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A summary of damping values for steuctures and equipment obtained in se

on a research reactor, three experimental

I. Introduction

This article presents a summary of the damping
obtaingd from many full-scale tests conducted by
UCLA students and faculty. The testing technigues
used include steady state shakers, dynamite blasting,
and snapback. A detailed description of all noted
tests is summarized in a series of technical reports
[1-8]". A summary description of the tests con-
ducted at the Qak Ridge experimental gas-cooled

reactor (EGCR) is presented here because of the abik

ity to compare damping obtained using different
testing techniques and response levels,

Before presenting the damping summary, it is im-
portant to discuss the sensitivity of seismic response
to damping uncertainty. First, the sensitivity to
response depends upon the type of the response un-
der consideration. In general a structure's maximum
acceleration is more sensitive to damping than is the
maximum displacement. Also, the sensitivity of
response to damping uncertainty decreases as the
system damping increases. Stated alternatively, the
gradient of the response with respect to damping
is greater at lower values of eritical damping. The
net effect of these observations is that one can take

® See also other articles in this issue of Nuclear Engineering
and Design.
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and

power reactor plants, and a commercial power reactor plant is given. The
testing techniques used inciude steady state shakers, dynamite blasting,

presented for required frequency resolution and record length for dam
The influence of system gon-linearity upon damping interpretations is

veral fulk-scale dynamic tests petformed

and snapback. In an appendix, guidelines are
ping estimation from blast or snapback records,
also discussed.

more liberties in estimating modal damping for re :
sponse purposes as the damping level increases, Com
sequently, if damping increases as response levels ins
crease, then this increased response will not be 35
sensitive to damping estimation error as is the low
level response [8].

It will be evident from later sections that, as ex ;
pected, modal damping coefficients for a given systet
are a function of response level, Some preliminary =
attempts are taken to quantify this relationship,

The Appendix presents two unrelated but impor
topics. Considerations which are important in the &
mation of damping are discussed first. Guidelines a
presented for required frequency resolution and
record length for damping estimation from blast or-
snapback records. The influence of system non-lin-

earity upon damping interpretations is also noted

2. EGCR damping study
2.1. Description of plant

The EGCR is a combined experimental and po
demonstration reactor constructed at Qak Ridge N
tional Laboratory. For technical and econonc rea
work on the EGCR project stopped before constry
tion was completed, and the reactor was never op-
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&led at power. The reactor and containment build-

ave been preserved more or Jess intact,
The containment Structure is a cylindrical concrete
bcture with an ellipticat base and hemispherical

€ of sieg approximately 200 ft in height. The
itainment building consists of three main parts.
¢ lower portion (1/3 of the total height) is massive,
% and buried in the soil. The middle portion, from
Bround to the fourth floor, (again about 1/3 of the
8 height) is roughly symmetrical about the off-cen.
Teactor biologicai shielding, a massive, hollow oc-
nal cylinder of reinforced concrete. The top 1/3
e structure is lighter and more flexible, con-

of the two (crane bay) east-wesl concrete

Fig. 1. Schematic representation of

EGCR vessel and primary coofant loops.

walls inside the steel shell.

A section through this middle 1/3 section is shown
in fig. 1 and it indicates the location of primary
coolant loop and accelerometer placement locations.
There are two steam generators of 9 ff > in. dia., 34 ft
high, with wall thickness varying between 3—4 in. They
are cantilevered off a 9 ft dia. and 9 fi high skirt of
1/2 in. coolant steel, Total weight is 80 ton.

The steam generators are attached to the reactor
vessel and coolant blower by pipes typically 2431
in. dia. with 3/8 — 1 in. thick walls, Ty picat length
varies between 8 and 50 ft. While certain pipes were
supported by pipe hangers, no explicit damping de-

vices were installed. The mass of the piping is very
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Table 1
€a): Tests conducted at EGCR, 6-7 July 1970,

Test Run Excitas Charge Depth, d Distance, r  Seale factor, Depth Distance  Comments
no. o, tion weight, w (fr) (fr} factor,A  Factor, A
(Ib) S=w' 1Py (1)
L1 Blast 55 so@r 50 38 1310 3 See note (a)
1 2 Blast 25 25 SG0 2.92 8.5 171
1 3 Blast 25 16 S0 2.92 5.5 171
1 4 Blast 60 40 60 39 10.2 77
2 i Blast 14 7 500 2.15 33 232 Shallow blast, crater
2 2 Blast 50 10 650 3.7 2.7 176 Shaltow blast, crater
3 3 Blast i0 7 500 2.15 3.3 232 Shallow blast, crater
2 4 Displacement of steam generitor — - - — - e -
2 5 Bisplacement of steam generator - - - - o — o
2 6 Biase 80 60 290 4.3 14 68
2 7 Blast 160 60 290 54 182 54 Multiple blast; 280 charges in hok
20 ft apart fired simultaneously
2 8 Blast 160 55 290 34 10.2 54

Delayed blast; 2080 charges in hol
20 ftapart fired with a 50 msec delypie

W at a depth of 50ft = 25 b at a depth of 30 ft. Values obtained by averaging.

{b): Tests conducted at EGCR, 19— 24 August 1970.

289

Blast 1 60 289 1.00 60.0

1 1

I 2 Blast 10 57 289 218 26.5 134

P I Blast 10 8 281 2.5 3.72 130 Shallow surface blast

2 2 Blast 100 52 289 4.64 11,2 62.2 3

2 3 Blast 600 44 285 8.42 7.5(b) 138 200 in each of 3 bore holes detons
simultaneousty ’

2 4 Blast 2000 41 283 12.6 1,560} 225 1600 in one hole; 400 in second ho
simultaneously :

3 | Blast 18] 57 251 215 26.5 117

3 2 Blast 100 5t 262 4.64 11.0 56.2 i

33 Blast 600 4§ 262 8.42 77000 310 200 in each of 3 bore holes: 200 ¢
tenated instantaneously, 200 135
msec later, 200 320 msec later

3 4 Blast 2000 54 272 12.6 5.2(b) 21.5 This shot consisted of {100 in on

hole, 675 in second hole, 225 in
hole fired simultuneousl::

(b) For one hole. if size of charge per hole varied, the targest was used,

much less than that of the steam generator or reactor

unique opportunity to compare the results from the
vessel,

various methods, and to obtain response data at for
levels higher than previously possible. E
The steady state tests (forced vibration tests) [4];
excited the EGCR containment by mounting two
eccentric arm vibrators on the operating floor leve
(Noor of service machine room). The maximum ec-
centric arm used was 15000 1b in., preducing up ¢
10000 1b force in the frequency range 0--30 Hz.

2.2. Description of testing programs

The dynamic response of the EGCR has been in.
vestigated by sinusoidal steady state vibrators {4],
blast induced ground vibrations [3), and snapback
free transient vibrations [3). These tests provide a
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Tests were carrjed out with instrumentation on the
atainment structure ang primary coolant loop.
- The blast tests were petformed by detonating high
&plosives in the soil near the plant. Tests were per.
ormed at varying distances from the structure
351000 f1), at varying depths in the soil (060 ft),
- &nd with varying types and quantities of explosives
(102000 Ib). Structural Fesponse was measured
With accelerometers teading out on FM tape recorders.
Table | gives a summary of the blast tests,

For the snapback test 100 ton hydraulic ram
¥as placed between the Steam generator and the con-
hinment wal} [3]. Displacements up to 3/4 in. were
ichieved, followed by a sudden release of the steam
generator, The primary coolant loop, piping and to a
Ruser extent the containment structure, then under-
%ent Jarge amplitude free vibrations,

23, Observeq damping values

During forced vibration testing the steam generators
> ¥ere excited by motion of the containment building.
57'4'0 Steam generator modes of vibration were identi-
2®d, a1 5.8 and 5.92 cps (Hz). Response levels at the
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top of the steam generator of the order of 102 4.
and 3X 102 G were measured and the damping
values were approximately 1% of critical.

As a result of the forced vibration tests, two con-
tainment modes were identified — 4.2 and 4.67 Haz,
At response levels on the operating (foor of 2 ¥ 10-3
in.and 2 X 10-2¢, damping values were 3 and 2%,
respectively.

During blast testing the steam generator modes
occurred at 5.6 and 5.7 Hz with damping values of
10 and 0.8%. Response levels were of the order of
$X 1073 in.and 2 X 0~ 2G. For the containment
building the modes were observed at 3.9 and 4.4 Hz
with damping values of 6 and 3%. Responses in this
case were of the order of 3 X 10-3in. and 1X 10-2¢,

In the snapback tests the predominant north—south
steam generator mode (the direction of ‘snapping’)
had a frequency of 5.1 Hz with 1.6 - 2.0% damping.
This occurred at response tevels of 0.1 in.and 0.2¢G.
The east—west mode was not successtully identified.
The containment modes accurred at 3.9 Hz (= 2.9%)
and 4.5 Hz (=~ 1.3%), Response levels were 10~ 3in.
and 10-3¢.

The EGCR piping response induced by the snap-
back test was in the 10~ G acceleration and the 10- 2
in. range. Tests indicated g coupled steam generator
and piping mode at 5.1 Hz, plus a predominately
piping mode at 12 Hz. The piping damping obtained
from the tests was 3% critical.

These results are summarized in fig. 2. Here the
results for typical tests on four different modes of
vibration indicate a tendency for damping to increase
as response levels are increased.

3. Sumimary of other UCLA damping studies

In this section the results from tests on five nuciear
power plants are sununarized. The plants are: the
UCLA research reactor: the experimental gas-cooled
reactor {EGCR); the Carolinas-Virginia tube reactor
(CVTR): the Enrico Fermi | sodium-cooled reactor;
the San Onofre Nuclear Generating Station {SONGS).

The damping estimates for various components of
these plants are swmmarized in table 2. Included is a
description of the component, method of excitation,
typical observed response levels, the cigenfrequency,
and, finally, estimated fraction of critical damping,
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The values shown are the most recent avaikable, any
do not necessarily agree with those quoted in the
earlier reports.

Consider first the damping estimates for contain.
ments. For the vigid structures generally used as con.
tinments. rocking or rocking/transtation on the soil
generally determines the seismically sianificant re-
sponse. bnsuch cases a general trend can he seen as
the center of gravity is moved closer to the eround
{squatter structures usitatly have larger dampings),
Thus the EGCR has 0.015- 0.0 damping. the CVTR
0.06. Enrico Fermi 0.06. and SONGS 0.17, which is
roughly in order of lowered center of gravities. While
diameter of foundation and soil properties are also
significant. this trend s qualitatively in accord with
the results fram foundation’soll interaction theory.
Fortunately this theory is able to provide Fair estj.
mates of damping, and should be used in design in
view of the variabitity in damping from structure 1o
structure,

Non-linear trends in damping are difficult to deter.
mine. Nevertheless. the EGCR containment damping,
which ranged from 0.015 -0.03 ay deflection levels
of 104 in.. runged from 0.02 - 0.05 at deflection
levels of 10~ 2 in. Thus damping shows a slight ten-
dency 10 increase over this lactor of ten increase in
response. Eigenfrequencies changes are not large
enough to be significant to damping studies,

The limited data available on exhaust stacks suggest
that their damping is low: of the order of 0.0},

The EGCR core graphite, possessing highty
non-tinear characteristics due to the yse of keys
is characterized by 0.01 —0.03 damping at deflac.
tion levels of 10~ 3in. The 140 ft steel contain.
ment sphere at SONGS possesses 0.05 damping at
104 in. defection level. The CVTR operating plat-
form is characterized by 0.06-0.09 damping at 10-2
in, response fevels,

Perhaps most important to this study is the damp-
ing in pressure vessels and associated piping. The
EGCR steam generator and the SONGS pressurizer,
Steam generators, and pumps are characterized by
0.01-0.02 damping at 10-3 —10-2 i, levels and
0.015--0.04 damping at 10-2 ~ 10~ 1 in, Jevels, Again,
a slight increuse of damping is observed over a tenfold
increase in response levels. All these components are
essentially cantilevered off their sipport skirt in
the first two cases, heavy piping in the others, The

steam generator and pumps at SONGS are also held
vertically by stringers, and the steam generator s
restrained by keys which introduce highly non-liney,
effects. The SONGS reactor vessel TESPORSe is nof yey
understood., but one test indicates 0.015 damping 5
10~ in. levels,

As a group, the Enrico Fermi experiment shows
higher damping: 0.03--0.10 at 10-3 i, tevels, Ope
possible cause is insufficient resolution in the Fourie
spectra of the transient time histories which tends 1
broaden resonant peaks. Alternatively, it is noted thy
many Fermi components are held g1 several points g
well as cantilevered, and this may lead to higher damp.
ings.

Only limited data is available on piping. One well
studied pipe attached 10 the EGCR steam generator
possesses 0.03 damping at 10-2 in. Jevels, In many
tests it has been observed that piping tends to movye
with the pressure vessels. Although this trend is ot
established for alf cases, it Suggests that piping i part °
of the dynamic mode of the vessels and hence shoyld
be assigned dampings similar to those seen in vessels,
Similarity of construction and materials between pipes
and vessels and the limited data available supporis thy
approach,

At this point we mention damping estimates for
electrical distribution equipment (transformers,
lightning arrestors, switches, disconnects, capacitor
banks, ete.) available from vibration tests {9]. In
general, response levels have been up to 10~ G ang
10~ tin, AN structures tested have resonant frequen.
cies in the range 1 — 10 Hy, Damping estimates run 4
from 0.005 —0.050, with a slight tendency to increa &
with increasing response levels.

4. Summary

The estimation of accurate modal damping values
for use in reactor design is still not yet possible. How-
ever, as the previous sections indicate, it is possible to
select, for a particular type of component and expected
fesponse fevel, damping values which represent ‘in the
ball park estimates’ for design considerations. It is
suggested that table 2 be useqd to aid such a selection.

The authors feel that for design purposes, one must
distinguish between damping in the elastic FESponse
fange and the concept of ‘equivalent inelastic damp-
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¢’ for non-linear response calculations. AH damping
‘estimates presented are for use in the former category
“gd ceflect damping values for response levels well
*&iow the structure’s natural yield fevel. In all cases
‘discussed, it is reasonable to assume that the damping
walues reflect a lower bound to the damping that
would be expected at elastic but near yield response
keels. The design concept of equivalent inelastic
damping is not commented upon in this paper.

. Appendix: Damping estimation—computational
comsiderations

AL Introduction

The main purpose of this appendix is to investigate

- the major factors influencing the accuracy with which
®¢ can estimate the dynamic properties (period,

dimping) of structures by the half-power bandwidih

.. tethod. We emphasize the estimation of damping be-

; ~*-eause period estimation is relatively easy. The mere

presence of a spectral peak alimost guarantees a good
stlmate of period. This is due to the fact that spectral
feaks tend to be sharp for lightly damped structures
ind there is Jittle uncertainty as to the frequency

Suresponding to such a peak. Damping estimation, on

- o aspectral peak thus influencing the damping esti-
mator,

In the half-power bandwidth method a standard
Power spectrum is computed for a blast record and
wthain peaks are identified which correspond to the
nous modes of vibration. Once a peak has been se-
kcted, its half-power bandwidth is determined and the
Rructural damping associated with this particular mode
8 computed. This procedure is well known but some-
tmes does not yield satisfactory results for lightly

mped structures, It will be shown below that one

" Plausible explanation for this fact is that insufficient
L F"‘luency resolution and record length were used to
ain an estimate of damping. In addition spectral

[ Moothing, 3 standard practice in computing spectra,

Bttoduces distortions into the spectral peak resulting
Berrors in (he damping estimator. Also, as we shall

o 1 $Ystem non-linearities complicate the estimation
0cess,

4 the other hand, depends on the exact shape of the spec-
o tnlpeak. It is shown that many factors affect the shape
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The work reported establishes relationships between
spectral resolution, record length and the relative error
in the damping estimator. These relationships are used
to establish the range of structures whose damping
can be estimated from blast records.

A. 2. Frequency resolution considerations

Shannon's sampling theorem for time domain
functions is well known and is one of the basic and
most powerful theorems of modern information
theory. Brielly stated it is as follows: & band-limited
signal containing a maximum frequency /. in cycles
per second (Hz}, must be sampled at a rate greater
than or equal to 2f,, samples per second (Sps), in
order to preserve ali of the information contained
in the signal. Experience with practical sampled data
devices has shown that sample rates of $fn Spsor
greater must be employed where high accuracy for
frequencies near f . is & requirement.

Obviousty Shannon’s theorem holds not only for
functions of time. but for functions of any independent
variable. One of the fundamentat questions regarding
damping estimation concerns the number of frequency
domain samples required to accurately define the
spectral peak of a damped sinusoid.

To help answer this question. consider the following
Fourier transform pair

exp{--at) sin wyt & (Lud W( {a3+w§ tw? [H7(2aes)) |
(H

where a = Awg. oy = iy VLA =V 1 s
the critical damping ratio and wy is the undamped
structural natural frequency in radiany sec. The power
spectrum of eq. (1) is given by

Plw)=(w((w) — wh)? +datew?) | (2)

The time domain function in eq. (1) is simply the
response of a single-degree-of-freedom oscillator to
a unit imputse. Linear, multi-degree-of-freedom sys-
tems can be reduced to an equivalent set of uncoupled
single-degree-of-freedom oscillators,

In the present study P{w) was computed from eq.
(2) and the spectral resolution f; was varied over a
wide range. For each resolution, the half-power
bandwidth (BW) was determined by linear interpola-
tion. The damping (A} was then estimated from the
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following relation

f0 = (wo,’ln) = natural frequency (Hz). (3)

BW=2/,). (4)

The per cent relative error between \, the true damp-
ing, and A, the estimate of damping is

e, = (( -/ X 100. (5)

The spectral resolution (f,) as diseussed herein is de-
fined as

f, = BW/AS ()

where A is the frequency domain sample rate in Hz.
The results of this study are presented in fig, 3
where the relative error in the danping estimator
is plotted against the spectral resotution f;. The rela-
tive error in unsmoothed spectra has substantial scat-
ter for resolutions below 5. This is due in part to the
fact that the central peak may occur between fre-
quency points which tends to reduce the observed
spectral peak height. Since the peak height is used
to determine the half-power frequencies, an error in
peak height carries over to the damping estimate.

Referring to fig. 3, it appears that for reliable
damping estimation with an error less than 49 as
tral resolution of about 4 or 5 should be employed,

AfZ1/S BW .

The application of this latter equalion to practice
implies that a preliminary estimate of the structure’y
natural frequency exists as well as 4 lower bound
damping estimate, Thus, using eq. (4) we obtain BW
for use ineq. (7).

The effects of smoothing on damping estimation
were studied by computing the power spectrum
P(w) given by eq. (2) over the same [requency range !
as in the resolution study. The resulting spectra we
then smoothed once by Hanning before determinat
of the half-power bandwidth. The damping was the
estimated as described above. The relative error for.
the smoothed spectra is consistently higher than fog
the unsmoothed spectra. That is, smoothing in-
troduces a significant amount of distortion in the :
shape of a spectrum. Quantitatively, a resolution of
kS for the smoothed spectrum is required to prod
the same relative error in the damping estimate as
resolution of 5 for the unsmoothed spectrum,

A.3. Record length considerations

The exact Fourier transform is based on taking
the limit of the Fourier integral as ¢ approaches in-
finity. In estimating the Fourier spectra with a
digital computer we must necessarily work with fi-
nite record lengths. A computer study was therefor,
performed to investigate the sensitivity of the damp:
ing estimator to record length.

[n order to study the effects of a finite record
length, we consider the following function

h(t) =exp(—at)sin wyt (U - U(r-1)

where @ = Ay, Wy = wo V(1-A%), and Tis the .
record length. If U(t) is the Heaviside unit step fune
tion, then taking the Fourier transform of eq. (8)
we obtain

H{ew) =

{wy ﬂ:“‘*‘ e'j“"{(wd €08 wy T+asin e, T) +fcosin

(e~ w?) + (M)
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It will be noted that the second term in the numer-
ator grows smaller with increasing record length T.
This is due to the term exp(—aT)=exp{(—T/r) when
7= lja = 1/Awg. The normalized record length /7
has damping embedded in its definition and, there-
fore, is a useful parameter for studying the sensi-
tivity of the damping estimator to record truncation.

Fig. 4 shows plots of the Fourier modulus of A(f)
computed from eq. (9} for various values of T/7. The
actual record length T the modulus peak and the
damping estimate are prirtted near each plot of the
Fourier modutus in fig. 4. These moduli were com-
puted for fy = LOHz, A=0.10,Af = 0.0 Hz, BW =
=0.20 Hz, 7 = 1.592 sec and a spectral resolution
£, = 20. Fig. 5 is based on the same type of calcu-
lation as fig. 4 and shows the relative error in the
damping estimator ¢, as a function of 7/r and X where
the damping estimator error is defined as in the reso-
httion study,

We see from the preceding figures that the im-
provernent in damping accuracy and hence the es-
timator is stowly convergent after T/r of 5 or 6, Note
that since 7= 1/Awy, T = St implies that

T>(1/m)5/BW, (10)

where BW is in Hz.
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A Fast Fourfer transformt implications

The Cootey--Tukey fast Fourier transtorm algorithm
{FFT)is a rapid numerical procedure for calcutating a
Fourier transfory. I its use. the frequency increment
(in Hz} is equal to the inverse of the record length (in
sech. Therefare. in the preceding discussions it is ap-
parent that if a blast response is essentially zero after
some finite time, it may be necessary to add additional
zero response vahues untit the record length is suffi-
ciently long to yield desired frequency resolution.

4.5, Confusion cansed by structwral non-linearities

The preceding sections were concerned with con-
siderations which can be readily accounted for. How-
ever. as this section shows, the existence of material
type non-linearities can result in frequency domain
peaks which cloud data interpretations. To show how
the non-linear effects cause such peaks in the Fourier
moduli of free vibrations, consider a theoretical ex-
ample. The equation investigated is

X+004X41(X)=0, (iH

« Damping in nuclear power plants

PR
-3 -k
: !
1
e
P
Fig. 6. Non-linear spring stiffness. ?
deflections below unity, and 2.83% critical for very
farge deflections. Similarly, the eigenfrequency s 4 Re
unity for deflection less than one and 0.707 for
large deflections. The response of this bilinear soft | (i
ening system is easily found on the computer; the
Fourier moduli are then calculated by the Cooley-
Tukey fast Fourier transform, (21
The graphs in fig. 7 are the Fourier moduli of

free transient displacement response, with initial
deflection: A =1,2, 5,20, >, The moduii have
been normalized by A. This figure indicated that
non-linear stiffness can cause small peaks to occur
in addition to a predominant peak. Note that the po-
sition and number of these peaks are not constant,

with )f(()) =0 = initia] velocity, X(0) = A = initial but vary with the fevel of initial deflection. Further
displacement, where f{X) is shown in fig. 6. This more, observe that the width of the predominant
implies that the linear damping is 2.00% critical for peak is also affected by deflection level: the peak
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Fig. 7. Fourier modulus of bilinear transient vibration,




from the A = 5 release is broader than either the
d=2or A =20 peaks. Thus, the non-linear stiffness
gay account for some of the variability in linear
damping estimates found from experimental data,

. All the spurious peaks appear to the right of the
3 tain peak, as if when the main peak shifts from | to
© 0707 Hz it leaves behind it a 'trail of fading mem.
orks’. Additional studies confirm the intuitive ex-
tension that a hardening spring will produce spurious
pezks to the left of the main peak.
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