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ABSTRACT

The design of a nuclear power station to resist the effects of
a strong motion eafthquake represents one of the most.significant con-
siderations confronting the electric power generating iQdustry today.

The pievailing view in.;he nuclear industry isu;haﬁ ;tr?ﬁtures’are "
designed to remain essentia}ly elastic and functionallf—important equip-
ment to remain fully functional during and/or after ;n sarthquake.

In seismic analysis of reactor buildiﬁg; it is usual to consider
planar models along each of the two principal axes, and to independently
analyse the respanse éf each model to the in-plane horizontal component
of ground motion. Analysis on this basis is strictly valid qgly for
structures with coincident centers of mass and rigidity. The lateral
and‘torsionaL,motions of the structure are coupled if the centers of
mass and rigidity do not coincide. '

It is the purpose of this thesis to consider the torsional effect
in the seismic analysis of Nuclear Power Plant Reactor Systems and to
illustrate the effect of the lateral-torsionai coupling on the equipment
réSponsé. The equipment response is represented by floor response spectra.
It is usually impractical to include such equipment in the dymamic model
representing the building structure because of the large difference be-
tween the mass of the equipment and that of the building. Therefore, the
equipment and the building are treated separately and the building re-
sponse are used as inputs for the eguipment analysis.

A torsionally coupled reactor model is developed considering the

effect of eccentricities between the center of mass and the center of
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.]rigidity for each floor levéi of th; corresponding uncoupied model, and
a detailed coupled analysis 15 investigated. To consider the effect of
torsion, latergl floor spectra are deveﬁoped for more than one location
on each floor level. Uncoupled and ‘coupled lateral floor spectra are
presented for excitation due to several different earthquakes with the
pbjecfiVe of evaluating the effect of torsional coupling and its in-
fluence on the equipment response. |

The second object of this study is to develop a simple procedure

to compute floor response spectra of the torsionally éoupled reactor
building withou; a time-history analysis. And finally, the effect of
torsional ground m&iion is investigated, in which, a rotational time-
"history ground_moéion is generated in addition to the recorded lateral
component and these two time-history excitations are used as input motions
applied at the base of the torsionally reactor building. The floor re-
sponse spectra are determined and analysed with the objective of evaluating
the influence of the estimated torsional ground motion on the response

parameters.
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CHAPTER 1

INTRODUCTION

P

1.1 Seismic Design of Nuclear Power Plant Structures and Systems'

.-
The design of a nuclear power station to resist the effects of a
W

g‘.ong motion earthquake represents one of the most significant conside-
rations confronting the eléctric'power génerating_indnstry today. Earth-
quake motiong induce inertial forces in all parts of a structural system,
including the soil or rock underlying the sfructure, secondary components
including mechanical and electrical systems, equipment and piping, and any
human beings present. Early spproaches to the seismic design of nuclear
facilities included static loading coefficients of the seismic effect.

By the late 1950s dymamic analyses were being performed on certain cri-
tical subsystems, including reactor core assemblies, piping, and some
heavy equipment.

‘In the early 1960s, the first designs of a power plant incorpor-
ating seismic analysis were being prepared. By the late 19605, dynamic
analyses of nuclear power plant structures and equipment had become
commonplace,

At the present time the seismic¢ design of nuclear power plants
has become a sophisticated technique, and from a structural engineering
point of view a nuclear power plant is one of the most sophisticated
structﬁres engineered by man, .

From the standpoint of dynamic analysis of nuclear power plants

subjected to seismic disturbance, the plant structure can be divided

into two categories: namely, primary structures and secondary systems.



v

This is necessary bécause it is not féasiple,to formulate one mathematical
model which could; in addition to the primary structures, include all of
the equipment, piping systeﬁs‘and other‘light weight structufes. Conse-
quently, it is necessary to consider decoupling’of the secondary system
from thé pfimary system whenever feasible.

. Some rules have been developed to determine the conditions when
decoupling is possible -(14). Usually, the basis of such decoupling is
the mass ratio (equipment to structure). Although a comparison of fre-
quencies is more appropri;te, the problem is simplified by assuming reso-
nance conditions and then determining the corresponding mass ratio that
would justify decoupling. Recently, a family of new decoupling criteria
has been presented by Azi: and Duff (1,2). These new criteria are con-

L]
sistent for any mass ratio and any frequency ratio,

In the analysis of the seismic response of an entire power plant
structure, it is essential to obtain:
l. the interaction effect of subsystems on each other, and

2., the detailed response of individual subsystems.

For example, if the reactor vessel and the turbine-generator build-
ing reé% on a common foundation, the dymamic response of each is affected
by the presence of the other. Therefore, an analysis including the inter-
action is reqﬁired to determine the response. The design of the reactor
vessel itself requires a knowledge of the maximum seismic stresses at
various peints. Such information is obtained from the detailed response

of the vessel.

—

Calculations yielding the desired information are accordingly divi-

ded into two categories:



1. General analysis ___
2. Detailed analysis. o

The general analysis is concerned with the evaluation of the inter-
action effects among the various subsystems (including the soil-structure
interaction) as well as with the detailed response of the mgjor subsystems,
The various subsystems included in this analysis are usually connected by
structural elemenis or resting on the same foundation. In developing a
dynamic model, the masses of the building structure and major subsystems
together with the:masses of other heavy equipment must be included. A
lumped mass model can be used for most conditions but if more detail is

needed a finite element model can be used. The results of this analysis
permit the engineer to investigate the amplification of ground motion
transmitted to each iﬁgiﬁidual powey plant structure and to gyeck the
clearance tolerances provided for the major subsystems.

The detailed analvsis is used to compute stress and strain‘infor-
mation for any individual structural or mechanical component. Finite
element models, even non-linear analvsis, may be used in this case. The
accelerations and displacements calculated in the general analysis are
now- imposed on the components to determine their capacity under such
loads. Detailed stress calculations are carried out, usually by computer
‘methods. |

Once the primary structural model is formulated, the seismic and
operating forces must be applied to the model and the desired response
parameters (displacement, acceleraﬁion, and stress) must be calculated.

Currently the nuclear industry assumes that seismic loading consists of

ground vibratory motion, although considerable thought is given to ensure

p—
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that Tsunamis, soil liquefaction, laﬁdSIides, and compaction will nét
endanger the plant. Engineers generally consider that proper geological
investigations and site selection will eliminate the_possibilify of
ground faulting immediateiy under the plant.

' The seismic désign input for the site of the nuclear power plant
are usually presented by sets of ground response spectrum curves. A
response spectrum is a plot of thé maximum response (acceleration, velo-
city, or displacement) of a family of single mass oscillators with a
given critical damping ratio which have been subjected to a specific in-
put @otion. These curves can be plotted on arithmetic or logarithmic
scale of acceleration versus period or frequency and on tripartite log
paper with acceleration, displacement, and velocity plotted versus period
or frequency. Typical design seismic response spectra are shgwn in Figure
1.1.

The concept of the response spectrum is used to reflect the fre-

quency content of the ground motion. Studies of strong motion records

indicate that frequency content is affected, among other factors, by site

subsurface materials and distance to the earthguake postulated foar the
site, It is simpler to develop a response spectrum that reflects these
factors than it is to modifyv an acceleration time-history record (46).
After the response spectrum curves have been determined for the
site, including the peak ground acceleration, an acceleration time-history
is developed to match the.response spectrum erves. Several methods (50,
14) are available to create artificial earthquake time-histories, but it
is usually difficult to obtain a reasonably close match for allirequired

-

damping values (0.5%, 1.0%, 2.0%, 5.0%, 7.0%, and 10.0%).
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The selection of damping values, to be used, often appear very
low, because the main structures are designed to femain elastic even
during very large seismic excitations, The damping values expressed as
a percentage of critical damping vary between 2% and 5% for the primary
structure and between 0.5% and 2% for secondary systems (8).

In th; nuclear industry, the response spectrum modal superposi-
tion mefhod is generally used for the seismic analysis of structures
(8,55). This method provides an estimate of the maximum response of a
stfucture and does not require the computation of the complete time
history of the résponse. Since the maximum values of individual modes
do not necessarily occur at the same time, the exact manner in which
various modes combine cannot be precisely detgrmined, The common
method of modal combination is to compute the square root of the sum
of the squares of each individual modal response. Usually in building
analysis only those modes having frequencies less than about 33 H: have
to be considered (8,33). This frequency has been used since evaluation
of ground response spectra génerally shows little or no amplification
of seismic motion for frequencies higher than 33 H:.

As mentioned previously, the smaller items such as light equip-
ment and piping located at the various elevations in the building struc-
ture are not included in the general seismic analvsis of such primary
structure.

The seismic analysis of these secondary components (egquipment
and piping) requires a dvnamic input to determine their response. If

a time historv analysis is used the resulting acceleration response of

the primary structure is considered as input motion to the secondary



L

.

system, This procedure is costly; several schemes have been ﬁportod _(5)_
. to avoid the time domain solution for the analysis of such secondary
systems: .

1. Use bf maximum ground acceleration

2. Use of ground response spéctra

3. Use of maximum floor accelerations

4, Use of floor response spectra

5.. Use of maximum floor spectral acceleration

The use of the maximum ground acceleration assumes that both the
building and equipment are rigid (natural frequency greater than 33 Hz).
This is of course an erroneous conclusion and can lEad to a very unconser-
vative design,

The use of the specified site ground response speétra neglects
the amplifying effect of the building on the equipment response which
in most cases is a significant consideration.

The use of maximum floor accelerations obtained from the bdilding
dynamic analysis recognizes the amplifying effects of the building but
assumes .the equipment to be rigid.

The generation of floor response spectra for a particular building
to be used as base input to equipment or equipment supports mounted di-
rectly on the floor, represents the best solution for specifying dynamic

loadings for equipment.

~
The use of the maximum floor spectral acceleration assumes that
the need to determine the frequency of the equipment has been eliminated

in as much as the maximum possible spectral value is used. It, however,

assumes that all equipment can be represented by a single degree of freedom



system,‘in'resonance condition, which is not always the case and which
can result in very high design forces. A graphical comparison of these
different criteria is shown in Figure 1.2,

It is important to note that the response of equipment supported
on ground is mainly a function of the frequency content of the earthquake
groun& motion; whereas, the response of equipment mounted on structures
is mainly a function of the natural frequencies of the supporting struc-
ture.

As was noted previously, the floor response spectra represent
the most appropriate representation of the fhenomenon of.the_building
amplification of the ground motion. This, then, should be the loading
condition utilized for the dynamic analysis of the secondary svstems.

The analytical and modelling techniques necessary for this type of ana-

lysis have been widely described in the literature.

1.2 DeveloPQent of Floor Response ﬁpeltra
—n

The various qualification protedures usually involve computer-
aided analysis'for large systems and structures and tend towards shaking
table tests gor small equipment and components. The significance of a
general building analysis is-to provide dynamic inputs to the internal
equipment and the term used to define this environment in a generalized
form is the "Floor Response Spectrum”. The floor response spectrum is
a concept for defining the floor motion in such a manner as to depict
the general frequency content, energy content, and maximum amplitude
contained within it. The floor spectrum can then be used by the quali-

fving agency to develop a test motion or analytical motion that contains

the same characteristics: the same frequency content, energy content,
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and peak amplitudes. . . . N
Usually,rfloor response spectra are developed for each floor
level, or other principal points of support within the building and the

spectra are then used as dynamic input to pieces of equipment installed

in the plants. There are several methods available to determine floor

L]

response spectra. - ' o
The most popular methdd to generate floor response §péctra is

the time history method; it is the most straiﬁhtforward one as fa; as

the theory is concerned. The basic assumption used in the time history._

approach is that the mass of the equipment is so small in relation to

that of the structure spch that there is no feedback from the equipment «

to the structure,

This procedure is costly, especially as several independent
earthquake records must be used to avoid large statistical fluctuations.
Several methods have been proposed to aveid the time domain step in
generation of floor spectra directly from ground spectra.

The simplified procedures for the construction of floor response
spectra are based on the concept of amplification of the ground design
spectrum. The one developed by Biggs (6,7) is empirica}ly derived and

simple to apply. It is based on the results of a response spectrum ana-

lysis of the supporting structure; the effects of the structure's modes

are computed separatelvy and then combined by an empirical procedure.

This method has not been adopted by some theoretically oriented groups -
because of thS\q?pirical nature. Later, Kapur and Shao (30) have modi-

fied Biggs'methoé into a mathematically more consistent form. Both of

the above methods vield conservative results in comparison to time-history

re.
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solutions. ) B ;

Oné of the widely-used methods to'generateﬁfloof Tesponse spectra
in'Canéda is the Duff method (12,13). fhis method is based on the dynamic
re;ponse of the supporting structure subjected-to a ground .motion in ;he'
form of a'decaying sinusoid. The résulting‘harmonié motion of the struc-
ture is similarly impgrted to the equipment to determine its peak response.
A well;proven éq&ipmentfto-;tructurq amplification envelope is also included.

Peters, Schmit:z and Wagner (41) developed a methodf to determine
floor response spectra, based ;n the modal analfsis of a suﬁbdrt structure
with interaction-free one-degree—éf-freedom system attachéd. Jeanpierre
and Livolant (bﬁ} used the Fourier transform of the ground movement to
déFermine directly the floor response spectra. |

P Recently, Selcuk Atalik (43) has proposed an alternative definition
of Instructure Response Spectra. He_sho@ed that for a given simple oscil-
lator (with specific damping ;nd natural frequency) the corresponding spec-
tral acceleration of the structural response of the ith-degree-of-freedom,
'Lhen the structural system is subjected to a prescribed ground motion, is

]
equal to the maximum absoiute acceleration of that degree-of-freedom when
‘tﬁe system is excited by a support motion which is obtained by filtering
the prescribed ground motion through the single oscillator.‘ Utilizing
this alternative definition, a procedure is formulated to construct the
floor response spectra, using as input a derivative of ground design
spectrum (43}.

None of the above methods considers the torsional response of

the primary structure and its effect on the floor response spectra

generated. Since earthquake motions occur randomly and not necessarily
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along the orthogonal axes of structures, some torsional response may be
induced in symmetriéﬁl or nearly ;ymmetrical buildings as well as non-
symmetrical structures. This fact is recognized in the National Building

S

Code of Canada (36), wﬁere,s% adcidental torsion must be considered for
.symmetrical structures. Of cburse,‘when & structure is not symmetrical,
a torsional analysis must be made. Because torsiongl response of the

structure may modify‘flqor rgsponse.spectra values significantly, espect

ially at the extreme edges, it may be appropriate to investigate the

effect of torsion on such floor spectra values.

1.3 Torsional Effect in Seismic Analyéis

It is usual to consider ﬁlanar models of the structure in each of
the two orthogonal directions and to independently analyze the response of
each model to the in-plane horizontal component of earthquake ground motion.
The mode shapes for such a model are said to be uncoupled.

In asymmetric structures, the mode shapes would be composed of
both translational and rotational components (16,4,32,25,22) and hence,
the lateral and torsional motions of the structure are coupled.

In most studies of torsional coupling in seismic response of
buildings (23,28,32),\planar matﬁematical models have been extended to
include the torsional degree qf freedom. It is obvisus that torsional
coupliﬁg in seismic response is due to the asymmetric arrangement of
structural elements, i.e., the center of mass at the floor does not
coincide with thé center of rigidity of the same floor, fqu;;fégfe, -~
these mass centers and rigidity centers of different floors are not on the
same vertical axis. If the eccentricity between the center of mass and

rigidity is large, lateral and torsional motions will be strongly coupled.
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observed in structUrefwith close lateral &

This strong coupling.is al

>

and tors%ongl ffequencies even “or those structures with neé:iy coin-
_ cident center of mass and rigidity\ (23,28,32).
' In the nuclegf industry at deast two studies (9,45) have cénsi-
dered the torsicnal effect in seismic anal is of a coupled stubby asym-
metric building of a.nuélear power plant/ In the first study, Chen (9)
has assigned three dynamic degrees of fre ‘om to each floor diap&;ggm:
two translational in its own plane and oe rotational about themvertical
axis. Due to the rotational effect two floor design spectra corresponding
to the two transiational degrees of freedom of the diaphragm have been
obtained for each directional inpu; ground motion. In the second study,
Scaﬁuzzo~and Lam {45) have used a three-mass structural model with
eccentrically located dynamic masses and the results of their investi-
gation indicate that it is possible to increase the seismic loads signifi-
cantly from torsional excitation. No general conclusion has been drawn
with respect to torsional coupling efﬁeét in both studies.

Asymmetric muiti-storey structures have been analyzed by various
different techniques and the possibility of inducing torsional response
in structures has been studied by several investigators (16,4,32,35,22,
28). However, a recent torsional problem has been investigated; this
problem is the torsional ground motion. Relations between lateral and
torsional ground motions are obtained by several investigators (27, 11,

21, 35, 47, 57). |If these relations are really true and comprehensive

ones, then torsional ground motiom will have large effects in the results

of the response analysié and torsional effect will be of major significance.



1.4 Object and Scope of Present Investigation

The main object of this inqﬁstigation is to consider the torsional
effect in the seismic analysis of nuclear power plant systems and to illu-
strate the';ffect of the lateral-torsional coupling on both tﬁe input
motions and the response of the internal equipment. The equipment re-
sponsé is rep;%sented by floor response spectra.

It is usually impractical to include such equipment in the dynamic
model representing the building structure because of the large difference
between the mass of the equipment and that of the building. Therefore,
the equipment and the building are treated separately and the building
responses are used as inputs for the equipment analysis.

A torsionally coupled reactor model is developed considering the
effect of eccentricities between the center of mass and the center of
rigidity for each floor level of the corresponding uncoupled model, and
a detailed coupled analysis is investigated. Due to torsional coupling,
the reactor building induces two different input motions to the equipment
contained: lateral motion and rotational motion. Hence, the response
analysis of the equipmént requires both lateral and rotational floor
response spectra, The concept of the rotational floor response spectrum
is developed and examined in this investigation,

To consider the effect of torsion, lateral floor spectra are
developed for more than one location on each floor level. Uncoupled
and coupled late£al floor spectra are presented for excitation due to
several different earthquakes with the objective of evaluating the effect

of torsional coupling and its influence on the seismic response.

The second object of this study is to develop a simple procedure

(’"
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to compute the lateral and rotational floor response spectra of the tor-
sionally coupled reactor building without a time-history analysis. It

)

is shown that the spectral values obtained by filtering the prescribed

ground motion first through the structure and the resulting lateral-

rotational motions through simple oscillatons are ea!hl to the maximum

lateral-rotational resporises of the structure developed when the order

of filtration is refersgd. Based on the preceding concept a deterministic

method is presented to constguct the 1ateral-rotational,flobr response

spectra utilizing the response spectrum technique. A
And finally, the effect of torsional ground motion is investigated.

A rotational time-history ground motion is generated in addition to the

recorded lateral component and these two time-history excitations are

used as input motions applied at the base of the torsionally reactor

building. The lateral-rotational floor response spectra are determined

and analyzed with the objective of evalua&in the influence of the esti-

mated torsional ground motion on the response parameters.

J



CHAPTER 11
DYNAMIC ANALYSIS OF A TORSIONALLY

COUPLED REACTOR BUILDING

2.1 Introduction

The prevailing view in the nuclear industry is that structures
are designed to gemain essentially elastic under seismic loading.
Although foundation soils exhibit nonlinear stress-strain relationships,
analysis of contasinments including soil-structure interaction effect
assumes equivalent linear properties of the soil. Generally, the
structural components of nuclear reactor containments are walls, shells
and slabs which have irregular openings and complex spatial arrangements.
To obtain a general analysis, the nuclear industry currently creates a
much simplified discrete lumped mass model. In this case, all the mass
of the physical structure is assumed to be concentrated at a finite
number of locations on the structure, usually the floors, and structural
elements between these lumped mass points, which provide the system
sgiffness, are considered weightless. Most calculations indicate that
shear-is the dominant response in nuclear containments.

In dynamic analysis of the response of reactor buildings to earth-
quake ground motion, it is usual to consider planar models along each
of the two principal axis, and to analyse independently the response of
each model to the in-plane horizontal component of ground motion.
Analysis on this basis is strictly valid only for structures with coin-
cident centers of mass and rigidity. The lateral and torsional motions

16



of the structure are couplod if the centers of ma.ss and rigidity ;:lo
not coincide. h

In this chapter, an asymmetric one storey bﬁilding structure
consisting of a rigid deck supported on musﬁloss,/;xially inexten-
sible stiffness elements is studied to give an unﬁerstanding of the'
lateral-torsional cou;ling and its effect on the structural dynamic
properties. The influence of the basic coupling parameters on the
response is investigated.

Extending the cdupled analysis to consider a multi-degree-
of-freedom system, a mnthémntical model for a torsionally coupled
reactor building is developed. -

The coupled model consists of 13 mass points representing the
inte;qal structure, containment wall and concrete vaulé, and takes
into consideration the effect of eccentricities between the center of
mass and of rigidity for each floor level. A special case of the
coupled lateral-torsional model may be analysed by ignoring the ec-
centrici%y effect to give an uncoupled lateral torsional model. Due
to coupling, lateral and rotational modal participation factors are
determined. The concept of the rotational modal participation factor
is developed and examined in this chapter. To express the degree of
torsional coupling,a modal coupling parameter is proposed. Finally,
a comparison of natural frequencies and modal participation factQrs
computed by both mathematical models is made with the objective of
evaluating the effect of torsionatl coupli;g on-the dynamic properties

of the reactor building.
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2.2 Asymmetric One Storey Building Structure

The linear system studied is an idealized one storey strﬁcture
consisting of a rigid deck supported on massless, axially inex;ensible
stiffness alement;. The three degrees of freedom of the system are:
horizontal displacements u, and uy of the center of mass of the deck,
relativd to the ground, along the principal axes of rigidity of‘the

-~

structure, = and Y, and the rotation u, of the deck about the vertical

8
X-axis. For the objective of this study it is most appropriate to
assume one axis of symmetry. Figure 2.1 shows the coordinate system
for a typical one storey building structure with the Z-axis as the
axis of symmetry and M and R are the center of mass and the center of
rigidity of the system, respectively.

The center of rigidity is the point in the plan of the rigid
deck through which a hori:zontal force must be applied in order that
it may cause horizontal displacement without torsion. The location
of the center of rigidity can be determined from elementary principles

of mechanics.

2.2.1 Equations of Motion

The equations of motion of an asymmetric one storey building
with one axis of symmetry, subjected to base ground excitation ugv(t}

may be expressed as

m 0f[u K Lxlu mu_ (t)
yio, y royllyy oo g (2.1)
P~ e fad P
0 m v, T KY KS ug 0

-~ -

in which m is the mass of the deck, r is the radius of gyration of

the deck about a vertical axis through the center of mass, Kv is the
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translational stiffness of the structure in y direction, Ee is the
normalized torsional stiffness of the structure defined at the center
of mass (Appendix 2.1), u

Y
rotational (Ee-rue) displacements of the center of mass, and "e" is

and EB are the lateral and the normalized

the static ecceptricity between the center of rikidity (R) and the
contor of mass (M). Tho superscript '™" means that the rotativnal
component is normalized to the same dimension of the translational
component .

Damping is defined directly in each of the two natrual modes
of vibration of the system. The viscous damping ratio "{' expressed
as a fraction of critical damping is assumed to be the same in each

mode of vibration. The corresponding eigenvalue problem takes the

form . .
w? e ] )
1-— -= a 0
mz r y
y ;3 b e d (2.2)
s G I o 0
T 2 2 8
r° W
B Y '
in which
. 2
2 = Ex 2 = i@._ Az = (f’_s_
W W 7 3
mr L\lv

-

and leads to the vibration frequencies @ulng) and the coupled lateral-
a a
vl y2
%1 %2

rotational mode shapes

The coupled natural frequencies may be computed by
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_in which

|

a ., = i=1,2 (2.4.8)

a.. = i=1,2 {2.4.b)

Cie

v

It is clear from the above equations that the coupled dvnamic properties
&ﬁ
depend only on the two dimensionless parameters |— , Tl Figure 2.2

shows the relationship between the coupled and the-uncoupled natural

. . e
frequencies for different values of T

2.2.2 Response Parameters

In determining the response time history, it can be assumed

that
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YL P ®y2 A0 (2.5)
Ue(t)| |91 . %g2[A2(®) |

in which Ai(t) represents the variation with time (t) of the ith mode

of vibration (i=1,2). .
Substituting equation (2.2) and (2.5) into equation (2.1), .
premultiplying the resulting equation by [uyi'zﬂi] and writing that

equation in a convenient form yields

- " : .
- - 2
Ai(t) +wy Ai(t) u ri ugy(t) ) (2
' .
where Fi, the modal participation factor is given by I
ai
i @
®vi ¥ %y

In general, the coupled mode shapes are normali:zed in a way that

. = a . (2

.6)

.8)

.9)

For the objectives of this study it is most appropriate to characteri:ze

ground motion by its response spectrum.

Using the response spectrum approach, the amplitude Ai(t) attains

its maximum value at
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m[xi(t)] =T, S (wi.p) - (2.10)

where S‘Uni,:) is thespcctrnlacceleration.for the y-direction ground

motion ugy(t]._

The maximum coupled responses may be computed by

..l 2 . '
(uyi)mnx = uyi Saﬁni.c) i=1,2, | (2.
(uei)max = “yi g3 Saﬁni,g) i=1,2 (2.

The maximum uncoupled response is determined by

Expressing the coupled response quantitics in normalized form

- (ﬁz']max 2 Suuﬂi’i) o 1=
(uYi)max - W) " %vi S @ ) (2.
y0~ max aty’
< _.(uei)max _ ~ Saﬁni'C) -
(u,.) = ———=a_.a, 6 ————— (2
81" max ) yi €1 S @ ,0)
y0’max a“ vy’

11.3)

11.b)

A7)

.13.b)

Assuming two alternative idcalized response spectra: (1) flat

acceleration spectrum and (2) hyperbolic acceleration spectrum (or flat

velocity spectrum), the normalized coupled lateral-torsional response

takes the form



P | 25 | \

(lj For flat spectrum

(uyi)max = °yi - ) : ~ (2.14.8)
(uei)max = “yiuei' . (2:14.b)
(2) For hyperbolic spectrum

0 2 Y

u_, = , — 2.15.a
Mys)pax = Syi wy ( )
= ~ Wy .

(uBi)max = uyiuei . . (2.15.b)

y

b
For these two idealized spectra the normalized responses do not depend

on w, and wy separatel; but on‘the ratios wiﬂdy. The frequency ratios
mi/my and the mode shapes (uyi’:ei) depend on the two dimensionless para-
meters (wejwv,e/rJ. The variation of the normalized modal Tesponses,
in the case of flat spectra, with these two dimensionless parameters are
shown in Figures 2<i;i/éhd-2.4.a. Those of the case of hyperbolic spectra
are p;esenﬁed in Fiéures 2.3.b and 2.4.b.

In the case of flat spectrum, the two paraﬁeters uz. and a_.a

yi yi 6i
are the measures of the degree of coupling. The first term (Gii) ex-

-

presses the relationship between the coupled lateral response and the

d,.) expresses

corresponding uncoupled response. The second term (cyiael
<

the relationship between the induced rotational response, due to coupling,
and the uncoupled lateral response. It can be seen that the effect of
torsional coupling depends strongly on we/w}, the ratio of natural fre-

quencies for uncoupled torsional and lateral motions of the corresponding
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uncoupiea system. If the ratio weﬂny is very small the coupling depends
only on e/r and if ma/my is very large the coupling vanishes.

In the case of hyperbolic spectrum, the above parameters are
scaled by the frequency ratio gi-and the same conclusions can be drawn.

An estimate of the maximum response is determined by combining

the modal maximum according to the relation given in Reference (28).

2 :

s?= § s2+ ] § s.S (2.16)
= . a. . L.
. i 42 91 iL "itt

'a = 1 and € = l”é\.f(i_mf.
e, E§£ 4 z | wy *wp

The first term in equation (2.16) represents the more commonly

used combination rule: square-root-of-the-sum-of-the-squares of the
modal maxima. The second term is important under certain conditions,
in particular when the two natural frequencies of the structure are
close.

For a specific damping ratio ({=0.05), the maximum normalized
responses in both cases of flat and hyperbolic spectra are determined
and the variation of the response parameters with (we/my, e/r) are shown
in Figures 2.5.a and 2.5.b, respectively.

It can be shown numerically (Figures 2.5.a and 2.5.b) and also
aﬁalytically {Appendix 2.1) that the normalized responses in a one
storey structure,due to earthquake motion characterized by either a

flat or hyperbolic acceleration spectrum, satisfy the interaction equation
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ub v Og a1 (2.17)

It is obvious from this interaction equation that the coupled

lateral acceleratiory response is less than the lateral acceleration
computed by ignoring torsional coupling. Hence one may col_lcll._tdé that

torsional coupling yeduces the maximum lateral floor motion at the

Ccenter of a torsionally coupled system.

2.3 Asymmetric Reactor Building Structure

One of the major steps in the seismic analysis'is the construc-
tion of an appropriate anaiytical model to represent the physical
structure. Basically, all dynamic models consist of masses and stiff-
ness elements or springs. The degree of complexity of such a model will
depend upon the extent of informat}on to be obtained from the_analysis.
In any case, the model should closely simulate the expected dynamic
behaviour of the qgal structure, yet be simple enough to allow any
interpretation of results and economic computation. This requires
careful evaluation of the assumption on which the model is based.

A commonly used analytical model is the discrete lumped mass
system. In this case, all the mass of the physical structure is assumed
to be concentrated at a finite number-of locations on the structure, and
structural elements between the lumped mass points, which provide the
system stiffness, are considered weightless. The use of this lumped
mass model permits development of a general matrix analysis (digital

computer solution) which can be applied to structures of various types

and configuration.
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Most nuclear powei plant structures are complex systems. They
are asymmetric in plan, with heavy concrete slabs at the various floor
elevators interconnected with numerocus concrete shear walls or heavy
cross-braced members. Here, asymmetry means the center of mass at the
floor does not coin;id;\wi;h the center of rigidity of the same floor;
furthérmore, these mass centers and rigidity centers of different floors
are not‘on Fhe same vertical axis. These buildings, slso, generally,
have similag'digensions in height as in plan, that is, have an aspect

ratio near to unity. Most of the literature on the subject of the dynamic

analysis of power plant structures indicates it is common practice to

2.3.1 Equations of Motion

The equations of motion for a lumped mass torsionally coupled
system, with one axis of symmetry, subjected to base ground excitation

;gy[t) may be expressed as

M o1 u K K u M]{1}u_ (¢
M1 [0] %1, t YY]T ( ye] Sl (M] gyt ) 218)
(ol Ml |u, [hye] (Kgal||Yg [M){r}O
nxz2n 2nx] 2nx2n nxl 2nxl
in which
Yy1 1%1
u Tr.u
- YZL o = 2 ezL 2
u, { : (2.19.a) uy : (2.19.bH)
u r u
Wy n gnj
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where rj.is the radius of gyration of the jth floor deck about a verti-

cal axis through the center of mass; the mass sub-matrix is

(M] = m

where mj is the lumped mass of floor '"j"; the general

ness sub-matrix may be written as

(kyl+k 2) _KVZ
-ky2 (ky2*ky3) hkys
{kyy] = 'kys -
!_‘,, 1
S . .
{?1] ®o1™e2) 77 M2
1 '12
BENE Ka2 [E;] (Kg2*Kgs3)
1
[K,.] = - K..
a8 _ Ty 2
-

;2.20)

form of the stiff-

.a)
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1 1 T
rl(elel ZKy2) i T, eZKyZ
) 1. . 1
) ®2Ky2 ?}(ezxyz*eskys) Ty °skys
1 .
(Ky! T, ®3'y3 .
. S i % ¢ K
» n Y
- - : elkvn
L n-1 y Th T ]
(2.21.¢)

where ej is the static eccentricity for storey "j", Kyi and Kej_are
the stiffness of storey "j" in ¥ translation and in torsion, respec-
tively, and n is the number of masses.

Damping is introduced as viscous damping ratio ¢ in each natural
mode of vibration. : [>‘

Equation (2.18) is the generalization of equation (2.1) for a
multi-degree-of-freedom system consisting of n lumped masses repre-
senting the floors in which their centers of mass do not coincide with
their centers of rigidity.

In dvnamic analysis of structural response to earthquake ground
motion it is usual to consider planar models along each of the two
principal axis, and to analyse independently the response of each model
to the in-plan horizontal component of ground motion. It is obvious
that analysis on this basis is strictly valid only if the center of mass

of floor "j" is coincident with the center of rigidity of storey "j"

and this is true for every floor (j=1,2,...,n).

S
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_ The coupled anﬁlysis,of asymmetric structure requires solution
~ of an figenvsluo problem oflorder‘Zn: The two coupled displgcement
"vectors may be assumed to take the form

u 2n

Jr= 1 fyi T, (¥) | (2.22)
S U5

S

t
N

in which Ti(t) represents the variation with time (t) for_the ith mode
of vibration and [_@_yi,gei]T represent the coupled mode shapes for this
mode of vibration.

The eigenvalue problem takes the form
. 2 .
(Kyyl-u' (M) el {8 |8

2 -
and leads to the vibration frequencies Wy and the coupled lateral-
rotational mode shapes iyi and P4 subvectors of the mode shape LAY
(i=1,2,...,2n).

In order to be able to evaluate the effect of coupling between
lateral and torsional response, it is necessary to determine the un-
coupled response as well. In the uncoupled case, the effect of eccen-
tricities in equation (2.1) is ignored and the decoupled equations of

motion take the form

(t) (2.24.a)

(MI5, * [%Ju, = (MK,

My, + [(Kyglu, = 0 (2.24.b)



+ | ' o
The eigenvalue problems become
) : o
X - ] . .
(X, my[ﬂ]]{wy} 0 (2.25.a)

[[Kggl - w3MIJFg} =0 | . (2.25.b)

\

and lead to the uncoupled vibration frequencies w 3+ Wy Snd the un-

coupled lateral and rotational mode shapes wyi and Eei’ (i=l,2,...,n).

[

2.3.2 Modal Participation Factors

The modal participation fhctor:is a number developed from a
mathematical expression which involves the mass, mode shapes and direc-
tion of.the excitation of a system for the evaluation of the modal re-
sponse of a pérticular mode of vibration (8). For the coupled analysis,
both latersl modal parnicipation factor and rotational modal partici-
pation factor, for each mode, may be determined.

Inserting equations (2.22) and (2.23) into equation (2.18)

vields for the ith mode of vibration

RIS

(M} (O] .. , M) {1 ()
%yl T, (6) * o BT () = gy
(01 M| (01 M1 |2; [M](x}0
(2.26)
in which
Frl\
T
{r} = + fL (2.27)
L n




Premultiplying equation (2.26) by-{¢yi}T{¥eiJT and using the ortho-

gonality-normality relationship given by
(o, YT IMICe, ) + (§,, 3T [MI(F,,) = 1 (2.28)
yi®. yi 0i SreT
equation (2.26) takes the form

t (0 + Wity () = -{¢yi}f[si]{1}ﬁgy(t) - {3y Y Mzl (2.29)

{¢yi}T[M]{1} is the lateral modal participation factor for mode i (ryi)
{gei}T[M]{r} is the rotational modal participation factor for mode.i (Peij

The second term of the right hand side of equation (2.29) is
usually ignored in the coupled analysis by introducing the input ground
motion only in the latefal direction and assuming that no rotational input
ground motion is occurring. Even though this term is zero in the analysis
investigated in this chapter, it is of some interest to study the
variation of the rotational modal participation factor through a num-
erical example (Section 2.4). It is believed that the concept of the
rotational modal par;ic;pation factor is a straight forward analogf to
the well known concept of the lateral modal participation factor. This
rotational modal participation factor may be used in the case of rota-
tional input motion.

For the uncoupled analysis, the modal participation factor is
determined using the same prgéédure described above. In this case, the

orthogonality-normality relationship is expressed by
{0 3 My .} = 1 | (2.30)
yi yi

and the uncoupled modal participation factor T;i can be calculated by

*
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2.3.3 Modal Response Factors and Modal Coupling Parameters

For the,objecﬁivos of this study it is most appropriate to
develoi modal response factors to express the contribution of each
mode in the total Tesponse of a.specific mas; m; .

In the coupled analysis, the coupled modal response factors

s A
associated with the response parameters (uyj'uej) of mass mj are

and Fyi ¢Si" respectively.

T . : s
yi ¢Y13

The term (T .) is a direct measure of the coupled lateral

yi yij
response due to lateral input motion and the corresponding term (T

)

is the induced rotatjonal modal response factor due to torsional coupling.

yi%eij

Strong torsional coupling is associated with the modes contributing large
values of rotational modal response factors.

In the uncoupled analysis, the modal response factors are

u

[Pyi

Y ..). The effect of torsional coupling on the modal lateral re-

¥ij
sponse can be studied by comparing the values of the uncoupled modal

response factors (r;iwyij] to the corresponding coupled values Cryi¢yij

These values of modal response factors have to be determined for each

).

mass point. The large deviation between the uncoupled and the coupled

modal response factors will be associated with the masses contributing

“major torsional coupling (large eccentricity between center of mass and -

2
rigidity). From the previous discussion one may conclude that these
modal response factors, which can be measures of torsional coupling,

are mode and mass dependqpt.
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To express an overall modal coupling parameter to be a direct

measure ofhtorsipnal coupling in egch mode of vibration, such modal
coupling parameter has to be mode depepdent only. 'The overall modal
coupling phrameters are the generalization of the response parameters
associated with thq single mass model studied in Section 2.2.

The overall modal‘coupling parameters expfessing the relation
between the coupled Iatéral response and the corresponding uncoupled

response may be written in the form

n
1 “‘j"”)zrij .
(OMCP) . = - =1 ' (2.32)
Y1 n 2 n 2 2
Lomjerst LomyTiegy;
- i=1 i=1

’l

The (OMCP)yi are analogies to the lateral modal response paramefers
5 "

P B of the single mass model (Figures 2.3.a and 2.3.b).

The overall modal coupling parameters expressing the relation
between the induced rotational response, due to coupling, and the

uncoupled lateral response takes the form

n
jzl mJ ¢yi] J¢613
(OMCP) .. = - (2.33)
81 n 2 n 2
g T .
121 iy jgl LI

The (OMCP)ei are analogies to the rotational modal response parameters

Q. .
—%lj%%— of the single mass model (Figures 2.4.a and 2.4.Db).

+
ayi %oi
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2.4 Numerical Example - CANDU 600 Reactor Building
P " ' '

fhe planar mathematical model of the CANDU teactor building,
pro@i&éd by‘AECLf,.consists of 13 mass péints representing the internal
structure, coﬁtéinmént wall and‘conc:ete vault (Figure 2.65. The
‘internal structure consis;s of walls‘and.floors. In addition tolthe
wall sﬁpporting elements, shielding walls are glso present. A typical
structural plan for the CANDU reactor building is shown in Figure 2.7.
It is clear from the orientation of the structural elements that the
building plan can be considered to have one axis of symmetry (BD-axis).
The stick model considers the internal structure as a multi-mass
systeﬁ connected by springs representing the inter-storey lateral
stiffness.

In this study, the torsional degree of freedom for each mass
point is included in the analysis and an uncoupled lateral-torsional
model (ULTM) is developed. The inter-storey torsional stiffnesses
are computed and represented by torsional springs connecting the multi-
mass system. ‘

Taking into consideration the effect of eccentricities between
the center of mass and rigidity for each floor level of the uncoupled
model, a more sophisticated coupled lateral-torsional model (CLTM) is
presented. The purpose of analysing the two models (ULTM and CLTM]) is
to evaluate the effect of torsional coupling on the dynamic properties

of the CANDU reactor building.

- .
Atomic Energy of Canada Limited.
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2.4.1 Uncoupled Lateral-Torsional Model (ULTM)

In modelling, i£ is necessaryhto'include as much as posSible the
essential characteristics of the stiffness and nass distribution while _
at the same time developing a model which is simple enough for easy
ihterpretation of the results. A compromise‘is usually necessary in
order to optimize both these dbjeétiQes:

To Teveal the torsional effect about the vertical axis of the
reactor building, the floor is assumed to behéve like 8 diaphragm rigid
in its own plane and with two degrees of freedom, éne translational
and one torsional. A parametric study of the reactor building's be-
haviour shows that the flexibility of the walls is contrplled by the

shear deformation; therefore the warping torsional effect can be ne-

glected and the St. Venant torsional stiffness may be estimated by

T =7 GJ_ +a’ GA_ +a’ GA ) (2.34)

in which GAys and GAzs are the shear stiffnesses in the y and z directions

respectively. GJS is the St. Venant torsional stiffness and (ays’azs)

‘are the coordinate position of the wall "s". The torsional mass moment
P

of inertia (IMT) is computed assuming that each floor is acting as
circular disc.

The mathematical model is shown in Figure 2.8.a and the physical
and geometric propertieé of the elements are given in Table 2.1 and 2.2,
respectively. The soil spring constants are assumed to be = as the
structure is considered to be totally fixed to its foundation.

The ULTM is analysed using SAP IV computer programme (3) and

the dynamic properties are determined for the first 12 modes of vibrationm.
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Table 2.1: Physical Properties of the 13-Mass Model

Mass | Node No. Node No. MA/CZ IMTZ ey
No. ULTM, CLT™ K. sec”/ft | K. sec”/ft (ft)
. mlz_\ 24 36 67.42 -- +13.50
al - N
- m11 23 35 128.14 -- +13.50
mg 17 29 147.97 385,840 | +13.50
2l =, 15 26 246.86 469,600 --
:
| m, 12 21 138.41 500,780 --
— b
o
£l m, 9 15 244.57 438,070 --
b
S
ml 6 8 682.24 1,779,900 -
mm 22 34 716.77 1,677,000 --
- mg 21 33 208.93 -- --
2
=
| mg 20 32 208.93 -- --
=
g
=] 19 31 208.93 - -
£l =
=
Sl mg 18 30 174.11 -- --
ml3 2 2 926.15 4,100,000 -
ULTM : Uncoupled Lateral Torsional Model
CLT™ Coupled Lateral-Torsional Model
MA/C Mass in Direction A/C
IMT Torsional Mass Moment of Inertia (Ix)

Eccentricity of Center of Mass
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]

2.4.2 Coupled Lateral-Torsicnal Model (CLTM)

From fhe typical structural plan of the CANDU reactor building
shown in Figure 2.7, it is clear that the internal structure is made
up of an asymmetrically arranged grouping of walls located in a parti-
cular fashion and fo;ming anfasymmetric structurai system with one axis
of syﬁmatry (BD axis). Hence, the translational motion along the AC
axis and the torsional motion.are coupled.

Assuming the coordinate X-axis, positive upwards, is located
at the center of the building, which coincides with the center of mass

of the typical floor; the location of the center of rigidity of each

L]

* floor may be estimated by

2 a__ GA
s I3 Vs :
ep = T (2.35)
z -
s GAys
Taking into consideration the effect of eccentricities between the
center of mass and of rigidity for each floor level, the CLTM is de-
veloped for the same physical and geometrical properties of the ULTM
and a detailed coupled dynamic analysis is investigated. The CLTM
is shown in Figure 2.8.b and the eccentricities are given in Tables 2.1
and 2.2. The coupled dynamic properties are computed for the first 12

modes of vibration.

-

2.4.3 Effect of Torsional Coupling on Dynamic Properties

The natural frequencies (fi) and the modal participation factors

ryi and I‘ei of the reactor building structure are given in Table 2.3.
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Table 2.3: Natural Fréquancies and Modal Participdtion Factors

© ULTM CLT™

Mode Frequency r r Frequency r . r
(Hz) yi 81 (Hz) yi 8i
1 4.94 35.44 --- 4.94 35.44 ---
2 5.82 27.96 - 5.78 28.03 83
3 16.00 11.04 - 9.97 11.12 86
' 10.65 --- 1043 | 10.68 0.41 | 1040
5 14.20 - 1297 14.20 eee [ 1207
6 16.29 10.98 - 16.25 10.93 16
7 18.24 15.78 --- 18.24 15.78 .
8 19.66 --- 1337 19.18 8.42 1278
9 23.88 28.15 --- 24.40 25.13 649
10 27.89 12.92 i 27.74 12.44 436
11 28.69 6.57 - 28.69 6.57 179
12 29.46 1.31 - 29.40 1.90, 67

*
Torsional mode

of vibration

The modal response factors for the internal structure, contain-

ment wall and concrete vault are given in Tables 2.4.2, 2.4.b and 2.4.c

Tespectively.

The corresponding values of the uncoupled model are. also given with

the objective of evaluating such modal coupling parameters.

The overall modal coupling parameters are shown in Table 2.S.
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Mode ULTM o CLT™
Dogyay | Doy | Doy | Doymiteyy | 1 oymstonstys;

1 1.0 - | o0 -- -
2 1.0 - .0.9974 | 0.0026 .0469
3 1.0 - 0.9972 | 0.0028 .00S8
4" - ‘1.0 0.0038 | 0.9962 _ 0.0046
s . 1.0 T .- 1.0 B

6 1.0 - 0.9974 | 0.0026 .0460
7 1.0 - 1.0 - -
8 - 1.0 0:0740 | 0.9260 1412
9 ¥ 1.0 - 1 0.7663 | 0.2337 .0934
10 1.0 - 0.9502 | 0.0698 0047
11 1.0 - 1.0 - -
12 1.0 ; 0.9787 | 0.0213 .0158

Table 2.5: Overall Modal Coupling Pafameters
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The results of this analysis indicate that the‘followihg obser-

vations can be made:

1.

[
.

The tweive modes of vibration taken into qonsideration,éonsist of
nine translational modes and three torsionﬁl modes (4, S and 8).
Cdmparing éhe uﬁcouplgd frpquqncies.to the corresponding coupled
ones shows an increase in some frequéncies, a decrease in other§

and four modes fl, S, 7 and 11) have identical ﬁncoupled and coupled

frequencies. These modes also have identical uncoupled and couplejf,

modal participation factors. . Hence one may conclude that these Loar

. modes (1, 5, 7 and 1]) are not affected by torsional coupling. This

conclusion can be drawn directly as these four modes represent the

modes of vibratipn of the symmetrical containment building.

Even though the third mode (1st mode of vault vibration) is rela-

tively close to the fourth mode (torsional mode) no major coupling
occurs and a similar observation can be made for the seventh mode
which is closer to thg eighth mode than the ninth. Torsional coupling
affects only thg lateral modes representing the modes of vibration of
the internal structure.

The variation of the uncoupled modal response factors versus the

coupled values (I .y ..»T .¢ ..), for the internal components of the
p
yi'yij “yi'yi) _ :

Teactor system, is significant for some modes of vibration.* The
lafgest variation is associated with the ninth mode. Such vﬁriation
vanishes for the containment wall (sym@etrical structure) .

The xotational modal response factors (ryiQBij) vary significahtly
through the twelve modes of vibration taken into consideratjon. The

L4

peak values are due to modes eight and nine, and this is. true for
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all the masses of the mnthémat;c;limodp}. ' These induced modal
Tesponse factors are most pronounced in the internal structure
,(ml 3.m4 and ms)

The effect of torsional coupling may be investigated by considering
the relative values of the'uncoupled modal responsé factors to

the coupled modal response factors (T 1¢y13/ y1¢yij)' These para-
meter ratios are mass and mode dependent (Tables 2.4.a, 2.4.b and
2.4. c) With the objective of defining the number of modes to be
taken into consideration in studying the torsional effect, an over-
all modal coupling parameter (OMCP) is.prOPO?éd‘- The overall

modal coupling parameters ére mode dependen;q;;iy (Table 2.5). The
variation of the overall modal,coupling parameters'in addition to
thé variation of the modal participation factors with the_ modes of
vibration enabke‘one to determine theghumber of modes which must

be taken into consideration in the coupled response analysis.

The overall-modal coupling parametérs give a mare complete picture
of the effect of torsional coupMng on the dynamic characteristics
of the exagple reactor building. Examining these values one may
conclude that modes (1, 7 and 11) are uncoupled lateral modes of
vibration ( L m; ¢

iyij
one ( Z m b o 62 =1.0}. It may be concluded also that strong tor-
J .

.=1.0) and mode (5) is an uncoupled rotatlonal

sional couplxng occurs between the rotational mode 8 and the lateral
mode 9; the (DMCP)ei associated with these modes of vibration (0.1412
and 0.0934, réspectively] are the largest values of the twelve modal

coupling parameters determined in this analysis.

~



CHAPTER III
SEISMIC FLOOR RESPDNSE SPECTRA FOR A TORSIONALLY

COUPLED REACTOR BUILDING

3.1 Introduction | H/////"\\f
It is shown in Chapter IT tHat for a torsionally coupled

structural system with one‘-axis of symmetry, the lateral and rota-

tional motions are coupled if the centers of mass and rigidity doEEEEE
not ‘coincide and the dynamic properties would be composed of both
translational and rotational components. In this chapter, these

Ay

coupled dynamic properéies are used to obtain the overall floor
response parameters of interest. For the coupled analysis, the para-u
r meters of interest are the lateral floor acceleration at the center

. .of the building and the rotational floor acceleration. These re-
sulting floor accelerations are used to generate the extreme edge
floor motions. rEach floor motion time history is then used to de-
termine the floor response spectra.

In order to be able to evaluate the\gkfect of torsional coubling

on floor response spectra, the uncoupled floor response parameters ar
also generated. By comparing the coupled flocor spectrz to the cor- ﬂx)

responding uncoupled spectra, one may ‘develop guidelines to define

situations for which a detailed coupled analysis is required.

3.2 Seismic Response of a Torsionally Coupled Reactor Bujlding

Following the analysis procedure of Section 2.3.2, by intro-

ducing the viscous damping factor ;, expressed as a fraction of critical

77N\
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damping and assumed to be the same in each mode of vibration, the damped

modal equation of motion is written as
L

To(e) + 2ty Ty00) + of Ty0) = oIy B (0) (3.1)

yi

~in which ‘ | .
P = {4 .} [M}{1}
yi yi

is the ith modal participation factor in y-direction.

Equation (3.1} can then be solved‘by numerical integ%ation (25)
to determine the résponse in mode "i'"; the, modal onses can then be
superimposed using equation (2.22) to determine the overall system
response,

For the coupled analysis the response parameter of interest,
in this sfudy, are the lateral floor acceleration Gyc(t) and the rota-
tionél floor acceleration ﬁe(tl.

. These floor acceleration response parameters are due to the
contribution of the coupled modes of vibration (i=1,2,...,2n). In
order to be able to evaluate the effect of torsional coupling, it is
necessary to determine the uncoupled response as well. In the corre-
sponding uncoupled analysis the seismic response is expressed by the
uncoupled floor acceleration ﬁyuttl. )

The characteristics of the floor motion can be identified by
the frequency content and the peak amplitudes. In the coupled analysis
the peak amplitude of the lateral and rotational floor motions are

te

directly related to the coupled modal response factors ryi¢yij and ryi¢eij‘



respectively. The frequency contént of the lateral motion ;onsists of
the coupled nafﬁral frequencies (mi. i=1,2,...,2n) which contribute go
the total acceleration response. The rotational motion is induced due
to coupling between torsional modes and lateral mbdes of vibration. -
The fredhency content of such motion consists mainly of one or two

frequencies associated with the stroné/;;upling between lateral and

torsional motions.

In the uncoupled analysis, the péak amplitudeé-of‘the lateral

floor motion are associated with the uncoupled modal response factors

u

ryi* . The frequency content, in this case, consists of the uncoupled'

yij
natural frequencies (myi, i=1,2,...,n).

The effect of torsional coupling on floor motions may be ex-

pressed by comparing the coupled modal response factors (ryi¢yij

the corresponding uncoupled ones (r:iwyij)’ which influence the peaks'

amplitude, and also by comparing the coupled frequencies (mi, i=1,2,...,2n)

] to

to the uncoupled ones (myi' i=1,2,...,n) which contribute to the fre-
quency content of each motion, rdspectively.

The influence of torsional coupling on floor motion time his-
tories is better presented by the transformation of such floor motions
from the time domain to the frequency domain. The transformation can

be conducted by the gencration of floor response spectra.

3.3 Generation of Floor Response Spectra

Most commonly, the floor response spectrum is developed using
the time history approach. In the coupled analysis, two floor motions

are generated: lateral motion and rotational motion. The rotational
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- floor response spectrum can be obtained bf aﬁplying the rotational floor
motion to a series of torsional single degree of freedom oscillators and
plotting their maximum rotational responses as a function of their
naturél periods for a particularllevel of damping.

Due to torsional effects, floor response” spectra may be generated

for more than one location on any floor level.

L
Considering the edges as extreme cases, the edge floor spectra

are determined using the edge lateral floor motion obtained by

ﬁyeiCt) a {iyc(t) ta ﬁe(t) | (3.2)

in which ﬁye(t) is the edge lateral floor motion, Gyc(t) is the centroidal
lateral floor motion, ﬁe(t} is the rotational floor acceleration and "a"
is the horizontal dis;ance from the center of thE:Puilding to its edge.

In order to evaluate the effect éf torsional coupling on lateral .
floor response :feﬁtra, the uncoupled floor response ﬁyu(t) i also used
to generate the uncoupled floor spectrum, and the following four cases
are investigated: )

(al\ FRS §u: uncoupled floor respongse spectrum
(b) FRS fc: centrdidal coupled floor response spectrum

(c) FRS ;e+: (+ve) edge floor response spectrum

(d) FRS fe_: (-ve), edge floor response spectrum

3.4 Floor Resﬁonse Spectra. for a Typical CANDU Reactor Building

Using the 1940 El Tentro W-E earthquake (normalized to a maximum

acceleration of 0.2 g) as input ground motion, and assuming a constant

*The positive edge is on the right hand side of the floor plan (see
Figure 2.7}. .



structural dampiﬂg factor of 0.05, the. &ynﬁmic response of the uncdupled
and coupled mathemaiical,models are cémputed iﬁcorporating the first
twelve normal modes. The resulting uncoupled lateral floor motion and

the coupled lateral-rotational floor motions are obtained at different
floor levels of the reactor building. The correspoqding edge lateral
floor hotidns are generited to eva;uate the effectrqf torsiocn.

These floor motion time histories are then used to develop the
floor response spectra. The secondary damping used is asgumed to.be
one percent.

The 1940 E1 Centro W-E ground response spectrum is shown in
Figure 3.1. The lateral floor spectra for the internal structure (ml,
m,y My ,m, and ms) arz/kiven in Figures 3.2 to 3.6 respectively and the

corresponding Totarional floor spectra are shown in Figure 3:3;

335 Discussion of Results

The results of the analysis conducted on the example reactor
building indicate that the following observations can be made:

1. The uncoupled floor spectra peaks are always higher than the coupled
spectra ones, eicept for the period range (0.08 - 0.15) and this is
true for all fiﬁe floor levels of the internal structure (ml,mz,mS,m4

and msl. This period range (0.08 - 0.16) is associatéd predominantly

with modes 2, 3 and 4. The variation of the uncoupled and couple&
floor spectra ordinates is due to the variation of the corresponding

modal response factors (r;iwyij T ) and to the frequency change

onse Tyityis '
of the two models. It is clear from Table 2.4-a that the coupled
model produces larger values of modal response factors for modes 2,

3 and 4. It seems also that coupling does have the effect of broad-

-
'
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_ anipg the £loon.response spectra in the frequency range above the

TS e

first siznificant mode {second mode .of vibration).
The peaks of the rotational floor response spectra are assoc1ated

with the periods contributing_;arge values of rotational modal

response factors (ryi¢eij)' Einmining Table 2.4.a one maf observe

thﬁ; the largest peaks are due to modes 8 and § and this is true
for all the masses of the internal structure. These floor spectra
express the frequency range most affected by torsional coupling

and also could be used as dynnmzc :;gﬁt for some types of equlpment
which may be sensitive to a rotational input motion.

The torsional effect can have some significance on the lateral-floor
spectra generated;for different locations of equipment within the
structure. The eqﬂipment respoﬁse varies not only with respect to '
its elevation uith'in the structure but also with its lateral location
relative to the center of the building. This lateral variation of
-fléor spectra ordinates is due to the inéuced_rotational modal re-
sponse factors (ryi¢;ijl‘ + The I&rgest deviation between tge‘cen-
troidal floor 5pectré (FRSlygl and:the eitreme edge floor spectra
(FRS ? o FRS ? B! oceurs, as would'be expect;d, in the range of

frequenc1es correspondlng to modes 8. and 9 (this iEEquency range of

~strong coupllng is obtalned from the rotatlonal floor response

spectra as well}. Thls 15 true for the.flve floor levels of interest,

hgwt;jf?ag% is most pronounced at masses (m'3 and’m4) which produce

the -fargest rotational floor spectra values at this frequency range.

o

_ For this particylar eiample, the largest variation of lateral floor

. .
’
» iy . ’ * Bl
e L . .
i

- ' e

Ll

A ' \
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response speqtrupLat the same‘éleVation due to different plan - loca-
tions is approximately 1.2 g. This occﬁ#s at mass (m4) at the 9th
structural frequency (24.4 Hz) of the coupled lateral-torsional model.

The edge floor response spectra values can be higher or lower than

'the'uncqupled floor spectra ordinates depending upon frequency. It

is the author's opinion that the asymmetry of a stfucture-shoulg\be
considered in the development of the floor spectra, and hence, it may
be advisable either to develop floor spectra enveloping all floor
locations or to generate fioor spectra particularly for specific

e

equipment location.

The variation of the floor response spectra values due to different

“"lateral location occurs in the frequency range associated with the

building natural frequenc¥es and in the high frequency range (rela-

tively rigid equipment) only. No variation is observed in the low

frequency range (relatively flexible equipment). Hence, one may
conclude that the effect of torsional coupling is mainly contributing
to the respohse of the equipment having natural frequency‘equal or
higher than the predominant natural frequencies of the reactor building

(relatively rigid equipment).' This conclusion may be drawn by observing

" the rotational floor response spectra (Figure 3.7) -as well.

s
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CHAPTER IV -
TORSIONALLY COUPLED REACTOR BUILDING SUBJECTED TQ

DIFFERENT SEISMIC GROUND MOTIONS

¢

4.1 Introduction

In fhe p;evious.chApter, the seismic floor response spectra
are generated at different floor levels and for more than one location
on each floor levelrbyusinghhe194051‘Centro-H-E as typical earth-
quake input ground motion, in order to evaluate the asymmetric effect
of the reactor bui%ﬁing on such floor response speétra.

In this chapter, the floor response spectra are developed for
excitation due to several diffefent earthquakes with the objgfpive
of evaluating the effect of seismic ground motions Qith different
characteristics on floor response spectra and the influence of such
effect on lateral-torsional coupling. ]

In order to be able to evaluate this effect of seismic ground
motion characteristics, a comparison of amplification factors computed
at various horizont;l locations of the two critical floor levels (m3
and,m4) is presented. This comparison is made‘using five different
input ground motions:

{(a)l 1940 El Centro W-E
(b) 1940 E1 Centro N-S
(¢) 1952 Taft NZ1E

(d} 1971 San Fernando (Wilshire) N-§ :

71



{e) AECL Recbrd*

4.2 Seismic Ground Motions

The seismic ground motions considered in this study are chosen
to represenf di;ferent types of motion characteristics. The unsmoothed
ground response spéctra are shown inwFigure 4.1. These spectra are
ge#erated for a specific damping ratio of 5 percent. The considerable

.deviationé between the different ground response spectra over the whole
. frequency range are due to the variation of the frequency cﬁntent qf
the seismic ground motions considered. The influence of such variation

on the equipment response can be evaluated by generating the floor

response spectra associated with each time history ground motion.

4.3 Floor Response Spectra Associatgd with Different Seismic Ground

Motions
Having estéblished five different time-history ground motions,
normalized to a maximum acceleration of 0.2 g, for use in development
of floor response spectra, the uncoupled and coupled mathematical models )
of the reactor building are first analysed and time-histories of the
two critical floor levels (m3 and m4) are determined at the center and
at the extreme edges of the building structure. The floor Tesponse spectra

associated with the floor motion time-histories due to each seismic ground

motion are then generated assuming a secondary damping of one percent.

L . - .

An argficial time history record was supplied by AECL and had been

. generdted in order to yield a response spectrum which closely matches
the 2 percent dahped design response spectrum (Figure 1.1).

-
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The‘uncoupled, coupled,-t+ve) edge and (-ve) edgellateial floor
¥gsp0nse spectra of mass ny #re shown in Figures 4.2 ;0'4.5. respectively;
each figure consists of the floor spectra associated with éhb five seismic
ground motions. Simiiarl}, the lateral floor‘spectraﬁbf.mﬁss m, are pre-
sented in Figure; 4.6 to 4.9._ The rotational floor resﬁonse spectra of
nasses m3 and m, are éhown in FiguresH-TDand 4. li, respectively.

In order to evaluate the effect of seismic ground motion char-.
Qcteristics on the equipment response the lateral amplification factors:
(equipment to strucfure] and (equipment to ground) are tabulated iﬁ
Table 4.1.a to ﬁ*ﬁ .a, and Table 4.1.b to 4.8. b respectively. The in-
fluence of seismic ground motion characteristics on lateral- tor51onal
coupling effect is presented by introducing the rotational amplification

factors (equipment to structure). These rotational amplification factors

for masses my and m, are given in Tables 4.9 and 4.10, respectively.

4.4 Discussion of Results

The.results of the floor response specéra for the typical CANDU
reactor building.generated using different seismic ground motions indi-
cate that fhe following observations can be made:

1. The uncoupled floor spectra peaks are always highér than tﬁe coupled
spectra values except for the period range (0.08 - 0.16) gnd this
is true due to all five seismic ground motions. Similar observations
is drawn in Chapter III for all five floor levels due to the 1940
El Centro W-E-

2. The varlatlon of the uncoupled floor response spectra values due to

different seismic ground motions is SLgnlflcantiy, as, would be ex- @—

pected, because these floor spectra are highly affected by the
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:‘Tabl'e 4.1.a| Uncoupled Ampiification Factors (Equipment to Structure)
Ma_ss m3 i
Buildi ag 5% Structural Damping and 1% Equipment bamping |
Frequency | EICENTRO | ELCENTRO | TAFT SAN FERNANDO |. AECL
W-E N-S N21E N-§
1 4.93 3.81 5.50 4.71 4.71
2 §.87 | 6.13 .| 10.54 14.16 10.33
3 1.92 2.31 o198 | 1.67 3.12
4 2.210 | 1.65 ‘197 | L72 2.77
5 1.08 1.32 1.31 110 1.90
6 1.70 1.54 | 1.38 1.05 1.81
7 2.04 2.03 1.28 .04 2.57
8. 2.00 1.65 1.13 1.13  _ 1.67
9 1.57 - 1.17 1.07 1.07 1.08
10 1.34. 1.37. : 1.06 1.02 1.40
11 1.34 143 1.06 1.03 1.36
12 1.34 1.30 1.06 ©1.04 1.25




o

Table 4.1-b| Uncoupled Amplification Factors (Equipment to Ground)!
Mass ny ‘ L _ :
Building §% Structural Damping and 1% Equipment Damping
Frequency | GiCENTRO | ELCENTRO | TAFT | SAN FERNANDO | AECL
' ' W-E N-S N21E _N-§. |
1 8.25 . 7.24 9.65 10.73 7.99
2 14.86 11.65 18.49 32.28 17.52
3 3.21 4.39 | 3.48 3.81 5.29
- 4 3.70 3.14 3.45 3.92 4.69
5 1.81 2.51 2.31 2.88 3.22
6 2.85 2.92 2.42 2.52 3.06
7 3.41 3.86 2.25 2.36 4.35
8 3.36 5.14 1.98 2.58 2.84
9 2.62 2.24 1.88 243 | 1.8a
10 2.24 2.61 1.87 2.33 2.38
11 2.24 2.72 1.87 2.36 2.30
12 2.24 2.47 1.87 2.36 2.12
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Table 4.2.a| Centroidal Coupled Amplification Factors (Equipment to
: Structure) Mass My

Buil ding | S% Structural Damping and‘ 1% Equipment Damping

Frequency | pjeentrRo | ELCENTRO | TAFT SAN FERNANDO | AECL

' ‘ ¥-E " N-S N21E N-S
1 4.72 3.48 " 5.14 4.35 5.25
2 8.89 4.86 10.59 1431 -~ |11%es
3 2.28 2.98 2.18 v 1.83 4.77.
4 7.67 1.90 2.44 1.86 3.83
5 1.15 1.24° 1.46 . 1.42 2.44
6 1.68 1.48 1.42 1.20 2.01
7 1.67 1.96 1.03 1.12 2.65
8§ 1.69 1.44 1.14 1.15 1.74
9 1.26 1.55 1.04 1.07 i 1.20
10 1.49 1.43 1.08 1.06 1.30
u 1.49 1.36 1.08 1.04 1.34
12 1.49 1.27 1.08 1.04 1.31




. P

Table 4.2.b

LS

4

Centroidii Coupled Amplification Factors (Equipuent to

Ground) Mass m

3

-

5% Structural Damping and 1% Equipment Damping

Building
Frequency | grcenTRo ELCENTRO TAFT | SAN FERNANDO | AECL
B N-E N-S N2LE N-§ - a
1 7.61 6.76 8.92 9.76 " .7.48
2 14.34 9.4% 18.37 3215 | 17.01
3 3.68 H 5.79 | 3.78 a.10 - 6180
4 4.30 3.61 3.23 - 4.18 5.46
5 1.86 2.41 2.53 3.20 . 3.47
6 270 2.87 247 | 270, 2.86
7 2.69 3.80 1.78 25l 3.78
8 2.72 2.80 1.97 2.58 2.48
9 '2.03 3.01 1.81 2.41 B 1.70'
10 2.41 2.78 1.88 2.37 1.86
11 2.41 2.65 1.88 2,33 1.90
12 2.41 " 248 1.88 2.34 1.86




“: . Table 4.3.a

-

(+ve) Edge, Amp

lification.Factors (Equipment to Structure)

Mg;s ny
'B;ilding ' 5% Structural Danping and 1% Equipment Damping
Prequency | piceNTRO ' | ELCENTRO | TAFT | SAN FERNANDO | AECL
ON-E N-S N21E N-§
Tl 3.64 2.89 5.22 4.31 4.40
2 6.67 3.89 10.48 '13.82 9.50
o3 1.88 | 2.62- 2.30- 1.89 4.12
4 2.15 1.62 2.83 1.83 3.19
5 1.09 1.11 1.52 1.39 2.23
6 - 1.78 1.88 1.71 1.22- 2.30
7 . 2.96 3.13 1.30 1.26 5.05
8 3.02 2.15 1.32 1.49 3.79
9 2.81 3.69 1.25 1.22 | 2.ea
10 2.05 1.94 1.14 , 1.08 2.21
11 2.05 1.69 1.14 1.04 2.23
12 . 2.04 1.51 1.14 1.05 1.93
-




" Table 4-31b

90 .'.:‘ '.

- Lt

5
Fs

Mass m

(+ve). Edge Amplification Factors (Equipmen
Y. ‘

t to Ground)

. 8% Structural Damping and 1% Equipment Damping

Building
Frequency | EICENTRO | ELCENTRO | TAFT SAN FERNANDO | AECL
| N-E N-S' 'N21E "~ N-§

1 6.98 6.25 8.13 8.90 6.94
2 12.80 8.41 26,32 28.54 15.06
5 3.60 5.65 )s.58 3.90 6.53
4 4.13 350 5.95 . 3.77 5.06
5 2.09 ' 2.30 2.37 2.87 3.53
6 3.41 4.06 2.66 2.52 3.64
7 5.68 6.77 2.03 2.60 8.00
8 5.79 4.65 ' 2.05 3.07 © 6.00 °
9 5.39 7.98 1.95 251 | al1s
10 3.93 4.19 1.78 2.23 3.50
11 3.93 3.65 1.78 2.14 3.54
12 3.93 3.27 1.78 2.18 3.06
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(-ve) Edge Amplification Factors (Equipment to Structure)

Table 4.4.a
‘ Mass my
Building ‘ 5% Structural Damping and 1% Equipment Damping
Frequency | EICENTRO | EBLCENTRO | TAFT SAN FERNANDO | AECL
W-E N-S N21E ~N-S
1 4.52 3.69 ' 5.07 4,39 4.74
2 8.69 5.31 10.67 14.74 11.20
3 2.09 3.00 2.08 1.78 4.17
4 2.47 1.99 2.36 1.90 3.46
5 1.11 1.30 1.41 1.45 2.26
-—
6 1.46 1.40 1.20 1.19 . 1.60
7 1.75 1.47 1.15 1.17 1.72
. 3 .

8 2.09 1.78 1.16 1.18 2.41
9 2.46 2.89 1.12 1.14 2.12
10 1.49 1.34 1.04 1.04 '1.36
11 1.49 1.06 1.04 1.03 1.20
12 1.49 1.04 1.04 1.03 "1.14
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(-ve) Edgd . Amplification Pacto

Table 4.4.b. rs (Equipment to Ground) = °
' Mass lﬂs ) | : : ’/‘ )
Building 5% Structural Damping and 1% Equipm:ht Damping
Frequency | EiCENTRO | ELCENTRO | TAFT | SAN FERNANDO | AECL
¥-E N-S N21E N-§
1 - 8.27 7.27 9.70 1 10.64 © 8,03
2 - 15.88 10.47 20.43 | 35.73 18.97
3 3.81 5.92 3.98 ' 4.30 7.07
4 4.51 3.93 4.51 4.60 5.86
5 $2.02 2.57 2.70 3.52 3.83
6 2.66 2.76 2.31 C2.89 2.71
7 3.20 2.90 " 2.20 2.84 2.92
8 3.83 3.52 2.21 2.85 4.08
g 4,50 5.69 2.14 276 | 3.60
10 2.73 2.63 1.99 2.52 2.31
11 2.73 2.10 1.99 2.53 2.03
12 2.73 2.06 1.99 2.50 1.93




-

. 15;545;4.5;.; Uné:oupled.‘ﬁmpliﬁcation Factors (Equipment to Structure)
S| Mass my , A
_Building 5% Structural Damping and 1% Equipment Damping .
Frequency | piCENTRO | ELCENTRO | TAFT SAN FERNANDO | AECL
| “N-E N-§ N21E |~ N-§
1 6;27 3.84 4.78‘ 4.64 5.19
2 8,17: 7.00 14.06 15.34 12.84
3 2.09 2.43 1.95 1.72 3.44
4 2.22 1.72 1.89 1.69 2.96
5 1.31 "1.25 1.26 1.33 1.89
6 ©2.29 1.70 1.18 1.14 2.11
7 2.20 2.28 1.22 1.07 2.87
8 1.72 1.69 1.13 1.22 2.07
g 3.15 2.14 1.19 1.07 - 1.72
10 1.25 1.23 1.09 1.03 1.32
11 1.46 1.12 1.08 1.03 1.34
12 1.27 1.04 1.04 1.04 1.29




Table 4.5.b| Uncoupled:Amplification Eactors (Equipment to Ground)
‘ Mass m, . . _ ) < .
Building /$% Structural Damping and 1% Equipment Damping
| Frequency | BICENTRO | ELCENTRO | TAFT | SAN FERNANDO | AECL
N-E N-§ N2IE [ N-S
1 (2.01 . 9.18 11.23 13.80 10.09
2 15.66 16.75 33.06 '45.66 24.93
3 4.01 5.82 4.59 : 5.12 s.ef .
4 4.26 4.12  4.44 5.02 5.74
5 2.51 ~3.00 2.95 3.97 3.66
6 4.39 4.06 2.78 - 3.40 4.10
7 4.23 5.46 2.88 3.17 5.57
8 3.30 4.05 2.65 3.63 4.02
9 6.04 5.12 2.79 3.8 | 3.3
10 2.39 2.94 | 2.s7 3.07 2.56
11 2.80 2.68 | 2.55 3:07 2.59
12 2.44  2.49 2.46 3.11 2.50
I




Table 4.6.x&

. .95

Centroidal, Coupled Amplification Factors (Equipment to

Structure) Mass m

! 4 NER
:
Bt;i.-lding 5% Structural Damping and 1% Equipment Damping 5
Frequency | ELCENTRO | ELCENTRO | TAFT SAN FERNANDO | AECL -§
W-E - N-§ N21E N-S 58
1 6.03 '3.60 . 4.44 4.30 5.06
2 8..59 5.52 13.39 15.20 12.98;:FC
3. 2.51 2.89 2.08 1.78 4.39
4 2.58 1.90 1.88 1.85 3.46
5 1.25 1.19 1.38 1.43 2.04
6 2.27 1.57 1.15 1,23 2.04
7 . 1.82 2.06 ' 0.99 1.13 2.61
8 1.65 '1.52 1.05 1.19 - 1.74
9 1.88 1.37 1.01 1.08 ) 1.38
10 1.06 1.09 1.02 1.03 1.10
11 1.01 1.12 1.04 1.03 1.10
12 1.15_ 1.11 1.05 1.04 1.13




5]

W

Table 4.6.b

Centroidal, Coupled Amplification Factors CEquipment to

Ground) Mass m,

Building 5% Struct:ux_-al- Dampinﬁ and 1% quipment Damping ”

Frequency | EICENTRO | ELCENTRO | TAFT | SAN FERNANDO | ACL
o N-E 'N-§ N2lE | N-S
1 a7 | 8. 10.33 12.92 9.52
2 15.92 13.36 | 311 45.59 24.41
3 4.65 ° 7.00 | 485 5.33 8.25
4 4.79 4.6} | 437 ) 5.56 6.45
5 - 2.32 2.89 3.20 4.29 3.83
6 4.21 3.81 2.68 "3.70 3.84
7 3.37 . 4.99 2.31 3.40 4.90
8 3.06. 3.68 2.43 3.87 3.26
9 348 3.31 2.34 5.2 | 2.5
10 4 1.9 “2.64 2.38 3.10 2.06
11 1.88 2.71 2.41 3.09 2.07
12 2.14 2.69 2.4 | 3.11 2.12
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-Table 4.7.a| (+ve) Edge Amplification Factors (Equipment to Structure) ‘
. . ; Mass n, ' . : '_
BuiMing 5% Structural Damping and 1% Equipment Démping ]
Frequency | EICENTRO | ELCENTRO | TAFT | SAN FERNANDO | ABCL

© OW-E N-S N21E N-S
1, 4.79 3.05 4.54 4.37 4.87
2 6.72° -4.60 13.37 1s.24 12.19
T3 2.11 2.57 2.18 1.83 4.34
4 2.05 1.64 1.91 1.86 3.31
5 1.2 1.08 1.43 1.44 2.11
6 2.31 1.90 1.39 1.27 2.59
7 3.09 2.99 1.17 1.24 5.18
8 2.58 1.98 1.17 1.50 3.68
-9 2.91 2.60 1.15 . 1.13 N 2.14
10 1.50 1.56 1.07 1.05 1.79
11 1.66 1.40 1.09 1.04 1.78
12 1.55 1.33 1.09 1.05 1.60
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Table 4.7.b| . (+ve) Edgh,Amplification.Factors (Equipment to _Grou;{d)'
¢ Mass m, N . o ‘
‘Buildiﬁs ' 5% Stxuctural Damping and 1.,‘ Equipment Démpi'ng ]
Frequency | EicEnTRo | ELCENTRO | TAFT SAN FERNANDO | AECL
' N-E N-5§ " N21E N-§ -
1 © 10.46 | 8.18 9.71 12.03 8.95
2 14.69 12.31° ,28.61  41.92 22.41
S 4.61 6.87 ' 4.66 5.04 7.98
4 4.47 4.40 4.08 5.12 6?08
5 2.62 2.88 3.06 3.97 3.88
6 5.04 5.08 2.97 3.55 4.76
7 6.75 8.01 2.50 3.42 9.52
8 5.64 5.30 2.49 4.12 6.75
9 6.36 6.97 2.46 .3.09 3.93
10 3.29 4.17 2.30 2.90 3.30
11 3.63 3.74 2.33 2.87 3.28
12 3.37 3.55 2.34 2.89 2.94
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Table 4.8".& . (=ve) Edgi,,Amplifiéation .Factors '(Equipﬁlent to Structure)
oo | Mess g o N
Building. 5% Structural Pamping gnd 1% Equipment _Damping B

Frequency | prcenTRO | - ELCENTRO | TAET SAN. FERNANDO | AECL

© W-E N-S N21E N-S S

1 5.17 3.74 4.36 4.24 4.85

2. 7.45 5.85 13.39 15.08 12.70

© 3 2.05 2.90 2.01 1.74 4.10

4 2.24 1.99 1.86 1.84 3.33

5 1.07 1.23 1.33 1.41 1.99

6‘ 148 1.45 £ 1.06 1.19 1.69

7 1.63 1.54 1.10 1.17 1.76

8 1.57 1.62 1.07 1.08 2.33

9 4.14 3.64 1.12 1.19 2.67

10 1.75 1.58 1.04 1.04 1.74

11 1.77 1.27 1.01 1.02 1.60

12 1.49 1.17 1.05 1.02 1.34




tn
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Table 4,8.5[ (-ve) Edge. Amplification.Factors (Equipment to Ground)
Mass m4 ' . : . ‘
. b S
Building . 5% Structural Damping and 1% Equipment Damping ‘
Frequency " | EiCENTRO | ELCENTRO | TAFT SAN FERNANDO | AECL
w-E . N-§ | N21E N-S
11.89 9.24 10.95 13.83 10.08
2 17.16 '14.44 33.61 49.25 26.41
T3 . 4.71 . 7.16 5.04 5.67 8.53
4 '5.15 4.90 4.67 6.00 6.92
5 2.47 3.03 . 3.35 4.61 4.13
6 3.40 3.57 2.67 3.90 3.51
7 3.76 ~ 3.80 2.77 3.82 3.66
8 3.62 3.99 2.69 3.52 4.85
' /
9 9.52 .00 2.81 3.88 5.56
10 4.02 3.90 | 2.6l 3.40 3.62
11 4.08 3.15 2.54 3.33 3.33
.12 3.44 2.89 2.65 3.33 2.78
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'I'lable 4.9 | Rotational.Amplification .-Facto:s.(Equipment to Structure).
: Mass mg -
Building 5% Structural Damping and 1% Equipment Damping
Frequency ["piceNtRO | ELCENTRO | TAFT | SAN FERNANDO | AECL
W-E N-S N21E. N-S
1 1.23 - 1.10 3.93 3.58 0.97
2 1.88 2.04 19.39 14.00 2.86
T3 0.45 0.92° 1.56 1.52 0.70
4 0.68 0.78 1.76 1.63 0.55
5 1.06 1.21 1.19 1.29 1.40
6 1.93 3.00 | 2.30 .45 2.23
7 5.21 7.93 3.81 3.16 6.45
8 4.28 70.3 4.00 3.63 7.09
9 8.40 10.01 3.69 2.30 4.90
10 3.55 4.01 1.45 1.30 2.94
11 3.34 3.12 1.45 1.28 2.94
12 3.25 3.52 1.45 1.23 2.94




Table ‘4.10
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oWy

Rot’ationﬁl.Ampli%icatioﬁ-Factors- (Equipment to Strudtura)
Mass m | - | ' A ‘ :
Building 5§ Structural Damping and 1% Equipment Dam’pigﬁ
Frequency | prcentRo | ELCENTRO | TAFT |- AECL
' W-E N-§ ° N21E /] N-S
1 1.12 0.99 707 3.48 { 0.84
2 1.73 1.86 10.99 13.73 } 2.58
3 0.47 0.95 1.62 155 0.73
4 0.68 0.79 1.43 1.63 0.59
5 1.01 1.10 1.04 1.24 1.25
6 | 1.90 . 2.90 2.35 . 1.45 2.30
ZJJ/’“' 5.08 7.69 3.25 6.18
8 4.17 6.87 4.61 . —_-_-h;T;;\‘\ 5.82
g 8.56 10,22 3.81 2.44 \\\ETTS"J
10, 3.59 4.05 1.88 1.35 3.10
11 3.39 3.18 1.59 11.33 3.01
12 3.32 3.61 1.63 1.27 2.61
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frequehcy content of the applied seismic ground motion. The largest

e

'pmplifiﬁafion factors are associated with the second buildiﬁg fre-
quency, and the maximun value of these amplifica;ion factors is due‘
to the 1971 San Fernando (Wilshire) ﬁ-S earthquake record with a
narrow band ground response spectra (Fikura 4.1). The San Fernando
grbund spéctrum pa;k is found to be matching the second building
frequency. |

3. The rigia equipment amplification values are much lower than the
flexible* values because structural response does not produce signi-
ficantly amplified floor motion§ for periods less than 0.03 seconds.
For flexible equipment the variation of the amplification factors
due to different ;eismic ground motions is large. For rigid equip-
ment such variation is minimized. This observation is true for the ,
uncoupled, coupled, (+ve) edge and (-ve) edge amplificétion values.

4. The peaks of the rotational floor response spectra are associated
with the periods contributing large.values of rotational modal %e-
sponse factars (ryi¢9ij) as nétural modes 8 and 9 (Chapter III) or
with the periods coﬁducting large values of ground spectral accel-
erations as the period 0.173 sec (second building mode) for the
1971 San Fernando (Wilshire) N-S earthquake record. This obser-
vation is drawn by examining Fiéures 4.10 and 4.11.

5. The torsional coupling effect of the lower frequency range (5-+10 Hz)

is more pronounced due to San Fernando, Taft and AECL records,

however the torsional coupling effect in the higher frequency

. )

The term "flexible' applies to flexibjly-mounted rigid equipment as <
well as to rigidly-mounted flexible ipment with a period of 0.03
seconds or greater.
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r#ngo (20+30 Hz) appears only due to El Centro W-E, EI.Cantro

- N-S and AECL seismié ground motions. The. torsional coupling

and its influence on the floor response spectra are affected
by the shape of tﬁe ﬁround.response spectrum, i.e., by the
frequency content of the.applied seismic ground motion.

The (+ve) and (-ve) edge spectral acceleration values associated

* with the higher frequéncr range (20+30 Hz) are more pronounced

dug to El Centrp W-E, El Centro‘N-S and AECL-seisﬁic ground motions.
This observation is made by eiamining Figures 4.4, 4.5, 4.8 and

4.9 (showing the (+ve} and (-ve) edge lateral fldbr séectra) and

it can be drawA. also, from Figures 4.10 and 4.11 (showing the
rotational floor response spectra).

The amplification factors (equipment to structure), shown_in

Tables 4.1.a to 4.8.a, vary significantly for thp different cases
of study but they are far below the maximum amplification factor
(é%a which may be developed during harmonic steady state vibration.
In this particular study, the maximum amplification factor observed
has a value of 15.34 i; the extreme case of San Fernando earth-
quake record (a narrow band spectrum matching the predominant fre-
quency of the reac;or_ﬁuildingl compared to a steady state value of
50 for a secondary damping ratio of 1%. This maximum value occurs
at mass m q?d is associated with the second mode of vibration of
the uncoupled model. The minimum value for the same mass of the
uncoupled model {(and matching the same frequency) has a value of

7.0 in the case of El Centro N-S. The amplification factor is

doubled due to different seismic ground motioms.
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Similar to the amplification factors (equipment to structure)}

‘-devoloped due to the lateral response, the rotaticnal amplifl-‘

cation factors (equipment to structure) exist, due to the rota-
tionnl response The rotational amplification factors, shown in
Tnbles 4.9 and 4.10, have a maximum value of 14.0 (corresponding

to mass msxand associated with mode 2) in the case of the Sah Fernando
earthquake record, and & minimum value of 1.88 {for the same mass

and matching thﬁ same frequency) in the case of El Centro W-E,

The rotational amplification variation may be as high as 7 times

-due to different seismic ground moti3n5.~



_ > CHAPTER V
GENERATION OF LATERAL AND ROTATIONAL FLOOR RESPONSE:
SPECTRA BY AN ALTERNATIVE APPROACH

5.1 Ihtroductiou

in addition to the time-history analysis tecﬁnique there are
some simplified procedures for the construction of floor response
spectra. A brief description of these methods is presented in Section 1.2
of Chapter 1. None of these mquods considers-the rotational floor
Tesponse spectra. -

It is the purpose of this chapter to investiﬁate a deterministic
meéhod.to generate the lateral and rotationsal fioor spectrs by using an
alternative definition of floor response spectra based on a theoretical
formulation. It is shown that the spectral values obtaiﬁed by filtering
the ground motion first through the structure and the resulting lateral-
rotational motions through simple oscillators are equal to the maximum
lateral-rotational responses of the structure developed when the order
of filtration is reversed. Based on this preceeding concept a deter-

\ :
ministic method is presented to construct the lateral and rotational

floer response spectra using the response spectrum technique.

5.2 Theoretical Formulation:

The equations of motion for a lumped mass coupled lateral-
torsional system, with one axis of symmetry, subjected to base ground
excitation va(t) are given in equation (2.24).

’ \
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The expression for the relative displacements of equation (2.24)

. ?
may be obtained from Duhamel's integral (43)

-

u, (t) t |l ro3f{af )

:y_ = -'I E(tl) u_ (t-t,)de, (5.1)
U, (t) 0 (o) [ ¥

2nx1 Znx2n | ﬁnKZn 2nx] - R

in which [G(t)] is the impulse response function matrix. The expression

for the relative velocities may be obtained by differentiating equation

(5.1); the resulting equation takes the form ‘ . '

fr—

u (t) t . [M] - [0]

Z" = -I g_(tl] ' u (t—tl)dtl (5.2)
g(e)| o [T T Mol Mo ¥

nxl 2nx2n 2nx2n  2nxl

A further differentiation will give the absolute acceleration vector

an

z, (t) | i (t) 1

o t=is b a0

2,(0) u, (x) 9

2nx1 2nxl 2nxl

J»t . (M1 (o]|)1] ..
bed ) = - G(t,) u_ (t-t,)dt (5.3)
o | Filtor pajle &PV
_ 2nx2n 2nx2n 2nxl

7

In the above differentiation the following properties of the impulse
/,
response matrix are used (43)

i e(0)] = [0) . lim [§0)] = 0] (5.4)
=0 .7/

2ax2n  2nx2n 0 2nx2n nx2n



" obtained from equation (5'5) as

The absolute acceleration of the 'ith degree-of-freedom may then be

-

] fram| e Z 83 “1’“‘3 . .
; ® = . 0 2n "uRYCt—tl}dtl (5.5)
zﬂi t . .‘... TNt
t
E”z"l Bk (*1)%n

"in which g..(t) and gix(t)'are the i.jth and i,Kth elements of [G(t)].

2nx2n
The response spectra are defined as the maximum responses of

a simple oscillator over s range of values of its natural period and

damping, subjected to a prescribed base motion. Considering the response

'spectra of the lateral and rotational motion, the equations of motion

of , the two simple oscillators are

A +.280& + wlA = -1 _(t] - (5.6.a)
yi
B+ 2808 ¢ w'B.= -‘z‘ei(n : _ (5.6.b) .

where 8 is the percentage of critical damping and w is the natural
frequency of FWe oscillator,
[] !

The lateral and rotational acceleration response spectra

S;(B.m) and §§(B,m1 may be given as

. t :

1 - .
‘SyCB,ul = max[}Jo g(tllzint-tlldt;I ' . (5.7.a)
~i t . by
Se(ﬁ,m) = max -Jo g(tlliai(:—tl)dtl (5.7.1)

where g(t) is the impulse response function of the simple oscillators
described in equations (5.6.a) and (5.6.b). Substituting equation (5.5)

into equations (5.7.a) and (5.7.b) yields
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i 1t “ "t"t]_ n - “ ' :
Sy (Bsw) = m Io.z(tl)‘o j§1 gy (t)my ug, (-t -t,)de de, Y
a (5.8.3)
t rt-t. 2n . - .
géCB.N) = max I E(tl) 1y E'K(tl)mx u Et-tl-tz)dtzdtl
\ do Y Jo kenel oy .
- o T (5.8.b)

For a given osciflator damping and frequency, equations (S.B.a) and (5.8.b)
~ define the magnitude of a spectral absolute lateral ;nd rotational accler- ¢— -
atiﬁn, raspectiveiy.

For an alternative description of this quantity consider the
identical lateral oscillator being subjected to the prescribed kround

motion directly. The equation of motion of this simple oscillator becomes

0

RO+ 28ud0 + w20 - -iigy(r.) (5.9)

and the absolute acceleration of the simple oscillator Go(t) will be

() t . , - ‘ :

v (t) = ”Io g(tl)ugy(,t—tl).dt1 & (5,}0]
Now, consider the coupled structural system of equation (2.18) being
excited by a base motion which is identical to ¥0(t) (the absolute

acceleration of the single oscillator) the equations of motion take the

form

0

GO 1) B P R SO 1 ) R [ SRS B
AR T ot = - | (5.11)
o M| T gl | ] o <

The absolute accelerations become



—— I:’ -
. "g .
) ol gytepn | -
z t el 5 RO S I RPN |
- . qui \ '-J .zx\j 1 Vo tt-tl)dtl (5‘12) "
4!- . 0 - K . . /\‘. - .«
81 L gixc?1)“x-n 7

Ken+l - )

Substituting equation (5.10) into equation (S5.13) one obtaiﬁs

I
n
fgi(t) _ IF jzl 3ith1)mJ It t

g(t.)u t-t -t dt. dt
2w 0 - "0 ”g( 2 gy (87RO
8 Do By(tmy

Kabel (5.13)

Changing the order of the integration‘and taking its maximum value

results in - 4

.

-0 rt t-t, o . .
| max[:yi(t)] = max Jo g(tzl‘[o 'El gij(tl)mj ugy(t-tz-tletldt2
a ! ' (5.14.3)
max[i“ (t)] = max © g(t.) [t-t 3? g (tdm, _ 4 =(t-t,-t,)dt dt1
8i o 2y kel SIKUIUKen TgytTT27TM zl
] (5.14.b)

Comparing equations (5.8.a) and (5.8.b) with (5.14.a) and (5.14.b)

respectively, yields
s (g,w) = max[z’. (t)] (5.15.a)
Y Yy
Sy(8,u) = max[%Sict)] (5.15.b)

That is, for a given simple oscillator (with specific damping and natural
frequency) the corresponding spectral lateral and rotational accelerations
of the structural response of the ith degree-of-freedom, when the structural
system is subjected to a prescribed ground motion, is equal to the maximum
absolute lateral and rotational acceleration of that degree-of-freedom

when the system is excited by a support motion which is'obfained by £il-

tering the prescribed ground motion through the simple lateral oscillator.

« /
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5.3 Estimation of Lateral-Rotational Floor Responss Spectra

The_proceduré to generate the lateral-rotationzl floor response
spectra is to use as input to fhe structure the secohdary spec;rg @3);
this set of secondary spectra is deyeloped in two steps: the first
step is to filter the prescribed ground motion through simplé oscillators
haviné natural periods corresponding to the periods at which the floor
spectral values are to be c$5culat§d. The percentage damping value
assigned to the simple osqillators‘will be equal to that of the desired
floor spectra e.g. equipment levgl of damping.. The second step is to
determine the response spectra of each filtered motion by standard tech-
niques (40). To compute the makimum responses of the structure using
the secondary spectra, the structure itself is first decomposed into
its coupled lateral-rotational modes of vibration. ‘The maximum absolute

lateral acceleration, for mode "i', may be given by
3
=T . Si ¢ .. (5.16.a)

and the maximum relative rotational acceleration, for mode "i'", may be

written in the form

— = 5 ~I_
Rgik = Tui Sir Yoik (5.16.b)

in which I‘y_I is the lateral modal participation factor of the ith mode

of vibration and may be written as

n
521 "5 ®yij
Tyg = 5= (5.17)

'fc)2+2 G2
& byis Keney K-R Pgik

j
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S? is tﬁe secondary acceleration required to generaté the lateral floor
rasponse spectrum for mode "i" and sir is the rélative secondary spectral
acceleration required to generate the induced rotational floor response
spectrum for mode "i", and byis and ¢, are the ith coupled lﬁteral-
rotational mode shapés of mass "j'" of the structure. Not; that the per-

centage damping value assigned to the secondary spectra is equal to that

of the reactor building structure (g).
: )

An estimate of the maximum response is determined by combining

the modal maxima according to the relation (28)

2n 2 2n 2n ‘ ‘

R = i§1 121 £§ )’lJ ytJ/UE ) idL (5.18.a)

- 2n - 2n 2n - .2 .

Rex = z R + 3 E RGJ_K RezK/(l-reiz) i#Lf (5.18.h)
i=1 i=1 £=1

where
O e
€ig T ws *wp

The first term in equations (5.18.a) and (5.18.b) represents
the more commonly used combination rule: square-root-of-the-sum-of-
the-squares of the modal maxima. The second term is important under
certain conditions, in particular when two of the natural frequencies
of the ;tructure are close. As this is often the case for structures

with coupled lateral-torsional motions in their modes of vibration,

i

L

Sir = Sz - ZPA® (ZPAS is the zero period acceleration of the Secondary

Response Spectra).

L
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. ‘

the second -texrm has to be conéidered gs well, For obtaining the system
response, an acceptable method (8,55) which is derived from the relation
given in equation‘(S.ls.a) is to take the absolute sum ' (ABS) of the
response of ‘the closely-spaced'modes and combine this sum with other
remaining modal responses using the square root oflthe sum of the squares
(SRSS)'rﬁle. The closely spaced modes should be divided into groups that
include all modes having frequencies lying between the lowest frequency

in the group and a frequency 10 percent highef (85). The most probable

system responseé Ryj and ﬁex are given by

2n
=2 .

. = R, +2 IR ..R ;. L 5.19.
3 i§1 NTRERILNTLI LE (5.19.a)
~ Zn ~2 . o
Rg; = izl Rgik * 2 LIRg s kRopx id4 - (5.19.b)

*
where the second summation shall be performed on all (i) and (£) modes

whose frequencies are closely spaced to each other.

5.4 Numerical Example — CANDU 600 Reactor Building

Consider the coupled lateral-torsional model of the typical CANDU
reactor building described in Figure 2.8.b. The W-E component of the
1940 E1 Centro earthquake is used as the prescribed input motion.

lThe floor spectral accelerations at eight arbitrary periods

(T=0.03,0.06,0.09,0.12,0.15,0.18,0.21 and 0.24 sec) are selected for
comparison purposes. Hence, the input ground motion is filtered through
eight lateral oscillators having respective natural periods of 0.63, 0.06,
0.09, 0.12, 0.15, 0.18, 0.21‘and;0.24 sec. A damping ratio of 1% identical

to that of the target floor spectra is assigned to all oscillators. From
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the resulfing motions, the Secondéry response .spectra are generated '
for 'the 5% damping of the reactor building. Note that for each filtered
motion, the secondary spectral acceleration ordinariiy Tequired are onl}
those corresponding to the structure perio&; and”modal dnmping values;
therefore, the secondary spectra need not be generated for the whole
periodlspectrﬁm. The secondary spectral accelerations corresponding to
the example structure periods are tabulated in Table 5.1.a and 5.1.b.

Once the secondary spectrg are obtained and the c;upled latersl]-
rotational mode shapes of the reactor building have been determined,
the response spectrum hethod can be applied and the maximum system
absolute lateral and rotatipnali accelerations are then computed. 'The
modal maxima may be combined using equations (5.19.a) and (5.19.b).

The modal maxima of the first 12 modes of vibration are combined,
for masses (mz, m, and ms) and the comparisons between the spectral
1atera1-rotationﬁl accelerations computed by the alternative approach
and those deEermined by the conventional time history modal analysis are

shown in Figures 5.1 to 5.3.

5.5 Discussion of Results

The results obtained in this chapter indicate that the following
conclusions and recommendations can be made.
1. The procedure described in Section 5.3 to estimate the floor response
spectra is more economical than a time-history analysis. The reactor
building under consideration has 6 significant modes and it is desired,

Zenerally, to c7ﬁ5§2€ﬁgh\f100r spectral péints for each of 12 locations

. -
The relative rotational accelerations are considered absolute values,
as the rotational ground motion is not within the scope of this study.
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in the reactor building (12 mass levels). Taking as the bases for
comparison the number of integrations of-single DOF systems rquifed
in order t6'generate‘the spectra curves for a given dsmping, thp
time-history analysis would entail 6 modal and 50x12 spectral inte-
grations fqr a total of 606 integratigpsf In the proposed pfocedurgL/,
one needs 50 integrations to produce the filtered motions and 50%6
integrations to evaluate the secondary spectrs at }he structural
frequenéies, giving a total of 350 integrations. %hen the percentage
savings for the pioposed procedure may conveniently be of the order
of 40%. Taking into consideration the effect of lateral location as

i~
well and generating tﬁe spectra at each of 3 hori:zontal locations [
(center, (+ve].edge and (-ve) edge) for the 12 mass levels will
increase the time-history set of integrations only and as a result
the percentage savings for the deterministic method may be as high
as 80%.
It must be emphasized that for the procedure outlined herein, the
base input is secondary response spectra father than an acceleration
time-history. This distinction is important because whereas it is
impossible to describe one accelerogram representing all known earth-
quakes, it is possible to develop a set of secondary response spectra
enveloping, with a high probability level, all their major character-

istics. One way to obtain these generalized 'secondary spectra 1is

to combine. statistically a number of individual spectra derived from
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‘the filtered records of known past earthquakes and by taking into .

. consideration the soil conditions, distance ‘from the epicenter,

etc., of the;recorded data. The resulting secondary spectra would
. v .-\ . . . "

then be representative of any known real earthquake with an appro- .

priate scaling factor. . L ' -

The only appfoximétion'involde‘in the proposed ﬁlternative approach
[ 3 .

'to generate the floor response spectra is in the computation of

maximum responses from a given secondary rasponse'spectrum. This,
of course, may be diminished as more sbphisticated methods of com-

bining modal maxima are developed.

. A similar procedure mﬂ?’Ezvahxiioped to include the effect of tor-
sional ground motion which c¢an be considered as a desirable subject

for future research.
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CHAPTER VI
!
EFFECT OF ESTIMATED TORSIONAL GROUND MOTION ON

LATERAL AND ROTATIONAL FLOOR RESPONSE SPECTRA

6.1 Infroduction
‘.Iﬁ the previous chapters, lateral-tors$ional coupling and its

influence on the seismic response of reac f systems have been investi- -
gated and lateral-rotational floor response spectra ".are generated_ for
several cases éf study using one lateral component of seismic ground
motion.

In this lasi chapter, a separate investigation is presented
- where a rotational time history ground motion is generated in addition
to the recorded lateral componeqt; these two time history motions, i.e.,
lateral and rotational, are used as input motions applied at the base
of a torsionally coupled reactor building and the'coupled lateral-
rotational floor responses are determined.

Each floor motion time history is then used as input to a series
of damped single degree of freedom systems in order to determine the
. floor response spectra. The response results are analysed to study the
influence of the estimated torsional ground motion on both the lateral

and rotaticnal floor response spectra of such a structure.

6.2 Torsional Ground Motion - Review of Previous Investigations

In 1969, Newmark (37) offered observations concerﬁing torsion
that could arise in symmetrical buildings from earthquake ground motions;
he developed an approach for determing the effective eccentricity which

simulates the torsional effect in a response spectrum analysis of a sym-

———a -
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metrical structure. This approach considered the effect of building
gi;e, Qave propagation velocity, and d}namic cheracterietics of the
structure. |

Another approach to evaluatc the torsional effect has been
presented by DiJu11o and Hart (11 21). In their approach, tor51ona1‘
response spectra have been obtained by solving the equation of motxon_
of torsional response. The torsional ground-acceleration is_ostained
by differentiating the recorded tfanslational ground gccelerations in
two perpendicular horizontal directions. I

Following the ideas of Newmark, a complete record of torsional

-
ground motion was generated by Nathan and MacKenzie (35) using the two
translational components of an earthquake record. The approximate
spectra developed by Newmark ere generally confirmed.

In 1976, Shibata et al (47) presented a short report summarizing
the results of the observation of torsional ground motions using a newly
developed moving-coil-type torsional motion pickup. To enable valid
conclusions to be reached for design purposes, the authore indicate the
need to continue sqfh observations for many years.

More recently, Valathur and Shah (57) presented an approach to
analyse structures for tor;ional effects arising from each of the two
perpendicular horizontal excitations. Each component of horizontal motion
is divided into two parts based on wave propagation velocity and building
dimension. The two time-history motions (i.e., translational and tor-
sional) are then used as input metions to the structure.

Recently, a computational scheme was presented by Tso and Hsu

(53) to construct torsional spectra due to the rotational component of
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seismic ground mofions. The rotational component of ground motion is
estimated from the meas;red earthquake acceleration records, assuming

the surface ground motions at a site can be considered as a super- o
position of two independent non-dispersible waves propaghting along

perpendicular principal directions. Newmark's torsional spectrum for

the 1940 El1 Centro earthquaké is compared and found to underestimate

- the torsional effect by as much as 50 percent.

The torsional'Spectrum by Nathan and MacKenzie (35) is also
compared with Tso and Hsu (53) spectrum and is found to underestimate
the torsional response for short period structures and overestimate the

torsional response for long period structures.

6.3 Estimation of Rotational Ground Motion

Based on these previous investigations a rotatighal time history
ground motion may be generated in addition to the recorded lateral
component. The two approaches by Nathan et al (35) and Tso et al (53)
are selected as two different bases for the determination of the rota-
tional time history ground motion of interest.

The limits of validity of Nathan's technique are based on the
following assumptions:

1. The seisﬁic motion consists of waves of constant shape travelling
at constant horizontal velocity.
2. The plan dimension of the building in the direction of wave travel

is much smaller than one‘wave length.

3. The presence of the building does not alter the wave shape. ).

4. THe rotation of the base is equal to the rotation of the ground.
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Following the technique of Nathaﬂﬁand MacKenzie - (35), the

rotational component would be given by

. 4 (t-X/c) - u_(t) u__(t-¥/e) - u (t)_[
“gect)"";? By . 34 . RX . 8% -[ (6.1)

" in which X and Y are the plan dimensions of the buiiding, ng ahd'ﬁgy
are the two lateral components of a given seismic ground motion in the
hori:ontal_directioﬁ and ¢ is the constant shear wave velocity.
Using the north-south and east-west components of the 1940 El
Centro earthquake records and assuming a shear wave velocity of 300 m/sec
(984 ft/sec), the rotational input motion for a circular building
(tybical CANDU reactor) having s diameter of 45 m {148 ft) is generated.
The determination of the rotational component of a seismic ground
motion by Tso's technique is based upon the following assumptions:
1. The surface ground motions 5re treated as a superposition of two
‘non-dispersive propagating waves.
2. The spatial derivatives is approiimated by the difference of ground
motions at neighbouring points, since the wave form will not change

from point fo point (similar to Nathan's assumption).

(2]

The ground motions at any arbitrary point 0 are the result of a
planar shear wave travelling from the epicenter towards the point 0.
4. The epicentral direction‘makes an angle ¢ with respect to the re- ~
cording axis. This epicentral direction is determined by joining
the instrument site to the epicenter of the earthquake.

Based on the computational scheme illustrated by Tso and Hsu (S3),

the rotational velocity ﬁge(rl would, be given by
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g (t) \-.513 [, (£) sing - Uy, (t) cosy] “(6.2)

whetp_# is the angle betwecn the’epicentrnl direction and the recording
axis. The rotational acceleration ﬁge(t) may be computed‘by differen-
tiation of the estimated rotational veloqity ﬁge(tj.

| Using the north-south component of the 1940 El Centro record as
the x component with an angle ¢ of 26° (53) and assuming a shear wave

velocity of 300 m/sec {984 ft/sec), the rotational acceleration time

history is found.

.

In comparing the above two approaches considered, it should be
noted that Nathan (35) has taken into consideration the width of the
building and the validity of his method is based on the ratio between
the building width and the shear wave velocit&. According to the appli-
cation of Newmark's spectrum (basis of Nathan's technique), the response
should be inversely propértional to the shear wave velocity. The spectra
determined by Nathan show the inverse relationship breaking down for
natural periods below 0.5 scc, and again at periods in excess of 2 sec;
the reason for this discrepancy is not justified.

In contrast to Nathan, Tso (53) has considered the ground motions,
acting at a point, to be the result of a travelling planar shear wave from the
epicenter of the carthquake to the instrument site. The torsional
spectrum computed by Tso (53) is a conservative estimate of the effect
of the rotational component of ground motions for the'following'reasons:
1. The time history records are assumed to be the result of horizontally

propagating waves, but in reality, they are the result of a combina-

tion of both vertical and horizontal propagating waves.
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2. The rotational component of ground motion is computed based on
the assumption that the rotation caused by each of the non-dis-
persive waves propagating along tﬁe principal directions can be
treated independently. Tﬁe'resulting rotational effect is Fnken '

..as the sum of the rotational effects associated with each pro-
p&gating wave. However, the phase interaction between the waves
wouid reduce the rotational component and hence the torsional
spectra as computed.

3. Considering the ground motion acting at a point represents an upper
limit case of study.

Each of these time histories is applied fo.a series of damped
torsional single degree-of-freedom oscillators and their maximum
responses are plotted to obtain the torsional ground response_spectra.
Figure 6.1 shows the torsional ground spectra for the two techniques.

The damping used is assumed to be 5 percent of the critical damping.

6.4 Mathematical Formulation of Structural Response

The equations of motion for a lumped wmass coupled lateral-

tarsional system subjected to both lateral and rotational base ground

excitations ﬁgy(t) and Gge(tl. respectively, may be expressed as

T | B e

The above parameters are defined previously in Section 2.3.1.

The response of the structure to ground motions may be esti-
mated by the modal superposition method. A major part of the compﬁta-
tional effect required for such an analysis is expended in the compu-

tation of vibration frequencies and mode shapes which requires the
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solution of the eigenvalue problem mentioned in Section 2.3.1. Sub-
stitution of equations (2.22) and (2.23) into equation (6.3) yields

for the ith mode of vibration

[

M o) o M 0 . [ IM](1}u :
(M] (0] kf?i e e ”i M (0]} 8,4 T, - (M] f‘y(t)
(01 [M1|(2g S (el Ml (e T M} (rhug (1)

: (6.4)

Premultiplying équation (6.4) by {¢yer{$e£T and using the
orthogonality-normality relationship given in equation (2.28)}, equation

{6.4) takes the form .

F) v o} T = T 5y () - (3, TN (x} NG
{6.5)

Introducing the modal viscous damping and rewritting the above

equation in a congz;;ent form gives

. - e ] e .
ol “ 2 - -

TiCt] + 2quy Ti(t) *wy Ti(t] ryi ugy(t) Tai uge(t) (6.6)
in which

ro,o= (o, 3 M1} 6.7.a)

yi yi o

Tyo = (55,} [M){r} (6.7.5)

8i 8i T
ryi and Pei are the ith modal participation factors in y direction and

6 direction, respectively. Equation (6.6) is the combination of two

equations of motion in the ith normal mode
s - 2 .
Di(t) + chi Di(t) * Wy D(t) = -ryi ugy(t) (6.8.a)

. - 2
Fict) + ZCNi Fi(t) + Ni F(t) = -I‘e.

{ ﬁge(t) (6.8.b)
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in which: . s
T (t) = D (t) + Fy(t) (6.9)

ations (6 8.a) and (6.8.b) can then be solved by numerical
integrati (’5 o determine the résponse in mode "i", the modal
responsos can then be superimposed to determine the overall system
respon;c. In this case of study, the coupled modal response factors

associated with the lateral response parameter ;yj of mass m; are

(T, ;¢

yifyij’ 81¢v13) and those associated with the rotationsl Tesponse

para?eter ueJ

are ipduced due to lateral-torsional coupling. The term T

are trﬁi¢8ij’ ryiQBij)’ The two terms [ and T

8ilvij vi®8i;]

I J |
81¢813 sa
direct measure of the rotational response due to rotational input metion

analogy to the term F\1¢\1j associated with the lateral response Jdue

to lateral input motion.

6.5 Numerical Example - CANDU 600 Reactor Building
Consider the coupled.lateral-torsionsl model of the typical
CANDU reactor building des¢ribed in Figure 2.8.b. The W-E component
of the 1940 El Centro éarthquake is used as the prescribed lateral input
motion and the time history rotational motions estimated by both Nathan's
and fso's techniques are used as the prescribed torsional input motions.
Applving the lateral and rotational input motions to the reactor
building and using the time history modal analysis, the floor motions
of each mass are determined: the modal 8;;§ing is assumed to be 5% of
the critical damping. The floor response spectra for mass Dy {selected

for comparison purposes) are generated using a secondary damping of 1%.
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\cquparison is shown in Figure 6.2. \\\'
edge
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¥

In order to be able to o;:lunte the efzbht\of torsional ground motion,
the rotational floor response spectra of mas s obtained by nphlying

the lateral and rqtational'inﬁut motions, are Compared to the corre-

sponding rotational spectrum induced by torsional coupling only. This

The centroidal, (+ve) edge and (-ve) lateral floor response
spectrnlof mass Wy, ussociateé with the double in;h; 6otions. are shown
in Figure 6.3. .

It seems that the centéoidal floor response spectrum is not
affected by the torsional ground motion regafdless of whether Nathan's
or Tso's motion is used. .

The effect of torsiomal ground motion on the extreme edge floor
spectra values is investigated by the comparison shown in Figures ¢.4
and 6.5. The results of this investigation indicate that the following
observatjons can be made:’

1. The ;stimated tarsional ground motion has a major effect on the rota-
tional floor response spectrum. The peaks of the rotational spectfum
are associated with the predominant torsional modes of vibration
(4, S and 8) excited‘By the torsional ground motion, in addition to

the contribution of the torsional coupling effect studied in the

previous chapters.

[ ]
.

The torsional coupling effect is concentrated in the frequency range
associated with the strongly coupled natural frequencies. However,
the torsional ground motion has an influence on the whole frequency
range; such influence is due to the frequency content of the torsional

ground motion considered in the analysis.
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‘The edge lateral floor _response spactra are strongly affected by 77

| .

taking into conaideration the torsional ground mot1on effect. -The
contribution of ;Qg rotational floor mot;on in this cg;e is signi-
ficantly large. ‘ f“_ o ’ S

The lateral v;}faiion of floor spectra ordinates is‘due not only

to the induced rotational modal response factors (T ) resultlng

y1¢91]
from torsional coupling, but also to the rotational modal response
facto;s Crei¢aij} associated w;th the rotational response due to
torsional ground motion. 'For this particular example, the largest
variat;on of lateral floor response speﬁtrum at tﬁe same elevation
due to diffefent plan locations is approkimately 1.55 g. This
occurs at the 9th structural freqﬁency (24.4 Hz) for mass By
The peaks of thé edge floor spectra are associated with the fre-
quencyrrange corresponding to the predominantltorsionél natural
frequencies of the structure as well as those of lateral p?edominance

and also the range correspondlng to the frequency content of both

lateral and\\Et;mated rotational ground motions.

s mscampA
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CHAPTER VII
CONCLUSIONS AND RECOMMENDATIONS

A research programme has been set up to study the affect of
torsxonal coupling in the seismlc response of reactor structures and
components. In this programme a detailed study of the torsional coupling
phenomena is présented,'a ﬁathematical model f&f a'torsionally coupled
reactor build;ng is developed and a coupledléha}ysis is investigated.

Due to torsional couﬁling, the reactor building .induces two dynamic
inputs to the internal components; and hence lateral and rotational
floor response spectra have to be determined. The concept of.the rota-
tional floor response spectra is developed aﬁd eiamingd in this thesis.

‘Uncoupled and coupled floor response spectra are genérated for
excitation due to several different earthquakes and the floor spectfa )
are analysed to consider the influence of the torsioﬁal‘coupling on the
various response parameters,

A deterministic method is presented to construct the lateral-
rotational floor response spectra without a detailed time history analysis.
And, finally, the influence of an estimated torsional grbund motion on
both lateral and rotational floor response spectra is studied.

The results of this investigation indicate that the following

conclusions and recommendations can Be made:

7.1 General Conclusions

1. Coupling between lateral and torsional motfons induces torsional

response and in general reduces the lateral response.

140
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The'maiimum responsés (lateral and torsicnal) in a torsionally

coupled system may be related to the maximum response (lateral)

in the corresponding uncoupled system throuﬁh Simple interaction

equations (single mass modei).

The reactor building model represents the interaction of three
different components: 715 internal structure, 2) containment wall,
and 3} concrete vault. Torsional coupling is induced due to the
eccentricities between the centers of mass and rigidity of the
internal structure. As the internal structure rests'on Ehe same
foundation of the containment wall and the dynamic response of each

is affected by the presence of the other, the effect of torsional

coupling may be transferred to the ovepfall system. In this parti-
cular case of study (reactor building with fi#ed base) the torsional
coupling is mainly affecting the ifiternal structure. Such torsional
effect is more ﬁronounced in thyf higher frequency range (20 Hz -+ 30 Hz).
The torsional effect has som significance on the lateral floor
spectra generated for differer locatiois of equipment within the
structure. The equip@ent responde varies not only with respect to

its elevation within the structure but also with its lateral location
relative to the center of the building. It is the author's opinion
that the asymmetry of a structure should be considered in the develop-
ment of f;e floor spectra, and hence, it may be advisable either to
develop floor spectra enveloping all floor locations of to generate
floor spectra particularly for specific equipment location.

The concept of the rotational floor response spectra is a direct
analogy to the floor response spectra concept-which has béen widely

described in the literature.
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‘The variation of the floor response. spectra values generated using

different earthquake records is significant , as would be expected, .

because these floor spectra are highly affected by the frequency

- content of the applied seismic ground motion. The fariatioh of the

 rotational amplificatién factors is much‘highér than that of the

7.2

la.teral a:nplifications.

Iﬁ addition to the time histq;y anal}sis.technique, a deterministic
method is presented to generate the lateral and rotational floor
response spectra by an alternative approach. The proposed method
is bgsed on a theoretical formulation and the only approximation
invoived in the alternative approéch is in the computation of the
maximum responses. This, of‘course, may be diminished as more
sophisticated methods of combining modal maxima are developed.

The estimated torsional ground motion has major effect on the rota-
tional floor response spectra. As a result, the edge lateral ficor
spectra are strongly affected especially at the frequency range
corresponding to the torsional natural frequencies of the structure
and algo at the range corresponding to the frequency content of the

estimated rotational ground motion.

Detailed Conclusions

The coupled dynamic properties depend oniy on the two dimensionless

parameters: .

a) me/my: the ratio of natural frequencies for uncoupled torsional
-and lateral motions of the corresponding uncoupled system.

b) e/r: the ratio of eccentricity between centers of mass and

e

rigidity to the mass radius of gyration.
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The effect of torsional coupling deﬁgnds strongly on (Wg/w). 1€
Une/wy) is too small the coupling depends on (e/r) and if ﬂna/wy)

is too large the coupling vanishes.

It is clear from the above conclusion that torsional coupling décrenses
by iécreasing the ratio (we/wy), i.e., by increasing the relative
torsional stiffness of the structure to its lateral stiffness.

The concept of the rotational modal participation factor is a straight
forward analogy to the well known concept of the lateral modal parti-
cipation factor.A mathematical expression has been presented.,

To express the degree of torsional coupling in any mode "i' a proposed
overall modal coupling parameter (()MCP)B.1 is presented. The mathe-
matical expression includes the mass, the mass radius of gyration and
the coupled lateral—tors;onal mode shapes. The interaction of these
parameters is governed by the summation over j (j=1,2,...,n, where n
is the number of massesj to produce a'mode-dcpendent coupling para-
meter.

The centroidal coupled floor response spectra values are usually
smaller than the uncoupled ordinates, with several exceptions. Edge
floor response spectra'values can be higher or lower than the uncoupled
ordifates depending upon frequency and degrece of torsional coupling.
In the ernative approach, to generate the floor response spectra,
it is shown that the spectral values, obtained by filtering the pre-
scribed ground motion first through tﬁe structurce and the resulting
lateral-rotational motions through simple oscillators, are equal to
the maximum lateral-rotational responses of the structure deve}oped

oA

when the order of filtration is reversed.
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7.3 Recommendations and Research Needs

1-

)

The response phenomenon in the case of coupled lnteril-torsiontl.
b&haviour is much more complex‘th;n for the planar case. It seems
that coupling decreases the peak floor response spectra value but
does have tha efféct of brosdening the floor spectra in the frequency
range above the first significant mode. The reason for this obser-
vation escapes the author. It may be appropr}ate to do some a&di- |
tional studies in this area.

The effect pf laterasl-torsional coupling induced by the asymmetry

of the internal structure and transferteﬁ to the overall reactor
system through the base slab, may be more pronounced by taking iﬁto
consideration the soil-structufe interaction. Research in this
direction is needed.

The estimation of torsional ground motion is based on a very limited
set of data and by including many assumptions; the validity for more
confident situations will require substantial analytical studies and
experimental verifications.

A procedure, similar to the alternative approach to generate the floor
response spectra without a time history analysis, may be developed to
include the effect of torsional ground motion whichlcan be considered

as a desirable subject for future research.
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| APPENDIX I

NOTATIONS

dimenSionless parameter'

function determining the variation with time

frequency (Hz)

eccentricities

translational shear stiffnesses
St. Venant torsional stiffnesses
impulse response'function matrix
moment of inertia about BD axis
mass moment of inertia
translational stiffness

rotational stiffness

- stiffness matrices

-overall modal coupling parameter
- mass radius of gyration\
- function detefmining the temporal variation of

onding to the ith mode of

= time variable in seconds

.single mass

mass matrix

the response corresp

vibration

154

" - wall component eccentricities

‘shear area in direction A/C




a -

lateral and normalized rotational displacement

functions .

lateral and_rotational ground motions
dimensions.of building '
coupled lateral-rotational mode shapes ¢
fraction of critical damping

lateral and torsional mode shapes, for mode i

.and mass j

the uncoupled natural frequencies
the coupled natural frequencies

the ith natural frequency of the free coupled
vibration in radians per second

ratiqg of an uncoupled torsional frequenéyﬁfgﬁ‘uj

the uncoupled lateral frequency

modal participation factors

.y
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APPENDIX IT -
DERIVATIONS OF MATHEMATICAL RELATIONSHIPS

r

A.2.1 One Storey Torsionally Coupled System

' _Let M and R be the centers of mass and ftgiditg respectivély.
The-eqﬁaﬁigns of motion governing the coupled model Fﬁﬁwn in Figure 2.1

are
mu, = F(t) - K (u - eue)- (A.2.1.1)
IM Ge = T(t) - Ka-ue + Ky(uy - eue)e' | | {(A.2.1.2)

Rewriting the above equafions in normalized matrix form yields

m offu| | x i F(t)
el S -7 ~Y}= T (A.2.1.3)
0 m Ue -;KY EB ueJ ;(t) ‘
.in which
2
2 _ v ~ = K .
r = o’ ue rue . Ke = + 3 KY \
T T
The corresponding eigenvalue problem takes the form
- -
) G - a
| Wl T y
Y ' -
2 2 o (A.2.1.4)
L DTN N
T 772 |1%
T W
L Y
in which
2
K K w
% U R S C
oY 2
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2 .
i and the

€

It is clear from equation GA.Z;I.S) that the frequency ratio 5
: \ : | wy

mode shapes depend only on the two dimensionless parameters: ' A, %.

Solving the characteristic equation governing the nbn-trivial solution

of equation A.2.1.2 gives

2
w 2 212 ‘
[—-i]. -2tA [‘ u "] -2 i=1,2 (A.2.1.5)
my 2 2 '

32 “. ;
wherse a = |1 + ;3 . <’§

A.2.2 Interaction Equation

The squares of the maximum normalized acceleration responses
may be expressed by
2 = : Py

:2 ) -2 -
ug = 121 Uog *2a, uy1 U . (A.2.2.1)
' =
'—2 2 —"2 - =
-ug = 121 Ug; * 23y, ﬁg‘l ﬁaz (A.2.2.2)
where
. 1 S L b BN
12 2 ! 12 i W, HY
1+ €12 L 1
) <
‘Then ™
W etas +2s, (A.2.2.3)
y ] 1 2
where f .
PnolE
S, = u, + ¥ . (A.2.2.4)
1ogay b o 6
S2 = a12(uy1 u)lr2 * ugy uez) (A.2.2.5)



s .
The.two typas of idealized response spectrum are treated separately in
the following subsections.

-A.2.2.1 The Case of Flat Acceleration Spectrum
Substitution of equations (2.14.a) and (2.13.b) into equation
(A.2.2.4) gives '

s-§a2 @2, +a2) (A.2.2.6)
1738 % Y T % '
But the normalization given by equation (2.14) specifies that :
2 . ~2 ' ‘
“yi + aei 1 . (A.2.2.7)
Therefore
: § , |
S, = o, (A.2.2.8)
1 il yi

The orthogonality condition for the mode shapes may be expressed

by
% 1
%1 %2(|%1 a1 ° (A.2.2.9)
Gy Ggpll®ys | [0 1
and hence ;
A
5, = 1 (A.2.2.10)

Substitutioﬁ of equations (2.14.a) and (2.I4.b) into equation (A.2.2.5)

gives

S2 =a, ayl ayzomyl gyz + 84y 092) ‘ (A.2.2.11)
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) \ .
But by the orthogonality of the modes

%1 Gyy * By %52 = 0.

so

82 =0
Accordingly

2, 22

uy * Uy 1_

N}

A.2.2.2 The Case of Hyperbolic Acceleration Spectrum

e p——
5

(A.2.2.13)

. Substitution of equationé (2.15.a) and (2.15.b) into equation

(A.2.2.4) yields

rl2
2 [w.)® —
i 2 2 ~2
S, = ¥ |—| a’. @5 +as)
1 =1 ~my‘ yi “yi 8i
¢ 2 ‘
2 (w,)
L=} al uzi . '
i=1 %y} 7
From equation (2.2)
2
1-!.05. __e_a = 0 .
' my %i -7 %i

Substitﬁtion of equation (A.2.2.15) into equation (A.2.2.14) gives

: % 2 e I ~
S, = a . - = a .. 0
1 i=1 Y T el ?1 8i

(A.Z2.2.14)

(A.2.2.15)

(A.2.2.16)
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The orthogonality condition specifies that

2 ., 2 -
] o, =1 and I a . a,. = (%.2.2.17)
i=1 7} R A
hence
Sl =]
Substitution of equations (2.15.a) and (2.15.b) into equation (A.2.2.4)
gives
w, W, - - :
= bl » 1
S2 312 wz Ly ayz ) 1 o,y * “91 aez) (A.2.2, 18)
y
Since the orthogonality condition alsec holds here,
s, =0
and hence the interaction equation still applies
._:7 ::-“J
u, * U =1 (A.2.2. 19)

<





