of these characteristics on the
mechanical properties of such structure types as
moment-resisting fran_s, braced frames, shear walls,
diaphragms, and interacting shear walls and frames.

Additional studi s aimed at investigating the avail-
ability of experimental ‘'ata that would be relevant
to massive, stiff struct es such as nuclear power
plant buildings are urgently needed. On the basis
of these studies, further experimental work may be
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proposed that could be used to develop and check the
analyticai models.

A comprehensive program of research is needed to

examine the behavior of containment structures (con-
tinuous cylindrical shells with hemispherical domes
at the top) in the elastic, inelastic, and ultimate
ranges. A three-phase program that may be uscd as a
hasis for such research is described in section 7.1.

Additional studies aimed at establishing the sensi-
tivity of rigorous nonlinear analysis results to the
“har o of the input accelerograms are needed.

A quosi rigorous nonlinear analysis method is needed.

[liis analysis scheme would be a computer-oased, sim-
plified nonlinear analysis method and would allow
the input dynamic disturbance to be characterized by
a smooth response spectrum.
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PREFACE

This appendix summarizes the results of a literature search conducted

to identify the available simplified nontincar analysis procedures, and

it also identifies the available rigorous nonlinear analysis procedures
(computer programs) that might be used to evaluate or verify the simplified
procedures. In addition, recommendations are made cegarding candidate
simplified methods that were to be studied in detail and the rigorous
analysis computer programs that were to be used for the detailed

evaluation of the candidate simplified analysis methods.



SIMPLIFIED NONLINEAR ANALYSIS METHODS*

A review of the literature reveals that simplified methods available for
performing nonlinear analyses of structures can be separated into two cate-
gories: 1) time-history analyses and 2) response spectrum analyses. The
former methods generally involve the use of sophisticated models with sim-
plification Introduced only with respect to the analytical solution of the
nonlinear equations of motion. The latter methods; generally involve simpli-
fication of the model to that cf an equivale*' linear system, thus facili-
tating analytical simplification also because of needing to solve only

linear equations of motion.
The varicus simplified methods currently avaiiable will be described and
commented on below under the two categories of time-history analysis and

response spectrum methods, respectively.

Time~History Methods

Various analytical developments have been made in recent year: to reduce
the substantial computational effort involved in performing nonlinear re-
sponse calculations with a refined model. Two methods that might warrant
consideration for this project are discussed below. These are: Modal
Nonlinear Analysis and Truncated Time-Domain Analysis. Another computa-
tional expedience that has recently evolved is the explicit formulation for
the solution of the governing equations of motion! as opposed to the previ-
ous commonly used implicit formulation. In the implicit formulation the
stiffness matrix must be inverted at each time step whereas in the explicit
formulation only the mass matrix is inverted. The explicit formulatio:
therefore facilitates a significant reduction in computational work, reduc-

ing both computer time and the necessary core space.

Modal Nonlinear Analysi:.?:3 Modal nonlinear analysis is a computer-based

(SA/RM) procedure that uses normal mode analysis to extend linear time-

domain solutions into “ne nonlinear regime. It is a simplified analytical

*Names applied to the analytical methods are descriptive and are not neces-
sarily indicative of names found in the literature. . 9
L W {
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method applicable to refined structural models. The algorithm is derived
from two commonly used concepts in dynamic analysis techniques: (1) a
normal mode of analysis and (2) a load-correction form of the nonlinear

equaiion solution. These two concepts are discussed in more detail below.

The motion of a freely vibrating linear structural system can be described

in the finite-element formulation »y:

Mla) + [k 1w} = {0) (M

where [M] and [Ka] are mass and stiffness matrices, and {u} is the displace-
ment vector. The nontrivial solutions of Equation (1) are {u} = {0}eLXt.

which are determined from the corresponding eigenvalue “roblem:

([ - x[xo]){¢} = {0} (2)

If ¥ is the number of !inear equaticns in Equation (1), then, Xi and {¢i}.

where © = 1...N, determi the moce shancs and frequencies of the structural

system.

The orthogonality conditions

(0,18 = 0 i #

.
.

T, .
o, (K]} = 0 4

lead to an equivalent uncoupled system of equations for the forced vibration

of the structural system,

@7 el ) + @7 )iy = (al7ie)

or, /
1(8) + [K *1{r} = (P*} 28 5., )
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where:
{P} = the load vector
(2] = ['t1}e2}....{gy}]

{u} = [al{r})

Solution of Equation (3) is quite straightforward and known in the litera-
ture as the mode superposition method. Often the solution is truncated at a
mode number less than the total number of modes as the degree of accuracy to
be achieved is satisfied.

Nonlinearity in structural systems is contributed by several sources, chief
among which are material and geometric nonlinearities. Most nonlinear struc-
tural problems can be recas. as an equivalent problem in which it is neces-
sary to determine a sequence or linear solutions in order to trace the non-
linear behavior in a piecewise linear fashion. Solutions to nonlinear struc-
tural problems can be obtained frc. a variety of iterative, incremental, or

eneray search techniques.

The nonlinear equation of forced vibratior of a structural system may be

written as:

M) + (1K) + K D) = (P} (4)

where [Ko] is the matrix that contains all the nonlinearities and [Ko] reo-

resents a linear, reference stiffness. Equation (4) may be rewritten as:

(Ml{u) + [Kc]{u} = (P} + {¢} (5)

where, (@} = - [Kc]{u} is the correction load vector for the nonlinearities
pres~nt in the structural system. Equation (5) may be transformed similarly
to Equation (3):

[*]{P} + & *]{r} = (P*} + {Q*) ., (8

where {@*} = [al7(Q}.
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Equation (6) has the nonlinear term on the right side of the equation. This
is known as effective-load technique and is more compatible with the normal
mode of analysis because only the mass and original linear stiffness matrices
are on the lef* side and are uncoupled because of the orthogonality condi-

tions of the eigenvectors.

The uncoupled Equation (6) may be solved by using a central difference oper-

ator in time such as:

P+ ()

()
’ b At
. (2) _ (£ - 1)
UL AL (7
where:
r(i) = r(ti)

The chief advantage of the modal nonlinear analysis is the ezonomy of com-
putation und computer storage achieved by the simple expadient of solving an

uncoupled set of dynamic equations.

The moda! nonlinear analysis has demonstrated good accuracy for a wide
variety of nonlinear structures under both static and dynamic loads.,?»3

The technique is readily adaptable to standard linear analysis computer
packages (e.g., SAP) and can be shown to be one to two orders of magnitude
ore efficient than corresponding refined nonlinear anai,ses. An added ad-
vantage can be associated with the definition of nonlinear modal contribu-
tions, which are the basis for subsequent development of simplified response

spectra methods.

Truncated Time-Domain Aialysis.*'® The use of unconditionally stable time-

integration techniques providec a good potential for reducing the large num-

ber of time steps required in some wave-propagation analyses such as earth-

quake time-history ~nalysis. The governing equation of interest is given by
-

! N &5 -~ ﬁ ~
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[Ml{1} + [elli) + [K){u) = (P} (8)

An incremental form of this equation, in which the material and geometrical
nonlinearities are put to the right side of the equation, has been developed.
This is the effective-load technique as discussed in the section under Modal
Nonlinear Analysis.

The characteristics of Equation (8) are best defined in terms of its natural
frequencies and mode shapes. For a continuous system, the frequency spec-
trum ranges from the lowest, or fundamental, frequency up to an infinite
limit point. For a discretized system, the infinite limit point does not
exist; ins‘ead, a frequency exists that corresponds to the most rapidly vary-
ing mode shape. This frequency is called the cutoff frequency. |If the dis~
cretized system is excited by forcing functions having frequency content
above the cutoff frequency, such as might be induced in a wave-propagaZion

problem, random spatial noise is generated in the cutoff modal respznse.

The above implies that a limitation is placed on the rigorousness of the
time-history analysis by the structural modeling, i.e., discretization of

the continuous structural system. Any frequency content in the time-history
input that is greater than the cutoff frequency of the structure is not
nceded. These frequencies may be filtered out by the use of the fast Fourier
transform (FFT) with a frequency-domain filter, e.g., the Butterworth Filter.
URS/Blume maintains a library of filtered, low-frequency input ground motion

time histories obtained by the application of the above method.

For the time-history analysis of such a class ot sroblems involving lower
frequencies, longer time-integration steps may be used because the high-
frequency response, which is numerically damped out by the larger time steps,
is of no Interest. The longer time steps will result in considerabls -~ompu-
tational e unomy.

The truncated time-domain analysis has an advantage in being the simplest
extension of currently available computer programs. The approximation can
be incorporated in existing nonlinear computer programs with a minimum of

programming effort. e 285

A-6



Response Spectrum Methods

All the response spectrum based analysis techniques available fall into the
(SA/SM) category. For simple structures, the analyses can be readily exe-
cuted by hand calculation, but, for typical building structures it Is de-
sirable to use computers for such calculations as eigenvalues, eigenvectors,

and member stresses.

The response spectivum based methods also have the common feature of imple~-
menting an equivalent linear structure model to represent the nonlinear re-
sponse of the structure. Fundamentally, this must be achieved by equating
the energy demand placed on the structure and the ener y capacity oi the
structure. The survivability of a structure is then established from the

ratio of demand to capacity.

Substantial research has been devoted to the subject of developing simpli-
fied methods for predicting the ncnlinear response of structures because
limiting conventional structures' response to maximum probable earthquake
motions has been recognized as impractical. In spite of the significant re-
search thus far conducted, there are only four simplified procedures that
have evolved in the literature and in general further research is still
needed. These four p ocedures will be referred to as: the Reserve Energy
Technique, the Approximate Inelastic Response Method, the Elastoplastic
Spectrum Method, the Elastic Failure Analysis Method, and the Substitute
Spectrum Method, and the Substitute Structure Method.

Following are discussions of the theoretical bases and applicabilities of

each of these four simplified methods of nonlinear analysis.

Reserve Energy Technique (RET). This simplified nonlinear analysis rio-
~edure was developed by Blume in the 1950s®:7 and has been expanded in the

1970s.8 The philosophy and some of the theoretical basics include consider-

ation of: (a) the extrem= demands of the earthquake that can cause the
greatest damage or collapse; (r} the peak spectral velocity at the period of
interest to compute the critical kinetic energy demands; (c) energy recon-
ciliation between the kincti. energy and damping (heat), strain (stored), and

damage (work done); (d) structural characteristics in the inelastic range

N T A A
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that must be used for survival; (e) any deterioration or softening from re-
peated cycles of loading; (f) changes from initial dynamic response proper=
ties that occur in the later stages of the earthquake when survival may be
in the balance; (g) all elements of resistance and work capacity (reserve
energy absorption); and (h) the procedures in analysis that sacrifice rigor
for the benefit of reasonable simplicity and are reasonably conservative.

The RET compares the demands of the earthquake with the capacity of the
structure. The demand ‘s characterized by resporse spectra, and the capac~-
ity is characterized by the structural strength and toughness characteris-
tics. Two response spectra are required; one represents the level of elas-
tic response with appropriate damping and the other represents the level of
inelastic response that generally has a higher equivalent damping value.

The nonlinear stiffness characteristics are estimated by determining various
damage threshold lateral force-displacement limits. As various nonstructural
and structural elements are damaged, the stiffness characteristics are de-
graded, and the step-by-step incremental force-displacement diagram is devel~-

oped.

The basic approach of the Reserve Energy Technique is illustrated in the
following three figures. Figure 1 shows an inelastic force~-displacement
model that represents an idealized interstor/ building stiffness. By assign-
ing values to the various parameters, brittle, elastoplastic, and bilinear
softening or hardening models can be created. The ductility ratio, u, is de-
fined to be A/Ay, and the ultimate ductility, ole L . Ault/Ay)’ is the
vaulue corresponding to building failure.

For displacements greater than A

failure is assumed. When Ault aquals

,
Ay’ the model is brittle and no ?l:lastic energy-absorbing capacity is pos-
sible. The bilinear slope ratio, £, which is shown graphically in Figure 1,
allows simulation of the inelastic properties that many structural materials
possess. When § equals zero, the model is said to be elastoplastic. For £
greater than zerc out less than 1, the model is a hilinear softening type.

Finally, if £ is greate: than 1, a bilinear hardening mode! is represented.

The relationship between Jemand, I', capacity, C, and the bilinear parameter,

£, with the ductility ratio, u, is based on equating the energy absorbed by

J
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the inelastic capacity model with an assumed perfectly elastic demand model.
The governing assumption is that the amount of energy absorbed by the build-
ing is independent of whether the building responds elastically or inelasti-
cally. Figure 2 shows the demand and capacity models from which the rela-
tionship for ductility, u, can be obtained. From Figure 2 the expressions
for the energy, represented by the areas under the elastic and inelastic

curves, are obtained as follows:
For the elastic demand model:

V2
E --;-% (9)

For the inelastic capacity model:

lVyz (V+Vy)( )
E = 3 x> 2 A - Ay
but
V = Ka + (A -4 )EK
Ay y)i
and
= A/A
g y
hence
Ly
E =z [200-1) + (u-1)2¢4+1) (10)

Equating Equations (9) and (10), the relationship for ductility, u, is:

578 24T
1 1 |1 e ¢ /j :
po= 1 - =+ =l=+[=) -1 By (11)
. \/{’ [E (Vy) ]

Note that Vé/Vy is just D/C where demand is D and capacity is ¢, and both are

expressed in consistent spectral response units., Finally, the relationship

for ductility becomes:



u -% \[l‘ l] (12)

Note that for the elastoplastic case, £ is equal to 0, and Equation (12) be-

comes :
limu = l(%) + l] (13)
£+ 0

or
.g - fp=T (14)

Figure 3 shows a hypothetical demand curve superimposed on an elastoplastic
capacity curve. The example given in Figure 3 illustrates the application
of the Reserve Energy Technique. Importantly, the example shows the increased
story drift realizad because of the inelastic response. This is important

for establishing damage associated with inelastic response.

In general, the procedure is applicable to complex multimass systems and
guidelines are given in Reference 7. Because of the very general formula-
tion of the procedure, any shape capacity curve can be accommodaied. It has
been determined that the application of the RET would have predicted some of
the serious damage in Southern Calilornia in 1971. Its application after
the event seems to reproduce the effects of the 1971 San Fernando earthquake

reliably on all structures investigated.®

Approximate Inelastic Response Method. This procedure, developed by Free-

man, et al.,10:11,12 js similar to the Reserve Energy Technique except that

a graphical solution, based on the intersection of the demand response spec-
trum curve and the structure capacity curve, is used instead of energy cal-
culations. The capacity of the structure is determined by performing an
elastic analysis with some bilinear approximations. The demand of the ground
shaking is represented by response spectra at two or more values of critical
damping. Capacity and demand are reconciled by a graphical solution that

accourts for changes in both the apparent response periods of vibration and

percentages of critical damping. o~ -
),5 J A
vt LY
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FIGURE 3 RESERVE ENERGY TECHNIQUE:

‘/,Demand of Earthquake

= 11 ey
Elastic Limit <* Equal Areas
| ‘(,—Capacity of Structure
=5ST— (""" Failure
0"’:’.:’:’:':‘:“' L2 2.9\::
IR r;
by =y = 1.0 u=2 p=3 u=4

Displacement

Example:

Demand of ear.hquake is at furce level, D = 11.0
Elastic capaci ty of structure is ¢ = 5.0

Idealized capacity of structure is «lastic-
plastic, as shown.

Energy (or work) equals areas under curves

Elastic limit displacement, Ay, represents a
ductility, u, of 1.0

n\2
The ductility demand, vy = % [(é) + 1] = 2.92
or (0/c) = V2u -1

If the structure has a ductility capacity greater
than 2.92, it survives the earthquake without collapse.
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The procedure requires the determination of two curves, one representing
the capacity of the structure and the other representing the demand of the
ground shaking, described here by spectral acceleration (Sa) and response
periods of vibration (7), (Other terms, such os spectral displacements, roof
displacements, and base shear coefficients, could also be used). Only the
fundamental mode of vibration are explicitly considered, but the effects of
the higher modes can be estimated.

The capacity characteristics of the structure are determined in much the

same way as in the Reserve Energy Technique -- either by simple hand me thods
or by more complex computer analysis methods, depending on the complexity of
the structure and the accuracy required. First, the elastic capacity thresh-
old!3 is determined in terms of spectral acceleration, spectral displacement,
and fundamental period of vibrat'on. A mathematical model is developed that
best represents the structure at this amplitude of lateral motion. Periods
and participation factors are calculated. The lateral force that causes a
substantial number of major members to yield is determined. The amplitude
of force may be represented by a base-shear coefficient, a lateral roof diz-
placement, or a lateral roof acceleration. These values can then be con-

verted to spectral values by using the participation factors.

Next, the characteristics of the structure beyond the elastic range are es-
timated. A new mathematical model is developed; it is similar to the elas-
tic model except that all the yielding members are assigned stiffness prop-
erties that are greatly reduced. For example, if all the girders on several
or all the floors are assumed to be yielding, the moments of inertia of these
girders might be reduced to 5% of the elastic values in order to approximate
a bilinear effect. For this new mathematical model, a set of periods and
participation factors are calculated, and the lateral force that is required
to cause a more extreme failure condition is determined. This f.ilure con-
dition may be due to additional members yielding, members exceeding their
ductility capacity, brittle failures, excessive displacements, or instability.
Several intermediate thresholds may be determined depending on the conditions
of the problem. Each step is represented by segmental values of period of

vibration, spectral acceleration (ASa). and spectral displacement (ASd).
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Figure 4 plots capacity spectral acceleration and spectral displacement
values, that are somewhat equivalent to a force (represente. by acceleration)
versus displacement curve, where the slope represents the tiffness of the
structure. The cumulative values of spectral accelerations (S&) and spec-
tral displacements (Sd) can be used to calculate an effective period of vi-
bration (Tiff) for the multilinear system by using Equation (15).

IS,
Teff = 2y V-S:-(a- (15)

Figure 5 plots the effective period and capacity spectral acceleration values.

The demand characteristics of the ground shaking are represented by response
spectra. These spectra can either be standard shapes scaled to the site,
spectra developed especially for the site, or spectra obtained from recorded
ground shaking. At least two values of damping are required, one represent-
ing the elastic structure, and the other representing the structure at its
maximum inelastic excursions. It is assumed that effective damping varies

somewhat linearly between these two conditions.

Having established the capacity characteristics and the demand characteris-
tics, the two sets of data are plotted on the same graph; their intersection
is considered to be the reconciliation between demand and capacity,!? as
shown in Figure 5, and represents the predicced maximum response of a struc-
ture for a particular sarthquake. If the interse tion is below the elastic
capacity, no structural damage is anti. ated. If the two curves do not in-
tersect because the demand exceeds the maximum capacity of the structure,
irreparable damage or collapse of the structure is anticipated. However, if
the intersection is within the inelastic region of the capacity curve, the
maximum response, period, damping, percentage of damage, ductility demand,
and reserve capacity can be estimated. The peak spectral acceleration and
period are obtained directly from the graph, and the damping is interpolated
between the two damped response spectrum curves. The percent of damage is
interpolated along the inelastic portion of the capacity curve (in Figure 6,
[x/y] x 100%). The spectral acceleration and period are used to obtain the
spectral displacement by use of Equation (15). This spectral displacement is

A-14 e
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compared to the elastic and maximum spectral displacements (e g., Figure &)
to estimate ductility demands and reserve capacities.

The procedure is proposed as a reasonable approximation of inelastic response
of structures to earthquake ground motion. Comparison of the results of sim-
plified and rigorous analyses of two high-rise buildings subjected to severe
ground motion during the San Fernando 1971 Earthquake!! indicate that the
pincedure is reasonably reliable. The analyses conducted thus far illustrate
clearly and simply that although the demand spectral acceleration for an
elastic model of a structure may greatly exceed the elastic capacity, the
Stiucture can survive the earthquake motion due to the inelastic response
characteristics.

Elastoplastic Spectrum Method. This procedure, initially developed by
Newmark!“ and later restated by Newmark and Hall,l® is conceptually the sim-

plest of the simplified procedures that have been proposed. Only an elasto-
plastic spectrum has been presented in the literature but equivalent inelas-

tic spectra for other materials could be deve loped as well,

For reference, Figure 7 is an example of typical elastic design spectra
showing the ground motion amplitudes and response amplifications of acceler-
ation, velocity, and displacement over the given frequency range for various
damping values.

To use the design spectrum to approximate inelastic behavior, the following
suggestions are made by the authors.!® |In the amplified displacement region
of the spectra, the left-hand side, and in the amplified velocity region, at
the top, the spectrum remains unchanged for total displacement, and is di-
vided by the ductility factor to obtain yield displacement or acceleration.
The upper right-hand portion sloping down at hSO. or the amplified accelera-
tion region of the spectrum, is relocated for an elasto-plastic resistance
curve, or for any other resistance curve for actual structural materiais, by
choosing it at a level which corresponds to the same energy absorption for
the elasto-plastic curve as for an elastic curve shown for the same period
of vibration. The extreme right-hand portion of the spectrum, where the re-
“yonse is governed by the maximum ground acceleration, remains at the same

acceleration level as for the elastic case, and therefore at a corresponding
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Increased total displacement level. The frequencies at the corners are kept
at the same values as in the elastic spectrum. The acceleration transition
region of the response spectrum is now drawn also as a straight line transi-
tion from the newly located amplified acceleration line and the ground accel-
eration line, using the same frequency points of intersection as in the elas-
tic response spectrum.

In all cases the "inelastic maximum acceleration' spectrum and the "inelas-
tic maximum displacement' spectrum differ by the factor u at the same fre-
quencies. The design spectrum so obtained is shown in Figure 8, for 2% damp-
ing, for an elasto-plastic system with a ductility factor of 5. Both the
maximum displacement and maximum acceleration bounds are shown, for compari-
son with the elastic response spectrum.

The solid line DVAAO shows the elastic response spectrum. The heavy circles
at the intersections of the various branches show the frequencies which re-

main constant in the construction of the inelastic design spectrum.

The dashed line D'V'A'Ao shows the inelastic acceleration, and the line
DVA”A”° shows the inelastic displacement. These two differ by a constant
factor y = 5 for the construction shown, but A and A' di”fer by the factor
/2 = 1 = 3, since this is the factor that corresponds to constant energy,
as indicated in Reference 14,

The authors also point out that the elastoplastic or other inelastic re-
sponse spectra can be used only as an approximation fo. multi-degree-of-
freedom systems,

Although conceptually simpie. »r~!'cacion of the Elastoplastic Spectrum
Method requires about as much rigor in establishing force-displacement rela-
tionships and in constructing mathematical models for calculating deforma-
tions, stresses, ductility capacities, etc., for complex multimass systems.
as the two methods described previously, 5(8 Lar

Substitute Structure Method. This method is based on expeérimental obser-

vations of the inelastic response behavior of single-degree-of-fresdom struc-
tures.!® Proposed oy Shibata and Sozen,!”7 the Substitute Structure Method is

presented as a design (and nov an analysis) procedure. However, the proce-
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dure has many aspects that are similar to the above procedures and can be
used to supplement them.

The substitute-structure method is a procedure for determining the design
forces, corresponding to a given type and intensity of earthquake motion
represented by an elastic design spectrum, for a reinforced concrete struc-
ture. The objective of the method is to establish the minimum strengths the
componentc of the structure mus. have, so that a tolerable response displace-
ment is not likely to be exceeded.

The central and significant feature of the substitute-structure method is
that 't provides a siiple vehicle for taking account of inelastic response
of reinforced cuncrete in the design of multidegree-of-freedom structures,
The specific advantages are: (1) Use of linear-response models for dynamic
analysis; (2) choice in setting limits of tolerable response in different
elements of the stru: ‘ure; and (3) deliberate consideration of displacements
in the design process.

Main characteristics of the substitute-structure method are: (1' ./ rition

of a substitute frame, with it~ stiffness and damping properties - .'d to

but differing from the actuai trame: and (2) calculation of design rorces

from a modal spectral analysis ¢ the substitute frame using a linear-response
spectrum (or from a linear-response-history analysis for a given ground mo-
tion). The operaticns may be divided intc three steps: (1) Based on toler-
able limits of irelastic response, determine the stiffnesses of the substitute-
frame members; (2) calculate modal frequencies and damping factors for the
substitute structure; and (3) determine design forces.

Details of the procedure for each step aie described by the authors!” as fol-

lows .

It is assumed that preliminary member sizes of the actual structure are known

from gravity-load and functional requirements, precedent, or a previous trial.

Substitute Structure. The flexural stiffnesses of substitute-frave e crents
are related to those of actual-frame elements in accordance with

NS
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ve

(16)

(EI),{ -

in which (ET)s£ and (E:)ai are cross-sectional flexural stiffnesses of the
element, ©, in the substitute and actual frame, respectively; and vy is the

selected tolerable '"damage ratic' for element 7.

Physical interpretation of the damage ratio for a particular condition, a
moderately reinforced slender beam subjected to antisymmetrical end moments,
is shown in Figure 9. The solid curve in Figure 9(c) represents the rela-
tionship between the applied moment, M, ard the end rotation, &, caused by

flexural deformation within the span.

The term, (EI)a. is calculated using the fully cracked section (linear
stress-strain curves and no tensile strength for concrete). The M-& curve,
based on (EI)a, corresponds approximately to a line drawn from the origin to
the ''yield point' of a section with compactly placed tensile reinforcement
having a definite yield stress. The damage ratio, u, sets a lower slope and
implies that a rotation, approximately uey, will be attained if the effective
or average stiffness of the member is changed as indicated in Equation (16).
In that respect, the damage ratio, u, is comparable to but not exactly the
same as ''ductility' based on the ratio of maximum to yield rotation. Quan-
titatively, damage and ductility ratios are identical only for elastoplastic
response. It must be emphasized that a damage ratio of six requires a larger
ratio of '"'ductility' based on curvature or strain in members with moment

gradients.

Choice of tolerablc damage rac:os for structural elements is governed by the
nature, cost, and function of the entire building as well as by the type and
detailing of the elements. Recommendation of specific values was beyond the
scope of the authors' presentation. To permit quantitative demonstrations,
it will be assumed that the tolerable damnage ratio is six based on relative
story deflection of frames with rigid heams; and one for columns and six for
beams of frames with flexible beams. Note that members with damage ratios
exceeding onz must be detailea for sustained resistance throughk many cycles
of response to the anticipated inelastic displacement. )
528 258
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Modal Frequencies and Damping Factore. Periods or freguencies, mode shapes,
and modal forces for the undampeu substitute structurz are obtained from a
linear dynamic analysis.

The moda! damping factors for the substitute structure are calculated as
described in the following.

It was observed!® that the maximum inelastic earthquake response of single-
degree-of-freedom reinforced concrete systems could be estimated by analyz-

ing a linear model with reduced stiffness and a substitute damping factor

related to the damage ratio approximately as follows:

1
B 0.2 {1 [(u)‘” ]} + 0.02 (17)

in which B, = substitute damping factor, and u = damage ratio.

Equation (17) is based on dynamic tests of reifo ced concrete elements'® and
one-story frames.'® The form of the expression was derived'® from a model

by Jacobsen.!? |t provides a quantitative estimate of BB (to be used with a
linear-response spectrum calculated for a viscous damping factor numerically
equal to 88) to simulate the observed effect of hysteretic damping in a re-

inforced concrete element subjected to earthquake excitaticn.

If the individual elements of a frame are designed for different values of
u, individual values of Ba have to be combined to obtain a single ''smeared"
value for use in modal analysis. In the substitute-structure method this is
done by assuming that each element contrib tes to the modal damping in pro-
portion to its relative flexural strain energy associated with the mode

shape:

Z £’ (18)
= -——*8
P e
p, = F(—T_L (M2, + M2, = M) (19)
i EI 31: a' b‘L b1- L"‘f ,l‘

J(d 8]

A-23



in which q' = smeared damping factor for mode m; L = length of frame ele-
ment ; (BI)‘i = assumed stiffness of substitute-frame element 7: and M, ; and
My, = moments at ends of substitute-frame element 7 for mode m.

An alternate method of obtaining modal damping factors for the substitute
structure is provided by elements with complex stiffness??,21

k .
kg = ;9-‘- [1+28, % (-1)1/2) (20)
1

in which ksi = stiffness of substitute-frame member 7; kai = stiffness of
actual frame member 7; uy = tolerable damage ratio for member ¢; and Bsi =
substitute damping for member 7 from Equation (17).

Dynamic equilibrium of the entire substitute structure can then be expressed
by

My« ([x] + [k * (DY) = {0) (21)

in which [M] represents the mass matrix, [X;] and [K;] represent the real
and imaginary parts of the stifrness matrix; and u refers to the displace-
ments. Modal frequencies and damping faclors are determined by solving for
eigenvaiues of the complex matri>

Both methods give closely comparable answers. The method based on strain
energy was recommended because of its simplicity and because of its

direct relationship to the physical interpretation of the substitute struc-
ture.

Degign Forces. Design forces in individual elements are Lased on the root-

sum-square combination amplified by a factor given in terms of the base shear

F. = F . V}ss ’ Vﬁba
¢ V}as

1 irge (22)

5
'~

M
™~
o0
.
C -
E—
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in which Ik = design force in element 7; Fkrua = square root of the sum of
the squares (RSS) of the modal forces for member ©; V. = base shear based
on RSS of modal base shears; and V&b‘ = maximum value for absolute sum of

any two of the modal base shears.

To reduce the risk of excessive inelastic action in the columns, the authors
recommend that the design moment frow Equation (21) should be amplified for
columns by a factor of 1.2. This factor is, of course, of no consequence

for the analysis of an existing structure but is important for design.

The Substitute Structure Method appears to be among the most highly devel-
oped of the simplified methods. The method is based on specific experimental
data from single-degree-of-freedom structure tests and the multi-degree-of-
freedom extension has been verified with rigorous analytical nonlinear tests
using the SAKE computer program. The rroposed method can be used to deter-
mine earthquake design force requirements for individual elements of a R/C
structure given a design linear response spectrum and explicit decisions re-
garding tolerable inelastic response; with the option of different limits of
inelastic response in different structure elements. As with all the simpli-
fied methods however, virtually no guidance has been provided regarding re-

lationships between ductility and damage.

¢ =
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RIGOROUS NONLINEAR ANALYSIS PROCEDURES

Refined (rigorous) nonlinear computational procedures, for the dynamic anal-
ysis of various structures subjected to earthquake excitation, generaily in-
volve the step-by-step integration of the equatior: of motion, dividing the
response history into short time increments and assuming the properties of

the <iructure to remain constant during each increment but changing in
accordance with the deformation state existing at the end of the increment.
Thus the nonlinear analysis procedure is actually a sequence of linear aralysis
of a successively changing structure. The structures are usually discretized
with a group of finite elements.

There are several nonlinear analysis programs available to industry. These
may broadly be classified into two categories. The first type includes
programs developed at universities under grants from diffe-=nt government
organizations and private foundations. These programs are generally available
to the public. The second type of computer programs are those developed and
maintained by private companies. The well known programs--both publiic and
private--are oescribed below. Each of these will be categorized on the basis
of underlying assumptions, limitations and applicability to the nonlinear

dynamic analyses of nuclear power plant structures subjected to earthquake
excitations.

General Purpose Rigorous Programs

NONSAP.?? This is a finite-element structural analysis program for the static
and dynamic response of nonlinear systems developed -  the University of Cal-
ifornia, Berkeley. The system response is calculated using an incremental
solution of the equation of motion with Yilson or Newmark time-integration
methods. Before the Lime integration is carried out, the constant structure
matrices, namely tue linear effective stiffness matrix, linear stiffness, mass
and damping matrices, whichever are applicable, and the load vectors are
assembled and stored on low-speed storage. During the step-by-step solution
the linear effective stiffness matrix is undated for the nonlinearities in

the system. Therefore, only the nonlinearities are dealt with in the time

integration and no efficiency is lost in linear analysis.

l';)_r* 5
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The incremental solution scheme used corresponds to a mr.ried Newton
iteration. To increase the solution efficiency, *!ie user can specify an
interval of time steps in which a new effec* .ve stiffness matrix is to be

fc . d and an interval in which equilibrium iterations are to be carried out.

The structural system to be analyzed may be composed of a number of different
finite elements. The program presently contains the following element types:
(a) three-dimensional truss element, (b) two-dimensional plane stress and
plane strain element, (c) two-dimensional axisymmetric shell or solid

element, (d) three-dimensional solid element, (e) three-dimensional thick

shell element.

The nonlinearities may be due to large displacements, large strains, and
nonlinear material behavior. The material descriptions presently available
are: (1) for the truss elements: (a) linear elastic, (b) nonlinear elastic;
(2) for the two-dimensional elements: (a) isotropic linear elastic, (b)
orthotropic linear elastic, (c) Mooney-Rivlin material, (d) elastic-piastic
materials, von Mises or Drucker-Prager yield conditions, (e) variable tangent
moduli model, (f) curve description model (with tensior cut-off); (3) for

the three-dimensional elements: (a) isotropic linear elastic, (b) curve

description model.

Geomteric nonlinearities may be included for all the elements except the
three-dimensional element types. The forcing function is prescribed as a

load-history at any particular node.

NONSAP has quite a few limitations so far as its application t. the present
study is concerned. First, it does not have a facility for ground motion,
i.e., acceleration time history input, which is the standard forcing function
for earthquake excitations. Second, there are several limitations on the
material properties available. For example, the truss element does not have
a bilinear model load-deformation relationship with the consideration of
buckling in compression. Also, there is no concrete-type material property

with tension cut-off for the three-dimensional elements.

ADINA.23 This progranbwhich is basically an extension of the program NONSAP,
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is currently in the development stage at M.|.T. and was released a few months
ago. It is, however, not in the public-domain. Several material mode!s,
including creep and thermai phenomena, are being incorporated in the program.
There is also a concrete material model for both two-dimensional isoparametric
elements and three-dimensional solid elements. The concrete model basically
uses a parabolic curve to approximate the uniaxial stress-strain curve in
compression, and a straight line to approximate the stress-strain relationship
in tension. The parameters required to define the stress-strain relationship
are obtained from vniaxial test data.

The loading history is generally given as a force history at a node. This
imposes & severe restriction on the use of the program since earthquake
records are generally measured as acceleration time histories of the ground

motion.

ANSE.2% Tnis is a general-purpose program for analy<is of nonlinear structural
response developed at the University of California, Berkeley. Various geo-
metric and material nonlinear models are incorporated. At present, the
following elements are available: (a) 3-dimensional truss element, (b) 2-
dimensional 4- to B-node finite element for plane stress, plane strain, and
axisymmetric analysis. Nonlinearities are introduced at the element level
only and may be due to large displacements, large strains, and/or nonlinear
materials.

For the truss element, two alternative modes of inelastic behavior may be
specified, namely (1) yielding in both tension and compression and (2)

yielding in tension and eilastic buckling in compression.

The two-dimensional element may have several types of material properties such
as (1) isotropic linearly elastic, (2) orthotropic linearly elastic and (3)

isotropic elastic-perfectly plastic with von Mises yield function.

The dynamic response is computed by stepwise time integration of the incre-
mental equations of motion using Newmark's operator. The dynamic loading may
consist of earthquake ground accelerations, time dependent nodal loads, and

prescribed initial values of the nodal velocities and accelerations. The very
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small element library limits its application to very simple structures onlv.

DRAIN 2-D.2% This program computes the dynamic response of inelastic two-
dimensional structures of arbitrary configuration subjected to earthquale-
type ground motions. Independent horizontal and vertical excitation may be
specified, but out-of-phase support motions cannot be considered. Static
loads may be applied to the structure prior to the application of the dynamic
loading, but no yielding is permitted under these loads.

The structure may be composed of elements o a variety of types, each having

a different behavior pattern and yielding characteristics. Five different
element types have been incorporated into this version of the program, namely,
(a) truss, (b) beam-column, (c) shear (infill) plane, (d) semirigid connection,
and (e) degrading stiffness reinforced concrete beams. Geometric nounlinear-

ities may be included for the truss and beam-column elements.

The structure is idealized as a p'anar assemblage of discrete elements.
Analysis is by the direct-stiffness method with the nodal displacements as
unknowns. The dynamic response is determined by ste, -by-step integration,
with a constant-acceleration assumption within any step. The tangent stiff-
ness of the structure is used for each step, and linear structural behavior
is assumed during the step. Viscous damping of mas<-dependent and/o1

stiffness-dependent type may be specified.

DRAIN 2-D may be applied to any type of two-dimensional frame. Many of the
factors that are frequentiy encountered in the seismic analysis of two-
dimensional frames may be included in the analysis, e.q., (a) semirigid beam=
column joints, (b) unsymmetrically distributed flexural strengths at the ends
of beam elements, (c) axial deformations and axial load-bending moment inter-
action in columns, (d) compression buckling in slender diagonal braces, (e)

P-A effect in columns, and (f) brittle failure in shear panel elements.

In general, the turbine building of a nuclear power facility consists of a
combination of ductile-frame and shear-wall elements. It is possible to
uncouple the responses of the building due to seismic input in the transverse

or longitudina. Ji-ections and thus idealize the stucture as a two-d mensional

rl P
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frame. This idealized structure can then be analyzed by DRAIN-2D, which has
very elaborate constitutive relationships for ductile elements.

For example, the truss bar element, which may be used as diagonal braces,

may yield in tension and yield or buckle elastically in compression. The beam-
column element ma,. . se varia'le cross section and strength and yields through
the formation of concentrated plastic hinges at its ends. Interaction

between axial force and moment may be taken for cross sections of steel or
reinforced concrete type.

The major assumption of the DRAIN-2D program is the constant-acceleration
assumption within any time step for the step-by-step integration of thr
dynamic response. |f vibration modes with periods that are shc-: .. com-
parison with the time step are present, the response computed for these modes
will be grossly inaccurate with respect to variation with time but will have
amplitudes of the correct order of magnitude. For vibration modes with longer
periods, the response computed by the c:sstant-acceleration method is suffi-
ciently accurate. Greater accuracy can bs expected as the integyration time
step is reduced.

The input to DRAIN-2D is fairly simple, and the program is not very expensive.
Moreover, the program is structured in such a fashion that ne <lements and

constitutive relationships may be incorporated without muc’ trouble.

SAKE.?® This special-purpose compiter program was developed to analyze the
inelastic behavior of a multistory, reinforced concrete frame structure sub-
jected to an intense earthquake motion in one horizontal direction. A
Structure on a rigid foundation may consist of more chan one reqular rec-

tangular unbraced plane frame with an arbitrary number of bays and stories.

An equivalent spring model is used in the program to stimulate the inelastic
flexural deformation of a member. The analytical model recognizes stiffness
changes caused by cracking of the concrete, yielding of the reinforcement,

and stress reversals. Hysteresis rules for the flexural behavior of a rein-

forced concrete member under load reversals are adopted after Takeda.

In addition to inelastic flexural deformation, a deformation caused by bond
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slip of the longitudinal reinforcement within a joint core is considered,
represented by another ineclastic rotational spr-ing. Step-bv-step numerical
integration procedures are used to obtain the building response. Axial and
shear deformations of a member are ignored. All mass at a fioor level is
assumed to be concentrated outside the structure and linked to the floor
levels by rigid truss elements. Ground motion is considered only in one

horizontal direction parallel to the plane of frames.

DRAIN-TABS 27 This is a computer program for obtaining the inelastic earthquake
response of three-dimensional buildings. This program has been developed

at the University of California, Berkeley and is an extension of the program

DRAIN-2D.

The building is idealized as a series of independent plane substructures inter-
connected by horizonta( rigid diaphragms. Each substructure can be of arbitrary
geometry and include structural elements of a variety of types. It is not
necessary for all substructures to connect to all diaphragms, so that structures
with independent diaphragms at some levels can be idealized. The analysis

makes use of substructuring techniques to improve computational efficiency.

The major limitation is that the coupling of the substructures though common
columns is not fully taken into account, so that the idealization is not

suitable for tube-type buildings.

The program -~onsists of a ''base'' program which reads and prints data for the
structure and its icading, allocates stcrage, carries out a variety of book-
keeping operations, assembles the substructure and building stiffnesses and
loadings, solves the equilibrium equations, and determines the displacement
response. This base program is then combined with a library of element sub-
routines to produce the complete program. Subroutines for new elements can
be developed independently and added to the element library with relative
ease. Subroutines for truss, beam column, shear panel, semi-rigid connection,

and oeam elements are currently included.

The idealization selected herein for the analysis of inelastic frame buildings

is essentially identical to the TABS?® idealization. Howev:r, each individual

frame is idealized as in the DRAIN-2D computer program, so that the resulting
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idealization allows rather greater generality than TABS. |In addition, greater
freedom is all. ~d in the positioning of the floor diaphragms.

The structural idealizations can be summarized as fol lows:

(a) The building must be separated into a series of discrete
plane frames, connected together by rigid horizontal
diapnragms. Each frame must be in the vertical plane, but
may otherwise be essentially arbitrary. The frames may be
arbitrarily oriented and located in plan.

(b) Except for the common columns the only connection between
frames is through the diaphragms. The diaphragms are assumed
to be rigid and horizontal, but may otherwise be located
arbitrarily.

(c) The displacement degrees of freedom for any frame are or-
ganized into two groups namely, (1) interncl degrees nf
freedom and (2) connected (or external) degree: of freedom.
The horizontal displacements at those joints which connect
to diaphragms are kinematically related to the diaphragm
displacements. These horizontal displacements are the con-
nected degrees of freedom of the frame. All other displacements
are internal degrees of freedom.

(d) Compatibility of vertical and rotational displacements at
joints common to two frames i< not enforced. This ideali-
zation is not suitable for structures such as framed tubes,
in which there is substantial coupling through common columns.

(e) It is assumed tirat the axial forces in columns which are
common to two d. fferent frames can be obtained by adding
together the forces calculated for the two frames. This
addition is carried out by the computer program and the com-
bined force is uted in assessing P-M interaction effects
for common columns. For framing systems in which the com-
puted behavior 's likely to be affected little by axial
defcrmations of tie columns, this approach is believed to
be a reasonable ore.

The element library and material models in DRAIN-TABS are all taken from

DRAIN-2D. This program seems most applicable for nonlinear analyses of
shear wall-diaphragm type structures.

The auxiliary buildings of nuclear power plants are ge er?]ly such struc-
tures with heavy concrete slabs at various floor elevigi%ﬂg. ]§€;9 floor
slabs are interconnected with numerous concrete shear walls. The usually

low height-to-plan aspect ratio of such buildings indicate that under lateral
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loads the predominant deformations of the walls arez shear deformations. Since
the predominant deformation of this .ype of structure under horizontal seismic
ioading is a horizontal shear deformation of the walls, it is possible to
model the structure as a three-dimensional shear structure, At each point

of interest, two in-plane translational degrees of freedom may be considered.

MARC-CDC.%? This is a linear and nonlinear general-purpose finite element
structural analysis program with heat transfer analysis capabilities. The
program is developed and maintained by Marc Analysis Corporation.

MARC-CDC is a series of six separate programs of which two are mesh generations,
two are postprocessor plotting programs, and the remaining two are a transient

heat conduction program and the main program (i.e., stress analysis).

The main program contains some 52 elements. The nonlinear capabilities
include elastic-plastic behavior with large displacements, creep an 'ysis,
and buckling phenomena. Elastic-plastic behavior is based on isotropic
materials with temperature-dependent elastic properties, a von Mises yield
stress criterion, and either isotropic or kinematic strain hardening. The
creep analysis is based on a von Mises flow criterion and isotropic behavior
described by a user-supplied equivalent creep rate law. In addition, three
material models based on a hydrostatic yield dependence (Mohr-Coulomb) for
soil- and rocklive materials are available. (Finite strains are included
through use of a Lagrangian formulation.) The dynamic solution is obtained
through integration of the equations of motion by (a) the Newmark method

(2 = 1/4, vy = 1/2), (b) the Houbolt method, or (c) central differences.

Mode superposition is also available.

Recently (mid=1977) MARC-CDC has introduced a reinforced concrete element
which is a combination of a three-di.ensional 20-node brick element and a
three-dimensional 20-node rebar element. This element can handle cracking
at the integration points with the help of a user-supplied subroutine.
However, this element has not been used very much and according to CDC
(Control Data Corporation) it still needs debugginrg.

ANSYS.30 This is a general-purpose analysis program that can perform static
and dynamic structural analysis and heat-transfer analysis for both linear

-~
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and nonlinear problems. The program, developed by Swanson Analysis Systems,
Inc., has a capacity of approximately 2500 nodes for three-dimensional problems.

The matrix-displacement method of analysis, based on finite element ideali-
zation, is employed throughout the program. The library of available finite
elements numbers more than 40 for static and dynamic analyses, and 10 for
heat-transfer analyses. This variety of elements gives the ANSYS program

the capability of analyzing frame structures (two-dimensional frames, grids,
and threc-dimensional frames), piping systems, two-dimensional plane and axi-
symmetric solids, flat plates, three-dimensinnal solids, axisymmetric and
three-dimensional shells and nonlinear problems including interfaces and

cables.

The nonlinear capabilities include plasticity (small strain), creep (thermal-
and irradiation-induced), irradiation-induced swelling, large deflection,

and buckling. The dynamic capabilit’es include eigenvalue-eigenvector,
steady-state harmonic response, and linear and nonlinear transient response.
The materials may be either isotropic or anisotropic and may include non-
linear temperature dependency. This program does not have a concrete-type
material with tensinn cut-off.

The dynamic analysis employs a consistent mass matrix and an explicit qua-
dratic integration routine. Extensive plotting capabilities exist, including
geometry, stresses, displacements, and temperatures. |

Loadings on the structure may be t_.ces, displacements, pressures, temperatures,
or response spectra. Lecadings may be arbitrary time functions for linear

and nonlinear dynamic analyses.

Shell Rigorous Programs 528 i |

In the , ocess of literature survey, the feasibility of including containment-

type structures for rcfined nonlinear dynamic analysis was specifically reviewed.
A typical containment structure is a continuous shell-type structure. For
rigorous dynamic analysis, such structures may be modeled by generating a

mesh of shell elements (representing the effects of both membrane and plate
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bending effects) all around the shell surface. The computational effort
required to analyze such a model is so prohibitive that alternate mou. s

were sought and it was found that an axisyrmetric representation of containment
shell, while retaining the rigorousness of a refined mathematical model, mini-
mizes the computational effort by reducing the structure to a two-dimensional

case and includes consideration of circimferential effects by shape functions.

Computer programs are available to do ricorous dynamic anailysis of axi-
symmetric structures subjected to both axisymmetric (e.g., uniform pressure)
and non-axisymmetric (e.g., seismic excitation) loads provided the struc-
tural system is linearly elastic. Nonlinear computational codes are also
available for axisymmetric structures subjected to axisymmetric loads.

But, to cur knowledge, no computer code is at present available which can
undertake nonlinear dynamic analysis of axisymmetric structures under non-

axisymmetric loads such as seismic excitation.

The following programs were examined tn evaluate th-'~ applicability in

executing a nonlinear dynamic analysis of a contim shell structure.

ASHSDZ.3Y  This is a computer program which applies the finite element method
for the linear dynamic aralysis of corplex axisymmetric structures subjected
to any arbitrary static or dynamic loading or base acceleration. The three-
dimensional axisymmetric continuum is represented either as axisymmetric thin
shell or as a solid of revolution or as a combination of both. The axisym-
metric shell is discretized as a series of frustums of cones and the solid

of revolution as triangular or quadrilateral toroids connected at their

nodal point circles. [ ™
Jig 272
l'amilton's variational principle is used to derive the equations of motion

for this discrete structure. This leads to a mass matrix, stiffness matrix
and load vectors which are ail consistent with the assumed dispiacement field.
But to minimize computer storage and execution time a diagonal mass matrix
has been assumed in writing the computer program. These equations of motion
are solved numerically through the time dom.in either by direct integration
or by mode superposition. In both cases the numerical scheme adopted is the
step-by-step integration procedure. For an earthquake analysis, the response

spectrum technique may be used to obtain approximate values of the maximum
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response quantities if detailed time history of the response is not dec.red.

The. program can handle five loading cases: i) dead load, ii) arbitrary
static load, iii) arbitrary dynamic load, iv) horizontal and v) vertical
c. nponer of earthquake acceleration record applied at the base of finite
elerent model.

Any arbitrary loading is first expanded in terms of a cosine Fourier series
(except circumferential load in sine Fourier expansion) with a finite number
of terms. For each individual Fourier component the stiffness and mass
matrices and the corresponding load vector are formed and the equations of
motion are soived through the time domain either by direct integration or
mode superposition by using a numerical step-by-step integration prucedure.
After solving for the response of all the Fourier terms, their contributions

are summed up to obtain the total response.

This is a very versatile program and used very often in dynamic analysis of
the axisymmetric structures. The limitation is that the program only

analyzes linear structural systems and carnot be used for a nonlinear analysis.

SHORE.3? This program is designed for the linear static analysis of arbi-
trarily loaded thin elastic shells of revolution. The meridional curve

of the shell may have any quadratic shape including the case with closed
end. The shell may be isotropic, or single or multi-layer orthotropic with
the two principal material directions at any point coinciding with the prin-
cipal directions of the middle surface. Framed structures having the form
of a surface of revolution with the linear members running along the prin-
cipal directions of the middle surface may also be analyzed. As a special

case, flat axisymmetric plates may also be considered.

The shell is discretized by a series of curved rotational elements and,
if necessary, cap elements. Discontinuous meridian curves are permissible,
provided a noda! point is located at such discontinuity. Elementwise vari-

ations in thickness and material properties are admissible.

The following loading conditions can be considered: (1) Distributed pressure
28 273
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loading; (2) Concentrated line loads applied at designated nodal ooints;
(3) Gravity loads due to self weight or its fraction; (4) Thermal loads.

All loads which are not axisymmetric are required to be expanded in Fourier
harmonics. The number of harmonics to be considered will depend upon the

nature of loading and accuracy desired. The distributed loadings, and the
temperature distribution may be allowed to vary linearl, along the meridian

of each eiement.

This program is much more limited than ASHSDZ hecause only static linear

analyses car be done.

SAFE-CRACK. This is a computer program for the quasi-static nonlinear
analysis of plane and axisymmetric reinforced or prestressed concrete struc-
tures. This program is developed by Gulf General Atomic, Incorporated (GGA).
SAFE-CRACK is a GGA proprietary program. in this analysis, the specific creep
of concrete as an age and temperature dependent function, concre : failure
under combined stresses and transient temperature and mechanics loadings are
considered. There are three types of elements--two-dimensional triangular
elements, one-dimensional bar elements and membrane shell elements. Each

node has two degrees of freedom--radial (horizontal) and axial (vertical)

The lack of a rotational degree of freedom requires that structures or areas

that undergo considerable tending be represented by a fine mesh.

This a very sophisticated program but since only static load may be app'ied

it cannot be used for the current study.
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CONCLUSIONS AND RECOMMENDATIONS

Criteria for Simplified Method of Analysis

The complete nonlinear analysis of a structure subjected to earthquake ground
motion requires many steps. The two principal steps are: structure modeling
and solution of the governing equations of motion {response analysis). For
each of these two steps, a variety of simplifications can be interjected.

The various factors that must be considered in making nonlinear response |
analysis simplifications include:

Changes in natural period with changes in stiffness.

Changes in damping with response amplitude.

Reserve strength associated with redundancy.

Reserve energy associated with ductility.

Cyclic degradation.

N W N e

Geometric nonlinearities.

Finaily, for <pecific use, a simplified analys’s procedure must reveal pos-
sible modes of failure and must provide some indication of the damage state
at various inelastic response levels. Modes of failure include both
mechanisms and buckling. The identification of damage should include eval-
uvation for both structural and nonstructural components. The factors listed

above must also be included, of course.

Simplified Nonlinear Analysis Methods

In the above section titled "Simplified Nonlinear Analysis Methods,'" two distinct
classes of simplified analysis methods were identified, namely: time history
methods and response spectrum methods. We recommend that only the response
spectrum methods be considered for this study. The time history methods do

not materially reduce the <omplexity of the problem sclution and therefore

offer only a marginal simplification and do not warrant further evaluation

528 275

Each of the four response spec:rum methods identified has merit and should

for purposes of this study.
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encountered in the seismic analysis of two-dimensional frames may be in-
cluded in the DRAIN-2D analysis, e.qg., (a) semirigid beam-column joints,
(b) unsymmetrically distributed flexural strengths at the ends of beam
elements, (c) axial deformations and axial load-bending moment interaction
in colums, (d) compression buckling in slender diagonal braces, (3) P-a
effect in colums, and (f) brittle failure in shear panel elements.

DRAIN-2D has very elaborate constitutive relationships for ductile elements,
For example, the truss bar element, which mav be used as 4iagonal braces,

may yield in tension and yield or buckle elastically in compression. The
beam-column element may have variable cross section and strength and yields
through the formation of concentrated plastic hinges at its ends. Interaction
between axial force and moment may bhe taken for cross sections of steel or

reinforced concrete type materials.

The input to PRA!N-2D is fairly csimple, and the program is not very expensive.
Moreover, the program is structured in such a fashion that new elements and

constitutive relationships may be incorporated without much trouble.

So it is concluded from the literature survey that DRAIN-2D will be used for
refined (rigorous) analyses of two-dimensionai braced-frame or ductile,

moment-resisting frame structures.

Auxiliary buildings are generally heavy reinforced concrete shear-wall
structures, with the shear walls interconnected by concrete floor diaphragms.
From the !iterature survey, it seems that DRAIN-TABS is the candidat. program
most suited for the refined nonlinear analyses of such structures. In this
program, the building is idealized as a series of independent plane sub-
structures interconnected by horizontal rigid diarhragms. Each substructure
can be of arbitrary geometry and include structural elements of a variety of
types. The finite element library of DRAIN-TABS inciude truss, beam column,
shear panel, semi-rigid connection and beam elements. The analysis procedure

makes use of substructuring techniques to improve computational efficiency.

Sneil {Containment) Structures ‘ 278 2?-,7
/

It may be concluded from the literature survey that no computer software is
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ELELENTS OF A DYNAMIC-INELASTIC DESIGN CODE
by

John A. Blumel

SYNOPSIS

The need for a dynamic-inelastic design code that provides greater
utilization of available knowledge than the current earthquake codes is
discussed followed by the philosophy of such a code including th2 require-
ment for reasonable simplicity and workability. Elements of the code are
presented as a supplementary section to existing static-elastic require-
ments. Two levels of earthquake intensity ar~ specified. The dynamic-
inelastic provisions are based upon kinetic energy reconciliation with
energy stored, converted to heat, and used to do work in the inelastic
range as in the reserve energy technique.

INTRODUCTION

It has become increasingly clear that static or pseudo-static
seismic design codes a.e not adequate for the design of important, un-
usual or high risk structures. Even where elaztic dynamic analyses are
conducted using earthquake records there is a problem »f what to do with
the results which generally greatly exceed those frcn code-specified
lateral forces. Rigorous inelastic modeling and analyses are complex,
often costly, and the results are hignly dependent vpon both the elastic
and inelastic model characteristics selected for anélysis.

It is proposed that seismic building codes have two basic parts --
the first consisting of the most desirable procedurs and requirements
for a static-elastic iLype design such as now gene v practiced, and the
second be a dynamic-inelastic part which would a’ > required for build-
inge of certain types. This would in ef. .ct crea: “nlateau” (1) of
initial resistance for the most probable earthquak: uemands and an ulti-
mate-resistance control against collapse under a less probable but still
possible extreme earthquake demand. This paper is concerned only with
the second, dynamic-ineiastic part and it is not intended to be a com-
plete code and commentary but a presentation of key elements. Some of
the material on which this code is based has been presented nreviously

(]. 2‘ 3’ 4. S’ 6)-

A basic factor is not the dynamic analysis, whether with elastic or
inelastic models, but what the real resistance values of buildings are as
compared to the probable and possible demands. No analysis, per se,
improves a building unless something worthwhile is done with the results
of that amalysis. In addition, the analysis must be based upon realistic
models and conditions. The question may be raised as to which model is
proper for dynamic analysis -- the one before damage or the one after
damage has allowed the structural frame to act essentially alone. This
code approach is that both are needed -- the first to determine the
response that mighy l2ad to damage and inelasticity and the second to
check the structure for survival should the strong motion cortinue. The

IPresident. John A. Blume & Associates, Engineers, 130 Jessie Street,
San Francisco, California 94105



natural periods and other properties of these two models may be quite
different (6, 7, 8).

There will be two extreme points of view to any dynamic-1in: tic
design code -- one that it is complicated and extra work for t.e designer,
and the other that it lacks scientific rigor and is too simplified for
the real problem. Obviously both can't be right, although both may have
valid points. Discussion has been going on for manv years while the tools
have been available, and while thousands of new buildings are being con-
structed each year -- built to exist hopefully for 50 or more years with-
out all the benefits of available knowledge. The Southern California
hospital failures of 1971, for example, were not only predictable but
preventable, but not under any then existing code. Moreover, . des rather
than available knowledge seem to determine building properties. In view
of these considerations the elements of a dynamic-inelastic code are pre-
sented in the following text.

BASIC REQUIREMENTS

For a dynamic-inelastic design code to be feasible and useful it
must be simple, clear, and in terms and procedures with which the desianer
is famiiiar or with which he could readily become famiiiar. In addition,
1t should not depart from the good features of established practices and
codes. The basic objective of such a code is to provide adecuately for
the effects of time and of energy which are largely lacking in existing
seismic provisions. The subject is so conplex that complete rigor can not
be included in a code; nor is that necessary. Certain assumptions and
some generalizations are therefore required. In spite of thece, the code
should provide for the effects of: complex realistic ground motion;
damping; natural periods; changes in natural periods; mode shapes; dy-
namic amplification; inelastic as well as elastic properties; response of
an inelastic system; force-deformation characteristics; deterioration
under repeated cycles; capacity to do work; modal combinations; soil-
structure interaction; energy conservation and reconciliation; all ma-
terials and elements that participate in the response; probabilistic
variations in ground motion; and probabilistic variations in resistance.

Current seismic codes specify equivalent static horizontal forces
from which the designer computes shears, moments, axial forces and finally
stresses. However, the element of time is not included adequatrly and the
element of energy is largely neglected. Certainly earthquake ) zsponse
involves time to a major degree, and the basic problem is one of mobili-
zing resistance to severe energy cdomands. The energy transmitted to the
structure has to be dissipated in such mann' that the structure wi'l
survive. Unless buildings are made much st.onger than most codes re-
quire, this energy must be absorbed by doing work far beyond the minor
amount of energy converted to heat by damping and friction and stored as
elastic strain.

The Reserve Energy Techniqu (RET) was developed in the 1950's and
presented in a series of publica .ons (1, 2, 3) as a practical means of
analysis or design in the inelascic range. It was published somewhat
apologetically in view of lack of rigor and the need for more data. How-
ever, in today's state of great need for a workable dynamic design code,
and in view of what has happened, it seems that RET offers a sound basis

o~ (Y 2
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on which to accomplish the above noted objectives. It introduces energy
and the resistance of nonsiructural elements as the current missing link
in design procedures for earthquake resistance and it does this in such

a way as to keep the analysis tractable.

PHILOSOPHY

The philosophy of RET is really quite simple and includes consider-
ation of: (a) the extreme demands of the earthquake that can cause the
greatest damage or collapse; (b) peak spectral veiocity at the period of
interest can be used to compute the critical kinetic energy demand; (c)
thare is energy reconciliation between the kinetic energy and damping
(heat), strain (stored) and damage (work done); (d) some structures have
Characteristics in the inclastic range which must be utilize? for survival
and these should be evaluated and utilized; (e) any deterioration or
softening from repeated cycles can be estimated; (f) changes in dynamic
properties from initial response must be considered in the later stages
of the earthquake whep <urvival may be in the balance; (g) all elements
of resistance and wurk capacity (reserve energy absorption) should be
utilized in the computations as they are in the real structures; and (h)
the procedures in design must sacrifice rigor for the benefit of reason-
able sir-licity but must be reasonab'y conservative.

The elenents of the proposed code are - ~2sented with the fuli under-
standing that with these "key elements" the: _ still must be ex ensive
work done in refining numerical values, and also that local conditions
vary. however, it has been found that the application of these tentative
requirements would have prevented the serious damage in Southern Cali-
fornia in 1971 and that their application after the event seems to
reliably reproduce the effects of the earthquake on all of the structures
investigated (6).

PROPOSED CODE ELEMENTS

DYNAMIC-INELASTIC PROVISIONS

Sec, 100. (a) General. Every building of public assembly of more
than ___ persons; of pubTic function such as hosnitals, pelice stations,
fire stations, jails; other government buildings; of community housing of
more than __ family units; for basic communications or utility purposes;
of more than square feet of total “loor area; of height greater than
___stories or with a height to width ratio greater than __ ; or as may be
specifically set forth; shall be first desig.~d as per Section 99 and then
be reviewed for performance under this Section and revised as necessary
to comply with or exceed the minimum requirements of both Section 99 and
this Section.lI

The provisions of this Section apply to the structure as a unit and
also to all stories and parts thereof unless otherwise specifically
excepted herein.

The intent of this Section is to provide for the probability that
the stress leveis of Section 99 may be considerably exceeded because of
strong ground motion and to insure a reasonable degree of resistance
against collapse under such circumstances.

u“Section 99" refers to an improved static-elastic code such as UBC.
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The ratio of stress level at which C'j is determined to the yield
stress level; see C'j above.

A = The yield point story distortion.
= The ultimate story distortion.
» = Modal deformatiors as in Fig. 100-3.

" = Ductility factor or the ratio of total story shear distortion to
yield point distortion.

= Juctility factor required in story j by initial earthqueke.
- buatility factor required in story j by final earthquake.

= Ductility factor limitaticn for initial earthquake.

= Ductility factor limitation for final earthquake.

(d) Earthquake Demands.

1. The "initial” earthquake cemand on the structure shall be obtained
from Figure 100-1 for the appropriate seismic zone and the elastic funda-
mental mode period of the building. In the event that the damping in the
elastic range can be shown to vary significantly from 5% of critical then
adjustment factors shall be applied to Sa as set forth in Table 100-A.

2. The "final" earthquake demand on the structure shall be obtained
from Figure 100-2 for the appropriate seismic zone and the fundamental
ode period after the initial earthquake has occurred. In *he event the
‘amping van be shown to vary significantly from 7% of critical then ad-
Justment factors shall be applied to Sa as set forth in Table 100-A.

3. Site Characteristics. The Sa salues of (d)1 and (d)2 shall be
increased as per Table 100-B for any © lucal dominant soil or site
periods greater than 0.5 sec.

4, Time-history. In lieu of response spectra., a time-history of
ground motion may be used in analysis providing the time-histery adequate-
1y models the specific seismic, geologic and site conditions and provided
it 1s used (or altered as necessary and then used) to create response
spectra of appropriate damping values which spectra do not significantly
fall below the corresponding spectrs of Figures 100-1 and 100-2 adjusted
as per (d)3, at any period value. Models used with time-histories shall
appropriately model the soil as well as the structure.

(e) Building Characteris®-s.

1. "Initial" Periods. The building periods for the initial earth-
quake demard shall be the elastic state fundamental periods of each
horizontal direction of the buiiding along its main axes (alternatively
used) with allowance for the compliance of foundation materials. These
periods shall be based upon the mass and effective stiffness of all
materials and elements whether or not structural. In no case shall they
exceed the period values from Section 99 without adequate demonstration
of the reasons therefore.

2. "Final" Periuds. The "final" periods shall be those fundamental

mode periods of each horizontal direction of the building along its main
axes (alterratively used) with allowance for the compliance of foundation

'J.jI
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materials after any damage has been done by the initial earthquake. Any
change in stiffness from cracking or failure of partitions, filler wails,
structural walls, beams, columns, or other elements shall be taken into
account as well as expected deterioration due to repeated cycles (to be
assumed as 10 in number for the initial phase and also for the final
phase). Each period may be assumed to change by a factor equal to the
square root of the ratio of the "inital" effective stiffness to the
"final” effective stiffness of the first story.

3. Mode Shapes. The fundamental mode shape shall be assumed to be
the most Tikely idealized shape in Figure 100-3 based upon the structure's
framing, walls and geometry. Should there be significant ground rocking
and/or translation the “rigid" bases shown in Figure 100-3 shall be
rotated and/or translated accordingly.

4. Base Shear Coefficien:.Ratio. The ratio of ihe fundamental mode
dynamic base shear coefficient to spectral acceleration, Cb/S » shall be
obtained from Figure 100-4 using the appropriate number of° 2 stories
and the selected model from Figure 100-3.

5. Shear-Distortion Models. Each story, j, to be investigated shall
have an appropriate idealized shear-distortion (V-2) model selected from
Figure 100-5 to best represent the actual conditions in tne story based
upon static test results of materials and elements similar to those pro-
posed. If conditions require, other V-4 tyrcs than those shown may be
used but in all cases the type selected shall be Justified on the basis
of reliable test results. Numerical values shall be developed to define
the diagram. Should there be deterioration in the model from the "initial"
earthquake, the model for the “final" earthquake shall be appropriately
altered from that of the initial phase. In no case shall u' and L'F
exceed the values fn Table 100-C nor any other controlling c;iterion such
as buckling, secondary effects, overall building stability or stress com-
binations. The first story shall always be investigated. For buildings
of over 5 stories other stories shall alsc be investigated so that no
more than 4 typical stories fall between those investigated. In deter-
mining Vy and &y the average yield value may be used in lieu of the
specified (minimum) yield value.

(f) Analysis.

1. General. The analvsis for both ‘nitial and final earthquakes
shall be conducted as though the structure remained elastic and then
those results shall be adjusted to the inelastic state by the use of the
reserve energy reduction factor, R. The computed ductility excursions
M and ug must not exceed the model values u'l and L'F respectively.

2. Base Shear and Story Shears. Only the fundamental mode shall be
used in the spectral analyses but the dynamic base shear shall be in-
creased for higher mode participation as follows:

o, = & [1a8] gy (100-1)
b S, 100 a'b
DVp shall be equal to the sum of assumed horizontal forces on the building
wh?ch shall be applied to the story levels (for the purpose of obtaining
story shears va) in proportior to the modal deformations .f the model
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The overall stability of the building shall be
extreme "Rté—)r'] ducti 111 i 1S sumed t oxict

ny other combination. .




at various period bands to other damping values such as 2, 3,

TABLE 100-A would provide (a) factors to change from 5% damped Sa values

4,76, 7 and
8%; and (b) similar factors except to change from 7% to 4, 5, 6: 8, 9 or
10% damping.

TABLE 100-B would provide data for adjusting the response spectra beyond
the 0.5 sec period for dominani site periods associated with deep soil
layers over rock. (Shorter site periods would be covered statistically in
Figures 100-1 and 100-2.)

TABLE 100-C would provide ductility factor limitations, for the "initial"
earthquake and for the "final" earthquake, based on the material and the
type of stress, as for example shear in corcrete, bar tension in ductile
concrete, steel in compression, etc.

FIGURE 100-1 would be a smoothed plot of 5% ~amped S_ spectra versus
period T for the median conditions (50% prohability of exceedance) in
each region. Each seismic zone would have 1ts own spectral curve, based
upon intensive studies of actual earthquake records.

FIGURE 100-2 would be like Figure 100-1 except it would be for 7% damping
and be for only 16% probabilit. of exceedance in a 100-year period.

v

-4
Model “uit y a

I 1 1 1

11 2 ] 1

111 : 1 1

Iv 6 1 1

v ) A 0.90

VI 6 1.5 0.90

VIl 8 1.5 0.90

VI1I 4 2 0.83

IX 6 2 0.83

X 8 2 0.83

X1 11 1 1

XI1 1 2 0 83

FIG. 100-5 Inelastic Story Shear Models
5728 295
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These test results were studied to determine the way in which parameter varia-
tions affect (he ductility of low-rise walls. Most of the data considered

in this study demonstrated a reduction in load capacity after the ultimate
load == i.e., there is no yiel! ;lateau or ductility by the conventional
meaning of that term. Ductility is qualitatively defined as the absence

of a rapid decrease in load capacity after the ultimate load has been

reached. The more ductile panels were judged to be those which lose their

load capacity at a slower rate as compared to others.

Tests at Stanford

These test specimens consisted of l-story reinforced concrete panels
enclosed by reinforced concrete edgemembers. The panels were reinforced
in both directions with various amounts of reinforcing steel, and the

size and steel content of the edgemembers were also varied.

The Stanford test data indicated a trend of reduced ductility as edge-
member reinforcing is increased. This is similar to reinforced concrete
beam behavior in that under-reinforced beams demonstrate more ductile

failure as compared to over-reinforced beams.
The data also demonstrated that the amount of panel reinforcement in-
fluences the ultimate strength but has relatively little effect on

ductility.

Recent Japanese Tests

The recent Japanese test panels demonstrated load-detlection characteristics
which were similar to those obtained from the Stanford tests., The shapes
of these curves appeared to be independent of the amount of panel rein-
forcement and the panel thickness. This lack of dependence on the amount
of panel steel was also noted in the Stanford tests. The Japanese tests
only recorded one data point after the ultimate load; therefore, these tests
are of limited value in determining post-ultimate load behavior.

528 297
PCA Tests
The PCA has conducted numerous low-rize wall tests on =specimens having

,arge, highly reinforced edgemembers. ~he variables considered in the PCA
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tests were steel in the edgemembers, horizontal wall reinforcing, and
vertical wall reinforcing.

Most results for specimers with varying amounts of edgemember reinforce-
ment were consistent with observations from the Stanford data. However,

one specimen did not follow the general trend.

The influence of horizontal wall reinforcement was studied in the PCA tests.

The results showed that the absence of horizontal steel has only a moderate

effect on the ultimate strength and ductility of the specimens.

The influence of vertical wall reinforcement was also considered. The
data indicated a decrease in ultimate strength and an increase in ductility
as the vertical wall reinforcement is decreased. This is analogous to the

behavior of under-reinforced concrete beams.
The PCA tests included specimens with different aspect ratios (i.e., the
ratio of height to length); however, no consistent trend of ductility

with aspect ratio was noted.

New Zealand Tests

Tests conducted at the University of Canterbury, New Zealand, ~onsidered
small-scale walls without edgemembers. These results indicated consider-
«bly greater ductility potential then obtained in other investigations.
Tte only major difference between the New Zealand tests and those con-
ducted at Stanford, in Japan, and by the PCA is that the New Zealand test
specimens lacked edgemembers. This suggests that walls without edge-
members may have a greater ductility potential thkan walls with edge-
members. Tests by the PCA on high-rise walls seem to substantiate this

observation.!”

It is possible *hat the different load-deflection curves observed f-om
tests with and without edgemembers is related to the fact that panels
wi th edgemembers have a much greater shear load capacity than similar

panels without edgemembers. At the ultimate lcad, both the panel and

£5Q 90
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