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Summary

The present report, a supplement to the preceeding SMIRT-papers /17, [ 27,
provides a complete consistent Response Spectrum Analysis for any component.

The effect of supports with different excitation is taken into consideration,
as is the description of the resonance ranges.

This report includes information which was omitted in [ 27, explaining how
the contributions of the eigenforms with higher eigenfrequencies are to be
considered.

The case in which the building and component vibrate in resonance was not
considered in /[ 2 7. This case is treated in accordance with the considera-
tions in / 1_7.

Btocking of floor response spectra is alsc possible using the method des-
cribed here. However, modified floor response spectra must now be calculated
for each building mode. Once these have been prepared, the calculation of the
dynamic component values is practically no more complicated than with the
conventional, non-consistent methods.

The consistent Response Spectrum Analysis can supply smaller and larger wvalues
than the conventional theory, a fact which can be demonstrated using simple
examples.

The present report contains a consistent Response Spectrum Bnalysis (RSA),
which, as far as we know, has been formulated in this way for the first time.
A consistent RSA is so important because today this method is preferentially
applied as an important tool for the earthquake proof of components in nuclear
power plants.
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1. Introduction

The component design of a nuclear power plant against earthquakes is gener-
ally realised using the Response Spectrum Analysis {RSA). The applicaticn
of the RSA permits the calculation of deformations, forces and stresses of
a component in two ways:

i. With the RSA only for the component, whereby floor response spectra
are used (method 1) -

2. With the RSA for the system building and component, whereby ground res-
ponse spectra are applied {method 2).

The lecgical demand that the results for the component should be the same in
both cases cannct be fulfilled with present methods.

In principle, method 2 can always be applied. It does, however, have two
essential disadvantages:

- The building must always be explicitly described too

- The mass and stiffness of building and component generally differ to
such an extent that numerical difficulties can result.

Qur task is therefore to calculate the dynamic values fcor the component in
such a way that they are in agreement with the values corresponding to method
2, but without having to use the overall system explicitly as model. Once
they have been calculated, building data may only be implicitly used for each
component. Numerical difficulties such as those mentioned above must be ex-
cluded.

It is shown that it is impcssible tc define floor response spectra in such a
way that they c¢an serve as the basic spectra for a RSA of a component anal-
ogous to the ground spectra for a RSA of a building. The RSA procedure imple-
mented does not mean any additional work for the user. It dces, however,
slightly increase the computation time.

A complete RSA must include two essential aspects:

- It must still be applicable in the c¢ase of resonances between building
and component

- It must consider the contributions made by higher eigenforms in a suit-
able way.

The present report offers a satisfactory sclution for both requirements.

2. General assumptions and symbols

It is agreed to define each supporting system suggestively as building and
each supported system as compcnent.

Z: is a linear elastic building structure with ny degrees of freedom,
m supports for a component 7, (see below) and the following dynamic values
of the l-th eigenform (1 = 1,2,..., Ny ):

uﬁ Eigenfrequency

bﬁ_Eigenvector component at the building node j = component support j
(3 = 1,2,..., m)

B
[, Participation factor for the direction

])13 Modular damping
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Further,zxis a linear elastic component structure with n degrees of
freedom and m supports {= fixed points in )Y }, which is characterized by
the following wvalues of the p-th eigenform (p = 1,2,..., n):

w, Eigenfrequency

¢ Eigenvector component at the component node k
KP
{(k = 1,2,..., n}

[;PParticipation factor for the direction«

D, Modular damping

We now go on to define a structure } ;,, . which consists of the two struc-
tures Lzand >, , whereby the component supports are degrees of freedom for
2 s but, however, all the actual degrees of freedom of the component are
né% suppressed by Zz. We want to speak of the degrees of freedom of support
j=1,2,..., m although they represent fixed points for the component.

The i-th eigenform (i = 1,2,..., n=n + 1, } of the total structure §:3+Kis
characterized by:

to; Eigenfrequency

ey

; Eigenvector component at the "actual" component node k (k = 1,2,..., n)

&%iEigenvector component at the component support j (j = 1,2, ..., m)
ﬁ;i Participation factor for the direction o
D, Modular damping

The equations of motion for the actual ncdes x of the component and the
component supportssin the system Za*xare as follows:

Mx+ Ki+ Kp,s =0 (1)
ME+ Kix+ KS =0
eS + RpX + Ky = (2}
where
M : mass matrix
of ZK
K : stiffness matrix
MS : mass matrix
of the component supports hlZ£+K
KS H stiffness matrix
Ko : stiffness matrix which represents the connection between x and s
FS : anchor force

T
M and M, are assumed as being diagonal matrices. K. represents the trans-
posed matrix of K, .

It is postulated that the dynamically relevant values {eigenfrequencies,
eigenforms} of the building are only unimportantly influenced by the compo-
nent (non-interacting component). The eigenforms of Zé+K then divide up into
two types:
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Type 1 (building modes)

The first type consists of eigenforms, in which the building contributions
are equivalent with the eigenforms of 7 _and in which the component contri-
butions can be determined as a response to these building eigenforms, i. e.

as forced vibrations. These eigenforms are termed building modes in the
feollowing.

Type 2 (component modes)

The second type consists of eigenforms, in which the component vibrates in
the relevant eigenform of %, while the building remains still, and is

only noticeable because of its infinitely large mass in comparison to the
component mass. These eigenforms are termed component modes in the following.

The building modes are indexed with i = 1r2,...,N3, the component modes

with i = ng+ 1, iy + 2,... fi=ng*t n. Further, in each case, the modes are
arranged according to increasing eigenfrequency.

Building modes : 00,<00,<{0,< ... <G%b

Component modes: U%¥M<tun%u< .. <u.:%+n

Of course, the relation betweeniE%and5;+4is not limited, i. e. the three
0. < o D = o nd o . Y are ible.

cases Lun3< LUDBM wna “)ngw!a “‘-’n5> wn8+4 a poOSss

3. Eigenvectors, participation factors and modal displacements of the
system >

Brk

The soclutions can be found in £ 2 7.

3.1 Building modes {i = 1,2..., nB)

= L

i = L o)
—_ 3

D= D (3¢)
-+ B

= O (3q)
. n m Wp B
¢.= pZ”Za D s o W by (3e)

whereby the participation matrix
P =— MK K, (4)

was intreduced.

3.2 Component modes (i

n,. + 1, n, + 2,... n_ + nj

B B B
W =w; o (5a)
D=2, (5b)
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3.3 Calculation of the modal displacements

The maximum contribution X.; of the i~th eigenform of E: +k £0 the total
displacement at any component node k amounts to:

— = - &(LO D:)
i ap Oy = =7 (6)

+ .
1

Accordingly, the maximum contribution E of the i-th eigenform to any value
BE=E& (&'11 x . xﬁ } (e. g. force, stress, etc.) is:

L
=F (7 7. % . X (7}
b (&hxup":xkn'"f%ni)

In (&), e{_(ml,.D } represents the ground acceleration response spectrum_for
the directione=’, the cirecular eigenfrequency a) and the modal damping D

The RSA now assumes that

ER5A= V.Z Eil (8)

represents the maximum value for bB.

.
]
A

Eng‘may be calculated with formulae (7} and (8) using the modal displace-
ments (&}. Further, X ; may be easily determined using (6), as

E;: ‘ a&lj w; , Iﬁ

are already known according to sections 3.1 and 3.2.

The relative coordinates
Xpep = Xt K_"K‘m-S (9)

are more suitable for many problems than the absolute coordinates,

The following is wvalid

CPB ) ﬁuer ) for the building modes {(10)
6. = of.:. 1) (i = 112r---rnB)
Ji 0 for the component modes
(ian+1,nB+2,...,nB+n}

If one inserts XKland.%lln {9) and applies formula (6} in conjunction with
the formulae (3) and (5) for X,;, one obtains:

Building modes (i = 1, 2..., nB) 2

o 2 s s S(uf D) & _ W ]
XKi=j§ &5 [, (1;:); P; .. B, w,,"—(m?)’" (112)
Component modes (i = nB+1, np+ 2,...n B2
D N A S C
Xmi=i+n £ ki I3 2 1 (w®y— {11b)
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4.

Consideration of higher eigenforms

Higher eigenforms can be taken into account in formula

(11) analogous to

the procedure in the classical RSA.

In the case of building modes {11a), the sun

- ¢MF Pﬁ
B E3
) p=4 m;— @%)
is replaced by
A _ nz chP PPj
= Ta_ [ 37
p=A w ( I P =0t

CDKP Rd

T (12}
Lp

In the case of the component modes (11b), only the component modes

%-n3+4,ns+2,
i=ng+n,+4,n+n; +2

We then write (12) in the form

n,+n, are considered, while the remaining component modes
gt nare neglected.

B!
- d L (13)
A= Z CI)KP Pe; ( wi- (B w? ) +(x5+¢f )Kj
) p=a i P
whereby
), - dzw%
5+d.|‘ I(J (14)
represents the static soluticn of
-4
Kixga s == MKTK, ¢ (15}
Thereby the vector e; with m components is defined by:
4 for g = j (16)
;). -
1 0 for g # 3
To summarize, the following results:
Building modes (i = %1,2... n )
1, B2
» z o Z d)m: (wi ) + (x ) (17a)
2 B .
Yel 2 : t, — o, F Pz stat /i ]
p=4
Component modes (i = nB+1, ngp +2, ... D, + 0}
e}
S.x(uji Di)i Chb_'rl (wl)
T2 : for i = n_+1, n_+2,...n.+n (17b)
ZCPK‘IEI wyst L (wﬁ)_w? B " B B0
. = ] 3= 1=4 1
(xkl)rel .
imi+my 0 for i > ng + ng
K 3/8
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5. Resonance

We now turn to the resonance case

B
wio ~ UJIO
Using (17), we obtain the following equations in this case: -
m
3 B 3 4
(Faha = 2 Pealis Slo, W) B L oy (1)
]=A a 3
T a 3 3 d
— 19}
toy =) By B Sw D)L e (
(xKli;ng)rel ,Z,, Ao _1=J e (tm.,) i,
One sees that both(xklc)mland (EK'i+nB)r-elincrease infinitely in the limit
lim
t'.:)in--'l'u_):l

In /17, it was shown that it is meaningful to use 3
412 5 3
Lim (_ )2 ""()_(— )L = (Dxio]:.in (Djl.,[:,i, Sa(tui”Dh)
Xp;]., rel Ei;na el

uJiD—"UJ: 2 w,'_j \f:D;o (Din‘i" Dfo) (20)

in the Onefloor Response Spectrum Analysis.

We now wish to replace the factor in (18} and £19)

A
- (21a)
wi —(wf )é 2
by Q aQ
_ 1 — (21b)
wi_(w1)+8

whereby the function g is determined in such a way that (20) is analogously
fulfilled ([ ; can only be replaced by X Pij on the right side).

This results in

2
_ o[l D)
1m 2 ) . B ' o Iot ™,
wi_n—:wfo 8 = 4 'DJ.H (-D10+'D1° ) U_)ln [/] + ig_l(win{ Dfo) . (22)

As one can easily show, the factor (21a) arises in the case of an undamped
forced vibration, while, in the case of a damped vibration, it is replaced
by {21b) with the purely imaginary function

3 3
B - .
8(“3%.“)1,,):. 1o s, Wy, = (1, @i, )
imaginary unit (not to be confused with the index il)

In this case, the fictitious damping De (uy LolB) must be defined as
hd} Q

B )] _S,:(&)h -D:_)
:D-F (wib-'wlo ) - :Dio (:Din +:DJ'° } \//I N 'Sc: (wlul'])i,)

so0 that no inconsistency is caused to {22).

By now including the resonance case too, we have the final version of the
modal displacements:
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Building modes (i = 1,2... n_)

n

N B - d)K P;j wj:.B p)l
Feha= ) Dl Sulwl, 2)| ) —reost ol s+ (apat)..

7, By2 .
j=d o wp_(wi)2+1’2:05(@p,wi3)wp L Kj {23a)
3 —EB B b By2
s = Gals Selews, D; )/(?) (23b)
Component modes
for i = n+1, n_+2, ... n_+ n.:
B B B® MO 3
m n B B2
(x ) z b P Sulwr, D5) Zg by o ()
PO = = [=2 N
Xk i=T+ng irel a kT 13 5 = (c,ulg)l__ w; +i.Z_DF(uJi'wf)u)iu_)f (23c)
for i > ng* ng:
(gmi )rel =0 (234)
for i > npt
(23e)
sji = O

The modal displacements (23) are complex. Formula (8) must therefore be

replaced by =
— |2
ERSA_ Y Z IEZI

i=A

6. Conclusions

The present report c¢ontains a consistent Response Spectrum &nalysis which,
as far as we know, has been formulated in this way for the first time. 2
consistent RSA is so0 important because today this method is applied as an
important tool for the earthquake proof of components in nuclear power
plants.

The present report, however, still requires one completing point, namely

the statistic consideration of the RSA superimposition procedure. The RSS
(Root Sum Sguare) superimposition (8) of the individual modes was simply
taken as being correct outside the resonance ranges, while the resonance
contributions were arranged in such a way that they are in agreement with
the preceeding statistic considerations / 17 if the superimposition applied
is of the same form as that ouside the resonance ranges.

A further task is the programming of the present theory and the calculation
of some examples to be able to indicate the guantitative differences to
previous practice.
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