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ABSTRACT

EG&G Idaho is assisting the Nuclear Regulatory Commission and the Pressure ?

Vessel Research Committee in supporting a final position on revised damping values
for structural analyses of nuclear piping systems. As part of this program, a series
of vibrational tests on unpressurized 3-in. and 8-in. Schedule 40 carbon steel pip;ng
was conducted to determine the changes in structural damping due to various
parametric effects. The 33-ft straight sections of piping were supported at the ends.
Additionally, intermediate supports comprising spring, rod, and constant-force
hangers, as well as a sway brace and snubbers, were used. Excitation was provided
by low-force-level hammer impacts, a hydraulic shaker, and a 50-ton overhead crane
for snapback testing. Data was recorded using accelerat:an, strain, and displacement
time histories. This report presents test results showing the effect of stress level and
type of supports on structural damping in piping.
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SUMMARY..

At present, studies are under way to determine on the EG&G modal analyzer from strain gauge,
+ whether an increase in the allowable damping values accelerometer, and linear variable differential trans-

used in dynamic structural analyses of nuclear former displacement probe instruments. Typical
power plant piping systems is justified. The Welding piping supports used in the tests were a sway brace,

- Research Council's Pressure Vessel Research Com- a rod hanger, spring hangers, a constant-force
mittee (PVRC) recently developed revised interim hanger, and snubbers.,

!- pipe damping recommendations which have been
approved for ad hoc use by the Nuclear Regulatory The constant-force hangers produced the highest
Commission. Increasing the allowable damping damping of all the supports tested. The spring
could lead to safer, more reliable, and less costly hangers and sway brace contributed little to the,

, piping systems. A prevailing view is that conser- damping except at very low vibration levels. Higher
vative values for seismic design has led to overly damping was induced by supports with gaps, such

'

stiff piping with excessive numbers of supports ill- as snubbers and rod hangers with loose connections.
suited to resisting thermal transients.

For linear systems, time-domain and frequency-
I' To assess the damping induced in piping at domain calculations produced similar results. To

various levels of excitation and with a range of improve confidence, use of several excitation and
,.

typical piping supports, a series of vibration tests calculational methods on the same configuration is
I on unpressurized 3-in. and 8-in. Schedule 40 pipe recommended. Displacement, acceleration, and

was conducted at the Idaho National Engineering strain measurements provided similar damping- - .

Laboratory (INEL). One objective of these tests is results.
to support the final position of the PVRC.

'
, - At higher levels of response, in the operating basis

A majority of the previous tests used to establish earthquake and safe shutdown earthquake ranges,
i dampmg values have been conducted on actual damping increased with response level. Damping for

[ power plant piping systems or on laboratory models the 8-in. pipe at these levels was. considerably greater
; of these systems. These systems were fairly com- than for the 3-in. pipe. Modal damping is depend-
' plicated and the many variables tended to mask the - ent on the position of the support with relatio'n to

influence of any single parameter on the damping the mode shape. Modes that exercise energy dissi-
, - in the system.' Therefore, in the initial phase of pating supports have higher damping than modes

testing at' the INEL, a very simple. system was where supports are located near nodal points. There
selected in order to be able to vary one parameter was no apparent trend to indicate that damping at
at a time. The configuration chosen was a straight frequencies of 33-50 Hz (above the seismic range)

: section of pipe, supported at both ends, with one were different from damping values in the 20-33 Hz
or more typical piping supports along its length. . range.

. Using results and insights gained from the testing,
more and more complicated geometries could be Future tests planned for 1984 willinvolve a more

. used to increase understanding of damping in a complicated two- or three-dimensional piping sys-
building block manner. tem. Tests at high strain levels will be emphasized,

.. and data at frequencies above 33 Hz will be
4 ' The system was excited by impact- hammer, recorded to assess the effect of damping at higher

shaker, and snapback methods. Data 'was recorded - frequencies.*'
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DAMPING TEST RESULTS FOR STRAIGHT
SECTIONS OF 3-INCH AND 8-INCH

UNPRESSURIZED PIPES-

' INTRODUCTION

One of the parameters that a structural analyst allowables, standard industry practices, and low
routinely uses in Ihe dynamic seismic analysis of damping values. In order to improve piping design,
nuclear power plant piping systems is the structural the Welding Research Council's Pressure Vessel
damping. The damping values are prescribed, Research Committee (PVRC) Technical Committee
according to the pipe size and the earthquake level, on Piping Systems has appointed various task

I ssued by the U.S. groups to look into the problem of piping systemin Regulatory Guide (RG) 1.61 i
Atomic Energy Commission, predecessor of the overdesign. The NRC has been an active participant
present U.S. Nuclear Regulatory Commission in'this venture along with nuclear steam supply
(NRC). At the time ofissue of RG !.61 (1973), the system vendors, architect / engineers, the national
Atomic Energy Commission had gathered the best laboratories, and electric utilities. This program's
available experimental data on piping system damp- goal is to recommend changes, where warranted,
ing values, and the opinions of the leading experts to make stress analysis more accurate, and to allow
in the field, to establish a set of values that would safer, more reliable, and less costly piping systems.
be easy for an analyst to use and that would be con-
servative. These values (1 to 3% of critical damp- One part of the program was to examine damp-
ing) are generally conservative in that piping system ing values and determine the possibility of revising,

motions are overpredicted so that the resulting the present guidelines to reflect currect best-estimate
calculated stresses are high enough to ensure the values. The NRC has contracted with EG&G Idaho,
system is adequately supported for seismic motions. Inc., at the Idaho National Engineering Laboratory

* '

(INEL) to study structural damping in nuclear
Since the issue of RG l.61, nuclear power plant power plant piping systems and provide uta to sup-

piping has been designed as relatively stiff systems, port the final PVRC position. This progrr.m Man
employing many scismic supports, to keep the com- in FY-81 and has proceeded in phases. In the first
bined stresses due to earthquakes plus other loads phase, a literature survey of existing piping system
below allowable values. These stiff systems are damping data was conducted. The results, as well
unduly restrained from thermal growth, leading to as some of the data previously unpublished in this
a greater susceptibility to thermal cracking of the country, were published in References 3 and 4.
pipe wall due to fatigue. In addition, many systems From this study, it was concluded that there was
are supported by snubbers that resist sudden high a good deal of data to support higher allowable
acceleration seismic motions, but that allow slow damping values, particularly for certain sets of
thermal movements without resistance. These snub- parameters. In the second phase, the parameters
bers are costly to purchase and install. They that seemed to have the greatest influence on damp-
sometimes lock when no sudden movements are ing were identified and a test program was proposed
occurring or do not lock at the high acceleration to generate more damping data and investigate these
levels and they sometimes leak fluid (hydraulic parameters. Results of this portion of the program
snubbers). Consequently the NRC requires inspec- were published in References 5 and 6. At the same
tion and maintenance programs in the Standard time, a limited analytical investigation was con-
Review Plan,2 resulting in increased cost and ducted to determine whether an increase of the.

worker radiation exposure. Thus, considerable allowable damping value from the present 2% of
benefit would be gained by reducing the number of critical damping to a value of 5% of critical damp-
seismic supports used in piping systems, ing would indeed reduce the number of required,

seismic supports l'or typical piping systems. The
it has been widely recognized that piping systems results in Reference 7 demonstrated that at least for

have a great deal of design margin, and are generally a few typical systems, increasing the allowed damp-
overdesigned. This is due to a combination of fac- ing would permit removal of supports while still
tors: seismic analysis methods, seismic design meeting stress criteria.

I
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: In the third phase, the initial test sequence pro- order to be able to vary one parameter at a time.
,( - posed in the second phase was carried out. A . The configuration chosen was a straight section of
- > - majority of the. previous tests used to establish

. typical piping supports along its length. Using
pipe, supported at both ends, with one or more

' ,

damping values have been conducted on actual
power plant piping systems or on laboratory models results and insights gained from this testing, more.

of these systems. These systems were fairly com- and more complicated geometries could be used to
plicated and many variables were present, which increase understanding of damping in a building *

-could tend to mask the nature of Ihe damping in block manner. This report details the results of these
the system. Therefore, in the initial phase of testing initial tests. A brief description of plans for future:

>m - - at the INEL, a very simple system was selectcd in - work is discussed in the final section, Future Work.
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BACKGROUND

This section presents the current NRC regulations For a single degree-of-freedom system, the critical
for the damping to be used in structural dynamic damping of the system (C )is as a function of the*

c
analyses of nuclear power plant piping systems, and circular frequency w and the system mass M, and
a summary discussion of damping itself. is defined as

,e

Cc=2MwPresent Guidelines .

This term, as related to the amount of energy loss,
RG 1.61I states the current NRC position on would allow a linear oscillator to return to its

damping values to be used in the dynamic structural original position, without cycling, in the minimum
analy:,is of nuclear power plant piping. These are time.
listed in Table I and are derived from recommen-
dations given by Newmark, Blume, and Kapur.8 It is often convenient L express damping as the
Note that the only two parameters considered are ratio
pipe size and design level of earthquake, whereas
in Reference 5, several other parameters are con- z , C_ , C
sidered important: frequency, insulation, supports, C 2 Me *

#
and excitation level. Further discussion on the basis
for the RG 1.61 values is found in Reference 5. The

Vhen expressed as a fraction,4 is called the frac-
. .

guide also allows damping values other than those
t. ion of critical dampmg; when expressed as percent,in Table I to be used if these values can be justified
( is called percent of critical damping.to the NRC for the particular piping system.

Because using alternate values would, in most cases,. The true damping characteristics of structuralbe difficult to justify vith existmg test data, most
of the newest generat) ion of nuclear power plantssystems are very complex and difficult to determine.

, In fact, purely nonlinear systems cannot be char-
have their pipmg systems designed with the damp-

acterized at all by parameters such as natural fre-,
mg values of Table 1.

quency and percent of critical damp.mg, but only
.

by response histories. However, it is common prac-
tiee i express the damping of real systems in termsTable 1. Damping values from Regulatory

f (. This is reasonable if the system is only slightlyGuide 1.61 (percent of critical
nonlinear. In such cases, a linear dynamic systemamping)
analysis is commonly performed, with the nonline-
arities approximated by a larger value of damping.

OBE or Although this method is mathematically computa-
Pipe Size 1/2 SSE SSE tionally convenient, it does not necessarily repre-

sent be best comMnadon oheaHstk expedmemal
Large Diameter (> l2 in.) 2 3 ata an state-oMe-art analytkal techniqua
Small Diameter (s12 in.) 1 2

Another type of damping commonly encountered
is Coulomb damping, w hich results from the sliding

Damping of two dry surfaces. The damping force is egaal to
the product of the normal force and the coefficient

Damping is a measure of energy dissipation of of friction and changes in direction with each half

a material or system under cyclic motion. cycle. This type of damping results in much more
,

References 5,9, and 10 give a more detailed complicated mathematical relations for the predic-

discussion on the subject. tion of piping motions, and thus is i.ot commonly
used. However, as will be demonstrated later in this

In RG 1.61, the damping referred to is based on report, Coulomb damping is frequently observed*

an equivalent viscous damping for the entire system. in testing. As derived in Reference 10, the decay in
All the complicated mechanisms that represent amplitude per cycle with Coulomb friction is a con-
energy losses are lumped together. stant. While for viscous damping the percentage of

3 |



each cycle's amplitude to ihat of the previous cycle present is demonstrated in Figure 2. The apparent
is constant, resulting in a decaying exponential viscous damping becomes very high at low ar..;di.
curve for free vibration, the free decay for Coulomb tudes for Coulomb damping. For the last cycle, tae
damping is a straight line. This is demonstrated in apparent damping is infinite since motion ceases -

Figure 1. Mathematically, the relationship of w hen x < k .c
successive cycles is

Experimental Measurement *

viscous Coulomb Techniquesdamping damping ,

n+ 1 = kx x -x
n n c=k A number of techniques have been developed tox y

n + 1. estimate damping from experimental data. The
simplest and most commonly used are the

where x is the displacement of the oscillator. When logarithmic-decrement and half-power methods.4
the displacement x is less than the Coulomb con- In the logarithmic-decrement method, which uses
st mt k , motian will cease. The effect on the appar. the time domain of structural response, the ratiose
ent viscous damping when Coulomb damping is of the amplitude of vibration x at any time andn

-.

j ~ ~ . . . .
' '
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x
. . ,

j ' ~ ~~--. ..
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xi x. x *' *[| |I | ii
t
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a. Free vibration with viscous damping
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b. Free vibration with Coulomb damping

Figure 1. Free vibration traces.
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o o Coulomb damping (Xn-Xn+1) = 0.1
* 6 - ------------ Viscous damping X* - 106485 -
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Figure 2. Comparison of Coulomb and constant-force damping curves.

.

the amplitude after m cycles x + mare used to form digital filtering of the data is required. Conse-n,
the logarithmic decrement, d , quently, usually only the lowest few modes of vibra-m

tien can be evaluated by the method.

- d - = b In "
The half-power method uses a plot of response* * *+m amplitude as a function of frequency to determinen

damping. The damping ratio is approximately equa!
It can be shown that to

'd d x I'I'm , n 2 t5"
2n . w ~ T( " Tnin '" x + m " (2 + f

.

1n
,

d

where fg and f2 are the frequencies where the
where e and ed are the undamped and damped response amplitude is 0.707. times 'the peak

' natural frequencies, respectively. If the damping is amplitude (see Figure 3). This method is generally
less than 20%, the approximate form that neglects applicable to tests in which the excitation is suffi.
the change in frequency due to damping is suffi- cient to generate a frequency response curve, s'uch
ciently accurate (the error in calculating (is less than as with shaker tests. The method can also be used
2%). The method is generally used with snapback with snapback tests by transforming the time-.

testing, in which the structure is displaced, released, histories to the frequency domain. However, some-
and - allowed to vibrate freely. Typical time- times poor frequency resolution, especially at low
displacement histories suitable for use with this frequencies, and 'nonlinearities, can present-,

,
- technique are shown in Figure 1. Note that,.with ' obstacles to obtaining good results.
this time-domain calculation, only one mode should
be represented. Thus, either the vibration of the More complicated procedures - have been

' structure should be confined to a single mode or developed, using the frequency response function
.

$
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Figure 3. 11alf-power method computation.

*of the input and output forces. A discussion and response in the time domain. This response form,
literature survey of these additional methods are which can be written as the sum of complex expo-
contained in Reference 11. One type of curve fit- nential functions, is approximated by an interac-
ting method that was used by EG&G Idaho to eval- tive polynomial curve fitting procedure. The roots
uste some of the damping data in this report is of this polynomial yield the natural frequencies and
called the complex exponential method. This modal damping of the measured response. Details
method obtains the inverse Fourier transform of the of the theory of modal analysis can be found in
frequency response function to give the impulse Reference 12.
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TEST PROGRAM |
,

t '

' v ~A test plan was developed to understand the range for seismic loads. Impedance testing meas-
' physical nature of damping and to expand the data urements of the structure gave a minimum natural

i' - base of recorded damping values. For this initial frequency of 88 Hz. At points along the length of
I', ' series of tests, a simple system consisting of a the beam corresponding to the midpoint, quarter

straight piping segment, supported at the ends, was point, and third point locetions of the pipe, holes>

# chosen. 'Various types of intermediate supports were drilled to which plates could be bolted. These
could be added to investigate the effect of the plates were the end fittings for the various pipe sup-
following on piping system damping: ports. Figure 5 shows how the plate fitted to the

overhead beam to support a sway brace.-

1. Pipe size
Pipes for the tests were SA-106 Grade B carbon

*
2. Excitation magnitude steel, cach slightly longer than 33 ft. Two sizes of

i Schedule 40 nipe were tested: 3-in. and 8-in.
! 3. Excitation type or source diameter. The pipe ends were attached to the top

of a vertical column (Figure 6). Each end column
.

4. Response frequency could be moved horizontally along the pipe axis to
'

accommodate end connections of each pipe tested.
5. Individual piping supports- Originally, pinned-end conditions were to be

simulated using an 8-in. trunnion. For the 3-in.
6. Support installation (boundary conditions) pipe, a split annular plate was used to fit the pipe

to the trunnion (Figure 7).
7. Damping calculation methods.

!-* When testing began it became obvious that the
The experience gained from this simple system will end condition was very critical to the damping in
be used to develop future tests of more complicated the system. The most consistent pinned-end results,.

systems. for the 3-in. pipe resulted from removing the top+ - +
I half of the split plate so that the pipe was resting

1- Test Facility and Equipment " the I wer half. For the 8-in. pipe fixed-end con-
dit. ton, the ends were secured by both the end plate -

!- anJ the trunnion (Figure 8). For the 8- n. pipe, the ,

A suitable location for conducting pipe damping best pinned-end results were obtained by bolting the"

~

experiments was found at the Auxiliary Reactor end of the pipe to the end plate, which was in turn
Area-Ill (ARA-Ill) at the INEL This facility was bolted to the vertical column (Figure 9).~ The
originally the site of a gas-cooled test reactor. After arrangement shown in Figure 9, with pipe bolted
the reactor was decommissioned, the site has been to the end plate, provided the best fixed-end

,

used for various physical and material tests. A high arrangement for the 3-in. pipe.
bay in Building 608 at ARA-Ill provided space and
services for the pipe damping iests. Table 2 lists the piping supports used during the

tests. Four spring hangers, sized to support the
The overall test fixture consisted of a section of weight of the two pipes (empty and water filled),

pipe approximately 33-ft in length supported at the are shown in Figure 10. Each hanger was connected
,

' ends, an overhead beam from which to hang pipe : to the plate attached to the overhead beam, and!

supports, the pipe supports themselves, and floor _ linked to the pipe via a double-bolt pipe clamp ,
mounts on which to attach the hydraulic shaker. - (Figure 11). Each spring hanger was loaded so that

-
*

Figure 4 shows the overall arrangement. ' the spring was compressed to approximately the
midpoint of the working range (Figure 12). Max--

~

' The overhead support was a large, wide-flange :imum spring travel for each spring hanger was
.~ pproximately 2-1/4 in.beam with vertical column supports at each end and' a

- intermediate supports at angles. The design was stiff
so that there would be only a very small deflection : The rod hanger was simply a solid 5/8-in.
under pipe support loads. The stiffness gave a high diameter rod connecting the pipe and overhead'

natural frequency well above the maximum 33 Hz beam. Figure 13 shows the rod-to-pipe connection.
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1
1

; The sway brace (Figure 5) had a 600-lb maximum the pipe (Figure 16). This produced an impulse
j capacity. It was tested both in the preloaded and force at low excitation levels. The second method
I unloaded conditions. The constant-force hanger of excitation used a 3.3-kip hydraulic shaker,
| (Figure 14) was rated at 1577 lb with a maximum clamped to a wide flange beam anchored to the
; travel of 2 in. Two identical snubbers were tested floor (Figure 17). A slender rod (stinger) connected
i (Iigure 15). One had been installed for a time in the shaker to a load cell, which in turn was con-
! the INEL Loss-of-Fluid Test facility while the other nected to a pipe clamp around the pipe. The shaker .

was unused. was driven by a hydraulic power supply and could
'

be programmed for either a random or sinusoidal
i Test Excitation utput using the signal generator and control unit

,

shown on the right side of Figure 18. The final
: method, which used the largest loads in the tests,
| Three basic types of test excitation were used. In was accomplished with a 50-ton overhead crane.

the first, an instrumented hammer was used to strike Straps were hung from the crane hook to a load
i

i 8
|

_ _ _ _ _ _ _ _ _________ __.
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Instrumentation

Table 3 summarizes the instrumentation used in. ,

I these tests. The input forces to the pipe were ;

measured by load cells in the instrumented ham- |

mers, via a load cell on the shaker stinger and
;*

various sizes of sta:ic load gauges on the snapback
device, depending on the size of the load (Fig-
ure 19). Displaccments were measured by a linear '

variable differential transformer (LVDT) mounted
li between the floor beam and the pipe. Strain gauges !

*

_ were placed on the tops and bottoms of the pipes
! at the midpoi,ns, quarter points, and ends

| (Figure 21). A strain gauge was placed on each side
| of the 3-in. pipe at the quarter point to measure side

| motions. Strain conditioning equipment is pictured
!

~

in the left side of Figure 18. Accelerometers were
| - mounted on the pipe using magnetic blocks I

j (Figure 22). |

|' |
|

'

Data Acquisition )
i

s |

For modal testing, one input channel and seven
*

j response channels were digitized, fi!tered, Fourier
; transformed, averaged, and converted to f requency
| response and coherence functions on the data acqui- |
| sition modal analyzer (Figure 23). The input-

,

channel recorded the forcing function for hammer,

j U and shaker tests, while the response channels
i f- recorded accelerometer, strain gauge, and LVDT
|

[(
data. For snapback data, no input forcing function

| was recorded. Initial loads, displacements, and
! h. strain were recorded before the pipe was released.
| All channels could be used for output data. |

*

| y
! $ Test Matrix
I
i j

| f A summary of the more than 100 tests conducted
[ is presented in Appendix A. The tests were desig-

'

nated PDSXXY, where PD stands for " pipe damp-
ing," S is the pipe size in inches, XX is the test
sequence number, and Y designates the type of

Figure 5. Sway brace showing connection to excitation-li for impact and shaker tests, and F
overhead beam. for snapback tests. These tests were chosen to vary

*

one parameter at a time and to try to gain knowl-,

gauge, which was in turn connected to a quick- edge of how these parameters affect piping system
release device (Figure 19). The quick-release device damping. The basic test sequence for both the 3-in.
(Figure 20) had a hook, w hich fit into a rectangular and 8-in. pipes was to begin with the pipe empty*

lug on the top of the pipe. When the long actua- and the ends pinned. For the 3-in. pipe, the ends
tion bar mo,ed vertically downward, the hook were fixed and finally the pipe was filled. The 8-in,
would rotate, releasing the pipe and allowing it to pipe test sequence involved filling the pipe and
vibrate freely. finally fixing the ends.

9
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Data Reduction For snapback tests, the data were recorded in the

time domain. They were subsequently transformed
Reductic ; of the data was accamplished on the to the frequency domain to check the frequency

EG&G modal analyzer. Hammer data and shaker content and to ensure just one mode was being
*

data were reduced using the frequency respome excited. If only a s.ngle mode was present, the time-
function method, and the buil'-in software suitable

domam data was used to calculate damping. In thefor ' computing frequencies, dimping, and mode "case of the straight pipe, it is impossible to excite
shapes. In most cases, the mo ,: shapes were easily

. ..
s

' identifiable because the dynamic properties of a higher modes without excitmg the fundamental

straight beam are already well known. Damping was mode. Therefore, to compute damping for higher
calculated using the MODAL-PLUS12 feature of mo:fes, the data had to be filteruf, thereby
the analyzer, and also using the simple half-power eliminating the effect of lower modes, in some
method. All data reduction was carried out in the cases, the effect of the higher modes had to be
frequency domain, filtered to compute damping for the lowest mode.

Table 2. . Support types used

Type Manufacturer Type, Size

Spiing hanger ITT Grinnell Figure 2%,a o
Spring hanger ITT Grinnell Figure 2%,3
Spring hanger ITT Gr!nnell Figure 2%, 7 -

Spring hanger ITT Grinnell Figure 2%,9

Rod hanger ITT Grinnell $/8 in. ,

Sway brace
.

ITT Grinnell Figure 2%, 2
Constant-force hanger ITT Grinnell 80-V
Snubber Int. Nuclear Safeguards MSVA-2 .
Snubber Int. Nuclear Safeguards MSVA-2

a. See ITT Grinnell Catalog PH-74-R.

Table 3. Instrumentation -
.

Instrument llanufacturer Model

Load cells FCU Piezotronics 223 11
'

Accelerometers PCB Piezotronics 308B02 ,-

Strain gauges Micro-Measurements Series EA,1/8 in.
LVDT

'

Sciiawitz 2000 HR
Load gauges - Variousa Dial

'

Hammers PCB Piezotronies Various

a. Largest was Dillon $0,000-lb dynamometer.

.

'10

'



.
_

_- _ _ - - - -

d

.g *g j. |{, ;
-

-
.

. y y,733--
. .

.

,

.,c , ..w . a .,s

,Y QI$| f. g ' , $-
.

'
'

w],p _ _k ' ,. . gwa85**f ~. ~,, g #r . y%s, g, , ,,
, #'P^,, j ..LJ} ." l ., W

f N
.. v- --pl ,Ij@} hf- $8I' [hh) |';*

* . ; .j e
.

Yf | ;

*
t. .

-

( , . . . s. . A -~
,

j - - ,, . y;; p , .
|

.s.

F .; Q " $ 4
.' 5 F9' \, - .,

'

t
- ..A

P < -
$s ' t '-

g-'-
,#

:.S y
i

- , m

g[ ,
'.'' ~ ^

'. - g.- t. ---- '
.

+' =,i ,,-
,

;

.I^ ]' '.4 . j 'g'
,

,

,s. < ~q' .

- ii.a.

.f i );.-;p, V
- ;) '.| _; hf' . 9 f.*

.

i j,E:''

'2
_

M ~jY .
-

jf
1

.-

,m .

>a;4 e.g y,, i, .

,a, , 7 ;. '
g

, . 1.
' fliJ - ,

cj
.- .T , i

-Erf . , f. ''

z <

..<,

p|,q; i3 .
,

e< ??:
,?**.;

<
r_ u.3

_{:L' _m- ,

; 1%, N 3 . g' Sj
-

g| '. 4 $/ ' .) ,
,

^

,.. ,c.

|lg.gfr ;. - - f, ,; ,,

4' 4$.. [.' dk ' *
,

.

s,

.N * --Q g ,

.f , ' <

** ' - - og
~

'# -M( .
,

. }. :- .s e

.

#
'

,

,.

<- ..
-

#%(. , ,.
.

,
'3

~

*
#

..,

5 # ". ... , w -
'-

. | ;;%.,. ,-
.

., , . , , , . , ..g , . ,,=- ..

jh,ffkyp: j. -

' ' Q, 'A

. *{-: - f '

' ' " d( qj p. ', " - ,
.- ,' -

.j* - 3: '; .-. .
~

&nwnsua:awcunz . Law _mzudL,:d

Figure 6. End fixture.
, ,

l 11
!

__ __ _ _ _ . _ _ _ _ _ _ _ . . _ _ . . __ . - _ _ _ . _ _ _ _ _ . . . _ _ _ _ _ ___ ___ _



. _

''r, - , ,,

, . y :,
: -t-

1 -

. , . i ]* g!
_ rr,pt % w.,. .

-

.

$jk,9
.

v

.

?,h v . . , k.* :
' fg

W}yy"*j #1/ Js't

.@r ' &.,: 1(i -'i 4
qs._

. a-

.
,

>
'

/%1h
? Q f'*,

'4 S *(|
1; - >w <

.

..- tg . s s , .
A b- J >-

s . g . s - o

s. A t McGl. 4 ." . "c d** . ,
.u

.

,.7, ,

A) -

*''
. 9

me
s,

.

, , .

tY p ,
'

+ l' .- ,b

. 'ge

Y
'

.

M ., ' . 4 fs IM/p 7
.- > - >f,'. :

.

,.
s -

.

y pw
. - A, *:': ; w -

% '. " % '; .,, . . = . , .- w . , s .* -- ~ ;:..
. ,

,

,\.:
. >,

w@,s . . '.

*

Figure 7. Pinned-end support for 3 in. pipe.

.

~
~

e3
g - ,m~m ~~r:m? ~.

. .:, .
+p, ,-

*

., ,

',

9 .< -

.
~ *

. -. _ ( ,

i. :i . + ';- s

'

, p ' '7; h|- v
, 'e es , , Q

' ,dL ;: . .. - y ,,.g ' _ ;
' ' '

| . G e .itQ*a . ~ .; ]
le.

[r *'y
- r .

,

4W s:y.vf'W Wy; %y''Q ' \ ~ f %g [ ,6.af , ~, ,

"
i.

,_ r
.

,: '; $* | \ _.
a .

.~ . . .. + ,.

V '

* ,
, yi 1 7 . .. .

_

> - 6 '.~_ 'A
,.

, . .1
-

,

'

. (s , r < s

a: y%;et. ~cx. -
.
. ..

4* Y $
"

*e . g; i,
' F' a' Q k, :.

, ..
,

s
.. \ y n C,y,g s -

,

-

. .

, ,

i s % t- -

-

- s' , w-
| % .

t ';ts , ;4 .,14

\- * . , . . i. A-an - .i
.

Figure 8. Fixed-end support for 8-in. pipe,

12

|
_ __ _ _ _ _ _ _ _ _ _ . . _ _ _ _ _ _ _ _ _ _ _ _ - - - - - - . - __ __- _-_ _ _ _ _ _ _ _ _ _ _ _ - - - - - _ - - - _ - - - - - - - - - - - - -



-_ _ . . _ . .

l
|

i

1

1
- L

j
-- u 3. +.

i
' ;, -L-

to. .e ,+

a,

*~ '
, y

~ ' ,y' ,. y m.,
4

,
'

f ' s", : , F, c7 Aq$1
'

y;, '. ' ';kR"lE '

.s. ' q ~ y Rf:'.~,'" .

;

i'
- ,.y . . e c .-,

'$f h 5[[''t)? [ ]

f)[k ([ ) & ff
""

', - *' '

,

N,' .
--- ,.

,
's py ,M~ "'~-

.

.

, - -

#dc1.*ujCl .

.

K""'Jf ''{ .s . e .:; k.a ,

'

h,Ifsj, .Jen j. 1 |
di M i'

- jjf ??b,. Qy% ~. |
. _ . , 3

i ] #5yj,hir
, .a;;, tv e,r , .. . .o% % ~

1

..:r j
[ p;-f , , -

. A[:+ s i'-h" g
' e'|,

,1+g y ;,, , .
- :

.

, . '

y - . ,,w :: + : - . e. m a.

J

? b.
c - ,

y J )@ & " ' f 4. ; J~ . W|
-

| 'f5 yff;jQ: Wgx
t -a 45 M 97:,% -@ i,:;

1 ~pe

.

e 4. fg u . . ' 'YN & v 't
.a- .

~ W yH ,

k j y ,~ , N'# <1 ..
- . . m._

*

.

. .jf% | k'tt%~ - ( g.; , f* -;f-?- ~.i

*a'.* f4 f '8 193 a. :
a- - - . ..: 1 :i M , :q sg n:

J- e 4: - wi +xN'1 <

,&' Y.), vg/. . , ' ' ^~'

?d f4 . @, ,4
.

n,k.
,

~7-
'

i;{ _ _i 1k/g> ; i ' '4:: .
s

- 4 -

fy.*
,, ,

' %,W _

6;g ;, . t;

*s.g_x _, " ^ %.ns: 'Q#.
.

A 1

-d n%-4 a^wjy*iA (.y st *9 ~4,

* qx~i,, .:;w

, kj . , . .sj,

- .. a, w .y , .% ,

4

+ ,
- ,

g
. u,A~s -- i/ J- > +

.o-
s.. .

<g '% * e,yj -

: |Y & 'f A(
'

- p.

7' ~

~ 3: s
>e

,y's ,

}
,

- t -

. d.. -
[

Figure 9. Pinned-end support for 8-in, pipe,*

i
1

13

_ _ . _ _ _ _ _ . _ _ . _ _ . . _ - _ . _ _ _ _ _ _ . . _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _



. _ _ _ _ . . . _ _

ppmy. '

.h ~ ' , p. 3,

[ , , i n zo' g- ..
r~ ;;w:y

-

.. 9
,,

,
,

q'r
3

~ " @*
^

j
'

; 71[^ 4

. ;;p- : *c . f 0+ '*j.

b" . 7 . ,2 .-; ;q

(f., , , .
r ,' ,; E ,m ';

m-k:, . ,'y :,v ,j. j ., ,

$ 1
.t :. <

:: + :.
- c;> .}, ,
'

, ,

n; ; ;; 'y
; R .;~' ;z f.- . :k).-

V '

f c, _
. --

,
. 4 .

;;;;- 1y
_

,
, y- -

< a. wo e ~
e.. . . ,

~N ? *..w - e,
f ,| y_ ~

t 4

'- ' '

1,.
3-- * .,. , *

.}: ;; ; }
> < -=

,,

,y . < a' E
~~

a .e- s
- . qr.,.

' 3_ _ , , ,

-

' , *

| .'.Y-
,'

f. ] O? |'? |.', h ~' '; AWh % . g. ,..
,

;
*

bhw,
__ de Md. -

.x Nb LMa bd an=- - '
'

Figure 10. Spring hangers.

|

: k.y t - '

. W :, .*

< .

,% _

*< -

.
. ~, -

a

\ * *
, .

. :

a t
'l - 1*,

~ ' '

''
b, . f,g

f .%, * - Q ,.
. ..

I

.a y : . y;.

,

! 9+ %- . i n.-

. c, y . . , _ ,

l g sg gP c. , 4 - :.. ,3 .

y+, .
,

. .

,

4,
-

,, .< . - , \
',

t
.

'

W 4.)- {
'

--s
I a v. , '

} '. d9 - -! , ;y.
.. . yw, , g .- ,

. K .* d | ' n
'

*p '' '~ 'm.:]-

y ;, ..

*YN,& ,s
; '

. , . (
. s, i '. | '.

n:.m'x y .},1**. .
'. r

- --

- .., -
s -

,.

i, 4 - 7py 1,, to. t* * 3 ip ,'. 9, , .

.As, , , ,
.

-g

%-: 72, .. -j -'
,

| ' :: 5 !.
'

1

Figure II. Support connections for spring hanger.

14



. _ . . . _ - . . _ - _ . ._ . - . - . . ._

|
.

|

*

.

w- s..

I

i
A'

I 4

, !

!

|
'

.

. s

i

| .

|

|

|
; :

- , ,*
,

, /

' .I
- .-

|

'4 . |
;

!

!
..

,

| ' . ' , [ I

,.

l
'

'

i
.a .

'

;
. - _

l
i Figure 12. Loaded position of spring hanger.

I
'

| '

| |
;

.

e

15

|

__ _ _ _ _ -__ . . - _-__ _ _ _ ___ __ _ _ - _ _ _ - _ _ _ _ _ _ . - .



;

|

i

i

hkE. ?-a ,.,

rv; u
t . . fg

-

.

/

'

,

y ;;
_

. ..

h ,f . . -_' - h-'1
~

"". N - + .1 ,
,

-r:v S- ;

! y + j,
'

<

,

. s"p|- '

| ,L **

,

a. - ? .
'

%<

,

d .

fI
: ,

i

"
- 5

)Me <
1 m ;
1 t. ..

p; Y~
,

.

,,

' y.
,

.

%

%
N > +..,

.

7
.

_

Y:? . . . e

*

Figure 13. Pipe clamp connect' '-

Figure 14. Support connections for constant force
hanger. -

!
,

i

16 |

|

_ . _- - _________ ____



_ _ . _ . - _

i

s

; w e-c?; r.m%ygm. p'm y ,,:,*r,.v~ w.nn.
,

.%, .
,._ .4 ,,,n x_, c ~a -,,_ -t[ !- ,o ,,5, - -.e . , .

^ -- * .'
| $- Q? @ ' JW - 3 ':,,.+ #- .,

3 _~:
t

*
:,

.

LAV*; ~|fv
-.

- _~^ji| Q f, f, ;3,+g;q, 4,~.9 ,yz.j| .%||$ ,.; ,. ,
*.

,

f. ; . p. g'y: e .

- . ,.
,

'
,..> - e y ,. e

|
:n .

(f":'
. ? ? 21.,

hh? kh

,0 ,, .k. .k !. .

! ar $bD
*

I~igure 15. Snubbers.

!

|

.

' %~'
> -Jc. ' , ,s -

4,- .

., . .,

h-

- |
w,

1 ---ei---

- ~
.

l
. ,

. . ... -
.

_

'W, L . -- ~ ,.

e< gs, : 4. . [:% :.: s ~ <r .39 7 w.

. - - .~ 3 ,,. ,

-e

q-
*

. .

'

, ..
1 (

.-
,

_w;

'

.. A
!

/
, 1

[ .. . de$
.

Figure 16. Impact testint of pipe.

I

*
i

17

i
!

I
- , _ , . - , _ - - - - - - .__.--._.-.-..-n, . . - _ _ _ _ _ . , , _ _ _ . _ _ _ - , . - _ _ , - . - . , - . , - - - - - - - _ _ - . . . . - . . . - -.



- _.

|
|

l
I

i

|

^- y , :nyy ':pq ;.y q;. - - ~ - . c; . . :;

n;y. :- ag g.- y y ;
e ,

-

k g:[[ d %. ~ .1 ''
,

!.
-

- . , , . .!. % u;+ . r s'..
_

'

.

., , ,; ~ 7.: . .. g .. ) . _ .- - - ~ . . , .

* - - ' 7 'd Of N >

L(;i . . . , , , 1

. .)
--. ,;

^^^^**'
[6 8 . w -
, - s.,

!
?

.

'w
-- .

.

n. ?

__ i(-
.. ! ly, .,.

g :!-

*
6 .. :

3.
s ;. 5:n = ,

;-

.-

.,

. , ~

!

.

c_a.mn wn

Figure 17. flydraulic shaker. . '

I

|
|

l

18

1

_ _ _ _ _ . _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ . _ _. _ _ _ _ ___. . . _ _ _---.. - __



_ _ _ _ . . .- .. - . . - . _ _ . . _ _ ._. . . _ . --- _ __. . _ _ _ - _ . _ _ .

.

.

I

|

,

!

|

1

idhi

| ,,w ",w i- g~e.K
,'( W *: e { O'. !

, , , - -

i e 3 #.",8Ki
i

~

..

. Je~ect,0
.

- -

g,'e . ;}p
.. - ...

j ' * s"

; -e tw. . . . . .
.

MHC $, ,r ' 1,
, ,

: .. -

- n. o s,

;
t

- *i- /'

3 0 [ | 63'
'4 6 *,

*
.

K
,

,

.et ; > ,.
- ...

g* **. **. e , | .. = e = 64 b.i ,
. .

.

-
. ;.;4

*.b o b a; -

ev4

**. . . ,. .

..

j
'

'' i. . , g, * ' " . . ;,e,, .
,

A % 4 ,6,'
*%*4

|
. , .

% %

|

;
'

u-
' |k ,

_

; :

p: 99:, s ,

j . -< ' ; ; .-:
I -

4 4E I-

Figure 18. Strain gauge conditioning and hydrautie shaker control panels.*

19

. - _ . _ - . - . . _ . . _ _ _ _ _ - - _ . , . . - - - - - - -



. - - _- .- - _ _._. _ - .- - - -. .. - . .. . ._ - _ - - _ - . - _ . _ . . _

' ['
' *

,
,,

' *'
. . . .

.

k- !
~

.

*
t 6

.

'

. a

j t

i ~\i:
'

'

-

!

i
'

|,
,

s

.'rNi..[ **

,

- . <| dj
,

" " y, * :)
.

! -' ' ' - l'igure 20. Quick release device.
~

j 43,3
i E

-- I

!
!
l

*

, . . , _ 7 "*
4

'""
, , .

,I h
,

..r j ,% ,

c.[\,j1 U. 'b' --

;, 2 V '. ' ~e, . .

$ba *G' =~

l'igure 19. Snapback test setup. I:igure 21. Strain gauge.

20



- - . . . - . - = - . . . _ - - . - . - - . _ _ . _ - - . . -- . _ - . .

i

',

f
,

.,
;

*
,

, .. r o.

,'
,

~

J U l.; ;-
S - _ j.

! R, .' *r '

le . . .

' "*
.

'*

' , , ,; . ~cg,y , ~" --7*
i

.

'

, q | ' '. m .' , .E [ , .'[ ,. 4
' **' * _ : . .-

;
- " ,; y , . . . . .

m,
.

.._
-

4; ~M~ ' A 4M 3 p,,4, 'e Q g
,

. -
.

.Mg'n. ,; , , e-, < .. , * c -g 9' u g s. , ii n

| 3. , i'q .
- -

' 's
o ,

#|* .L ai

' c, ; o , x
- ; a: .;

f

I!

)

|
*

,

| *

'

Figure 22. Accelerometer and mount.

,

1-
- m ,-

&.

h\ '~-
\

\ .>

.\ i
;

I '|
|

_

'

W.,, '

. - -

c' ; p |41 ;y
-..

:;.
.&wg |,s.

%~
.. -;I{ n

. - . .-

* -

,g
, *, ').- , .

.n..

.3 9-
- - V, .

. -; -, .,

J. g
'A , .w}s . . ._ :. . , AWa- , . r..:

, ,, . :
-

, . ' Figure 23. ' Java acquisition equipment.
!

21,

- - - _ _ _ _ . . . . . - - - - - _ .- -. - - -.----- - -.-- _____ ..-



TEST RESULTS

This section presents the results of the tests, because the tests were essentially one dimensional -

grouped according to test method. First, a general in the sertical direction, there was no effect on the
account of theinteraction of the test fixture and pip. cor..puted vertical frequencies and damping from
ing is discussed, then the details of the pipe tests. the horizontal motion.

,

in order to give an understanding of the modes and
mode shapes in the later discussion, a presentation Because the shaker was mounted to the floor,
of the experimental modes and frequencies is com. there was the possibility that significant energy
pared with theoretical results. The results of snap- could have been transmitted from the shaker
back, hammer, and shaker tests follow, through the floor beam to the concrete floor, and

thence to the end columns, which would shake the
The results are reported with respect to the pipe. Shaker tests were conducted with the shaker

measurement k> cations chosen for these tests. These clamped to the floor beam, both attached and unat-
are shown in Figure 24, with the distances of each tached to the pipe, in another test, the shaker was
point from location 1, the left end, given in Table 4. suspended from the pipe with a reaction mass

attached to the shaker. That is, the pipe supported

Test Fixture Interaction Study the shaker entirely. These tests showed that there
was no feedback through the floor below about
20 liz. At frequencies from 20-33 liz, a slight effect

Several tests were conducted to determine the was noticeable. From the results it was judged that
interaction between the test fixture, the pipe, and the amount of feedback was low enough to be
the pipe supports. The first test was to determine acceptable.
the frequency of the overhead frame, llammer tests
'h "*d " I'equencies below 88 l{z, w hich was well '

Mode Shapes and Frequenciesabose the frequency range of interest.

The second condition checked was the effect of Frequencies for the straight pipe were computed -

the end columns. These were very stiff in the ver- based on the nominal dimensions for Schedule 40
tical direction, but were relatively flexible in the hor- piping. The approximate pipe length was varied
izontal direction. Testing revealed several horizontal between 32 and 33-l/2 ft, depending on how the
modes in the frequency range of interest. Ilowever, ends were supported. Results for modes below

Z n

\ L, La /
N / x

C, Cs Cs 4\ /s, se s,
1 2 1 4 6 6 7 8 9 10 11 12 13 14 15 16 17

L,L2 Snapback locationsi

Cg, C , C3 Support clamp locations *
2

S.S S3 Strain gauge locationst 2

1, ...,17 Measurement locations *

AJW364-4

Figure 24. Instrument locations.
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[ Table 4. Measurement locations
-

n

{ Distance from Location 1.

Y Location 3-in. pipe 8-in. pipe
'

I O ft 0 fi
-- '! 2 ft 9 in. 3 ft
E 3 4 ft 9 in. 5 ft
~

4 6 ft 9 in. 7ft
I 5 8 ft 9 in. 9 ft

b 6 10 ft 9 in. II ft
I 7 12 ft 9 in. 13 ft
[ 8 14 ft 9 in. 15 ft
-

Lg 16 ft 6 in. 16 ft 5-1/2 in.
C1 16 ft 8-1/2 in. 16 ft 11 in.y

[ 9 16 ft 9 in. 17 ft j

{g
Sg 17 ft 2 in. 17 ft 1-1/2 in.
10 18 ft 9 in. 19 ft

-

11 20 ft 9 in. 21 ft
j C2 22 ft 3 in. 22 ft 3 in.
" '

12 22 ft 9 in. 23 ft
, L2 24 ft 7-1/4 in. 24 ft 5-1/2 in.
'

C2 24 ft 9 in. 24 ft 11-1/2 in.
13 24 ft 9 in. 25 ft-

} S2 25 ft 3-1/8 in. 25 ft 2-1/2 in.

14 26 ft 9 in. 27 ft
15 28 ft 9 in. 29 ft
16 30 ft 9 in. 31 ft

i S3 32 ft 7-l/4 in. 32 ft 3-l/2 in.
17 33 ft 5-1/2 in. 33 ft 5 in.

33 liz are listed under the " theoretical" column in Frequencies recorded from the tests are listed.

Table 5. Adding piping supports changed the fre< under the " experimental" column in Table 5. These
quencies, and all combinations have not been do not coincide exactly with the theoretical predic-
calculated. Because a number of tests were con- tions due to uncertainties in end conditions, dimen-

? doMd w the 3 in. pipe with a rod support at the sions, and material properties. in particulit.
midpoint, the frequency corresponding to the mode fixed-end measurements on the 3-in. pipe were con-,

_ with both ends as well as the midpoint fixed is sistently below predictions, indicating that there was
- included. at least some rotation of the ends. Pinned-end, first-

,

mode measurements on the 8-in. pipe were higher
| Illustrations of mode shapes for the first three than predicted, indicating that at least some

modes of the fixed / fixed conditier. are shown in resistance to rotation was present.
Figure 25a, b, and c. Figure 25d depicts the mode-

, with a snubber or rod support at the midpoint. In Snapback Test Results
this case, only the modes sl.own in Figures 25b and
d would be present, while those in Figures 254 sid Results of the snapback tests are discussed in this

'- c would be eliminated. section. In general, the procedure followed was to

:
'
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b

t

Table 5. Modes and Frequencies
_ . .

.
Frequency

Pipe Pinned (P) (}{f)
Size Empty (E) or Fixed (F)

*

(in.) or Filled (F) Ends Experimental Theoretical

3 E P 2.52 2.48
' *

9.89 9.95
22.27 22.39

3 E F 4.50 5.16
12.08 14.21
18.03 18.00a
24.50 27.87

3 F F 3.83 4.33
10.14 11.92
14.50 15.10a
20.81 23.37

8 E P 7.40 5.75
23.20 23.03

8 F P 5.74 4.34
16.88 17.36

8 F F i1.02 10.73
26.10 29.56

.

a. Rod support at midpoint.
.
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siew the time-domain data for each measuring of the two cycles could be plotted, such as the "x"
instrument, select the most prormsing one or ones, points in Figure 26. For this report, the latter
Siew the data transformed to the frequency domain, method was chosen and only the midpoira values
filter if necessary, and then compute log-decrement are shown.

*

damping from the resulting time-domain data. For
selected cases, damping was also calculated using One important point to note in high-lesel snap-
the half-power method on the frequency-domain back testing is that the applied load lesel has to be
data, somewhat greater than the amplitude that appears

*

in the damping versus sibrational amplitude plot.
Snapback damping was computed for each mode This is a result of at least two factors. The first is

as the vibrational displacement attenuated, or that the maximum displacement in Figure 26 was
" rung down." Earlier it was shown that the damp- 1.634 in. while the average point plotted is only
ing could be computed from the decaying owilla- 1.463 in., over 10% lower. Obviously the higher the
tion which involves two or more cycles. Sinct the damping, the greater this effect. The second factor
vibrational amplitudes are decreasing, we are not is that the static deflection shape and the dynamic
dealing with just a single response lesel. TMrefore, mode shape are not the same. As the load is
for log-decrement damping, estimations were per- released, the pipe deflection changes shape to con-
formed on sequential cycles of the ring dow n. Thus, form to the vibrational mode shape, and the ampli-
if damping versus amplitude was plotted, a repre- tude may either increase or decrease. This is because
sentation could be made such that a straight in effect the static deflection is made up of the com-
horizontal line would be drawn between the ampli- bined effect of all the dynamic modes, while most
tudes used to compute damping (see Figure 26). The of the vibrational energy is confined to the lowest
ends of the horizontal lines represent the mode. Consequently, in general, the initial ampli-
magnitudes of the peaks used to compute log- tude cannot be used in the damping calculation.
decrement damping. Each successive pair of This effect is more pronounced for strain calculated
horizontal lines in Figure 26 has been joined by a damping than for displacements because the strain-

vertical line. Alternatively, the aserage amplitude involves the second derivative of displacement, or

.

4.0 i , , , , , , ,

/,

3.5 -
"

-

^
1st3

g .0 - Peak
_3

-.

0 2.5 - 7-c
~ , J

-

O a 2ndf
g 2.0 - -H- / Peak _

/
/~

@ 1.5 -
. p,',k -

*
.-

E M Etc.
h 1.C -

-

Q
0.5 -

,
-

' ' ' ' ' -' ' '
-0.0

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.0,

Displacement (in.)
AJW384 7

Figure 26. T3pical snapback test data.
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curvature. For some of the snapback data, the pipe The difference in g level for successive oscilla-
was deflected to a high initial strain, but the cycles tions is almost constant in each case. In fact, the
available for use in calculating damping have con. data plot for Test PD303F in Figure 27 shows that
siderably lower magnitude. the amplitude decreases almost linearly for suc- -

cessive cycles, which is indicative of Coulomb fric-
For SA.106 Grade B steel, the ASME Codel3 tion or damping (see the earlier section, Damping).

values for stresses are Class 1: Sm = 20 ksi; Figure 28 shows the calculated damping values ,

Class 2: S = 15 ksi: Sy = 35 ksi. Definitions of along with the equivalent Coulomb damping curve
these stresses can be found in Reference 13. Cor- fitted to the data points.
responding clastically computed strain values are
listed in Table 6. These can be used as a basis for 3-in. Pipe-Fixed-End Results. Three series of
estimating the vibratory strains at operating basis tests were performed with the ends of the 3-in. pipe
carthquake (OBE) and safe shutdown earthquake fixed. In the first series of 8 tests the pipe was
(SSE) allowable levels. empty; and in the second series of 13 tests the pipe

was filled with water. In the third series at high
3-in. Pipe-Pinnad-End Results. Three snapback strain levels, the pipe was again empty.
tests were performed with the 3-in. pipe empty and
in the pinned-end-support condition. in all three In Tests PD304F and PD305F, the spring hanger
cases, the pipe was displaced approximately I in., was located at the one-third position and the pipe
which correlated to about 100 p in./in. strain at the was plucked at the midpoint with a low force (less
midpoint of the pipe. Table 7 lists the accelerations than 50 lb) and a 500-lb force, respectively. Data
used to calculate the log-decrement damping for for this transient, which rang down from about
Test PD30lF. The differences in acceleration 50 p in./in., are shown in Table 8. In this case, the
values, after the first one or two cycles, were 0.035, damping started at less than 1% of critical damp-
0.9247, and 0.0286 g for the three tests. ing, then increased as the vibrations damped out.

.

Table 6. Allowable strains for SA-1088 piping
.

ASME Codea
Allowable Stress Strainb

Class Level (lesser of) (ksi) (10-6 in./in.)

1 OBE 1.5 S 52.5 1220y
1.8 S 36.0m

1 SSE 2.4 S 84.0 2033y
3.0 S 60.0m

2 OBE 1.5 S $2.5 915y
1.8 Sh 27.0

2 SSE 2.0 S 70,0 1525y
3.0 Sh 4SM

S 35.0 1186y
.

- a. Class 2 allowabic limits were revised in 1981 to values stated here. Before 1981 there were lower allowable
' ~

values.
,

b. E = 29.5 x 106 psi. Strain is computed as the lesser of the two values in the stress column divided
~

by E.

26. _
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Table 7. Snapback Test PD301F dataa

Acceleration Difference Damping Frequency
,

(g) (g) (% of critical) (liz)

0.59
0.0545 1.54 2.63

*
0.5355

0.0282 0.86 2.660.5073
0.0355 1.15 2.590.4718
0.0368 1.34 2.660.435

0.3968 0.0388 1,46 2.64
0.3634 0.0334 1.40 2.58

.0382 1.77 2.67~

0' 9 J.0352 1.87 2.61
0.035 2.(M 2.610.255

~
0.035 2.35 2.64

0.I8M 0.0336 2.64 2.67
0.0325 3.I7 2.610.I539
0.0341 4.0 2.640.I198
0.0333 5.17 2.730.08655
0.0356 8.45 2.83I
0.0332 16.82 -

These data correspond to Figure 28 that shows damping decreasing with increasing acceleration, which
. a.

is indicative of Coulomb friction.

.
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Figure 27 Coulomb dampisig effect.
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Figure 28. Snapback data for Test PD30lF,3-in. pipe, empty, pinned ends. spring hanger at midpoint.
.

The data are plotted in Figure 29. As with the low- was essentially rigid, except for the gaps between
vibration, pinned-end data, there is evidence of the eye rod and the connection bolts, the former *

Coulomb damping. first mode at 4.5 Hz was no longer present. The two
modes of interest are a mode at about 12 Hz, in

in Test PD30$F, the displacement was slightly which the pipe vibrates antisymmetrically about the
greater than I in. (1.188) with a peak strain of center as shown in Figure 25b; and a mode at about
409 p in./in. The ring down occurred from about 18 Hz in which the pipe vibrates symmetrically
310 p in./in. and the damping was calculated as about the center as shown in Figure 25d. The rod
0.4%. Thus, it appears that the curve in Figure 29 support was located nearly at the nodal point for
would approach 0.4% of critical damping at higher the 12-Hz mode. Consequently, there was no
displacements. noticeable effect on damping from the support.

Data from the LVDT at location 12Z showed first-
Tests PD306F and PD307F were for 250 and mode damping was only 0.4% of critical in

500 lb plucks with the spring hanger at the mid- Test PD308F. Data from the accelerometer at loca-
point. In Test PD307F, the initial strain was tion 5Z indicated critical damping was only 0.2%
200 p in./in. and the main vibration took p! ace at in Tect PD309F. Strain gauge data for Test PD311F
100 g in./in n::d lower strains. Damping was indicated 0.3 % from 247.4 p in./in, to

calculated to be 0.6 to 0.1%. 207.2 p in./in. For the 12-Hz mode, the pipe
rotated at the rod support. In the 18-Hz mode, the

In Test PD307F, the initial strain was pipe moved vertically at the rod support. At lower ,

421 p in./in. and the primary vibrations took place levels of vibration where the pipe weight was greater
at 210 p in./in. and lower strains. For the accel- than the vibrational force so that the pipe rested on
crometer located at 5Z, the damping was 0.3%. the rod support, the damping was only 0.4% of

'critical as measured by the LVDT located at 12Z.
In Tests PD308F through PD31IF, the pipe was At higher vibration levels the pipe would " lift off"

empty with the rod hanger at the midpoint. The pipe and vibrate audibly as the clamp bolts clattered in
was plucked at the quarter point with forces of Sn0, the eye of the rod. In Test PD309F, the damping
1000,1500, and 1800 lb. Because the rod hanger was 2.2% of critical.

28
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Table 8. Snapback Test PD304F data (11Z)a

Acceleration Difference Damping Frequency
(g) (g) (We of critical) (Hz)+

3
0.0383 1.187 4.525
0.0233 0.7685 4.5250.4717*

0.0267 0.9262 4.5250.445
0.0163 0.638 4.4590.4287
0.0160 0.605 4.444

3 0.0194 0.763 4.444

0.3700 0.0233 0.971 4.494
0.0135 0.613 4.4940.3565
0.0179 0.822 4.4440.3386
0.0174 0.838 4.444

h,h 0.0192 0.981 4.444
0.0197 1.075 4.4440.2823
0.0165 0.955 4.4440.2658

0.2475 0.0183 1.136 4.52
0.0199 1.322 4.598

0.0181 1.325 4.598

0.1931 0.0164 1.295 4.444
0.0167 1.442 4.5980.1764

0.1602 0.0162 1.586 4.440
0.0180 1.900 4.614

0.142'
0.0180 2.I58 4.357O.I242.

.O.1087 0.0155 2.I16 4.614
0.0152 2.441 4.5250.09353

0.07825 0.01528 2.838 4.459
0.01338 2.985 4.592.

f 0.01425 3.949 4.334

0.03645 0.01417 5.264 4.494
0.02148 0.01497 8.417 4.762

0.01457 18.05 -

0.006909

a. These data correspond to Figure 29 that shows decreasing damping with increasing acceleration, which
is indicative of Coulomb friction.

Beginning with Test PD315F, the pipe was filled spring hanger at the one-third location. The lowest
with water. In Tests PD315F and PD318F, the mode of 3.8 Hz was no longer present. The mode
size 3 spring hanger was placed at the support loca- at 10 Hz had 0.6To of critical damping, calculated
tion one-third of the distance from the end of the using the accelerometer at location 15Z.
pipe, and the pipe was plucked with 500-lb forces

, The spring hanger was removed andat the quarter point and midpomt, respectively.
, Tests PD323F through PD329F. were conducted

Data from the stram gauge located at 13X are plot- -
with increasing snapback loads up to a maximumted in Figure 30 and from the LVDT located at 12Z
of 3500 lb. The maximum strain for the highest

are plotted in Figure 31. Both show a damping of,

level test, PD329F, was 1794 p in./in., or about 1.5
I to l.5Vo of eritical except at low levels where the . . .

Coulomb friction effeet seen in ' earl?cr tests is . times yield strain, at the midpo.mt of the pipe. After
. the release, the vibration divided into the first two -

evident. modes, each with about one-half the initial strain..

The damping for the lower antisymmetrical mode
In Test PD319F, the pipe was snapped Wah a was low, less than IVe. For the higher 14.5-Hz

750-lb load at the quarter point, and was supported mode, the damping was higher and exhibited a
with the rod hanger at the midpoint, as well as the Coulomb friction effect (see Figures 2 and 32).
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Figure 29. Snapback data for Test PD304F,3-in. pipe, empty, fixed ends, spring hanger at third point. .
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Figure 31. Snapback data for Test PD318F,3-in. pipe, filled, fixed ends, spring hanger at third point.
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The final series of tests on the 3.in. p;pe was con- measured damping of 0.3% and the accelerometer
ducted with the pipe empty, supported at the ends located at 1IZ measure 10.3%. For the 2000-lb
only, and plucked at the midpoint. The snapback snap, damping was 0.5% measured by the LVDT
loadsinTes:s PD330Fthrough PD333Fwere2000, and 0.4% measured by the strain gauge located at .

3000, 4000, and 5000 lb, respectively. The man 9X.
imum strain for Test PD333F was 2829 p in./in.,
well above the 2016 p in./in. strain level at which Four tests (PD806F, PD807F, PD808F, and -

a plastic hinge would be predicted. In fact, after PD809F) were performed with the constant-force
testing the pipe did show evidence of plastic defor-

, hanger at the midpoint, and the pipe plucked at the
mation. Figure 33 plots damping as a function of N fo 1000, m %
strain. At about 1500 p m, ./m. stram, the damping 3000, and 4000 lb, respectively. Of these, the
reaches 5% of entical. 1000-Ib snap barely overcame the hanger friction
8-in. Pipe-Empty, Pinned-End Results. Three force and the pipe did not oscillate enough that
snapback tests were conducted with the ITT damping could be et. sputed. In Tests PD807F and
Grinnell size 7 spring hanger at a location one-third PD808F, the maximur.: strain gauge (from loca-
of the length from one end. The first, Test PD801F, tion 9X) readings were 200 p in./in. and
w as at a low level (less than 50 to), w hile the second 262.6 p in./in. Plots of the data are shown in
and third tests were at 1000 lb and 2000 lb (PD803F Figures 35,36, and 37. As with the low level 3-in.
and PD804F, respectively). Data are listed in pipe spring hanger data, there is definite evidence
Table 9 and plotted in Figure 34. The damping of '' .lomb friction, although the difference in
decreases with amplitude, but the intervalis no: as a aplitude between successive cycles is not linear.
regular as pure Coulomb damping. T1.e second The damping is probably a combination of
mode damping was very low and was determined Coulumb damping and some other type. Damping
as 0.5% of critical. For Test PD801F, the maximum values determined using this large constant-force

.

strain was less than 5 p in./in. In Tests PD803F hanger and the 8-in. empty pipe were the largest .
~

and PD804F, the damping was also very low. For damping values obtained for any tests reported
the 1000-lb saap, the strain gauge located at 9X herein with comparable displacements.

.

10
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Figure 33. High strain level snapback data, 3-in. pipe, empty, fixed ends, no intermediate supports.
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Table 9. Snapback Test PD801F dataa 8-in. Pipe-Water Filled, Pinned Ends. Only two
tests with pinned ends wcre conducted after the pipe

Deflection Difference Damping wa er. & purpow ohe tests was*' w

to determ.me how the natural frequency of the pipe(mils) (mils) (% of Critical).

c'ianged when water was added. The first
Uppe Peaks (lest PD811F) was excited by a hammer blow in

the vertical direction, and the second (Test PD812F)
* 0.599 1.07 was excited in the horizontal direction. Measuredg

0.582 0.965 natural frequencies (in liz) were:9 309
8[418 0.891 1.60

7g 0.806 1.66 PD81IF PD812F

6$715 0.897 2.00
0.763 1.92 5.74 5.141952
0.728 2.07 16.88 11.045 224
0.732 2.384.492 18.38 13.09
0.644 2.463.848 38.99 24.590.636 2.873.212 45.100.560 3.052.652
0.605 4.132.(M7 As shown in Table 5, the frequencies decreased

1.497 for the first two vertical modes as predicted by
1.227 thwry. Measured damping was very low (< < 1%)0.340 5.160.887 for all modes.

Lower Peaks
8-in. Pipe-Water Filled, Fixed Ends. Four tests

0.633 1.04 were run with the sway brace installed initially at7
8$5 0.817 1.46 zero load at the one-third location, and the pipe

0.817 1.M7 683 plucked at the quarter point with 1000 , 4000 ,
6$820 0.863 1.94 6000, and 8000-lb forces. In Tests PD814F

0.965 2.435.855 and PD815F, damping was computed as 0.3% and
0.785 2.29* 5.07 0.8%. Data for the two higher-level tests are plotted

in Figures 40 and 41.

0.64 2.953.15
0.69 4.57 Four tests were run with the constant-force2.36
0.51 3.86 hanger at the one-third pes! tion and plucked at the
0.59 6.14 quarter point. Pluck forces for Tests PD819F6

0[698 0.562 9.39 through PD822F were 1500, 3500, 5500, and
7500 lb. For Test PD819F, the maximum measured
strains were 50 p in./in. at location 9X and

a. These data correspond to Figure 34 that shows 120 p in./in. at location 17X. Based on the limited
decreasing damping with increasing deflection, data it appears Coulomb damping is present. For
which is indicative of Coulomb friction. Tests PD820F and PD821F, the maximum strains

were 220 u in./in. at location 9X and 470 p in./in.
at location 17X. Data for the LVDT at location 12Z
and the accelerometer located at 8Z for the first end
second modes respectively are plotted in Figures 42

For Tests PD809F and PD810F, the sway brace and 43.
was place? at the one-tbird location and loaded to
approximately 300 lb. Two snapback force levels in Tests PD823F through PD826F, the constant-,

were used,1000 and 4000 lb. For Test PD809F, the force hanger remained at the one-third location,
dainping was very low and was computed as 0.6% while the pipe was snapped at the midpoint with
(30 to 60 p in./in.). Data for low-amplitude-level 1200,2200,5200, and 7200-lb plucks. Since the

*

displacements are plotted in Figure 38. At this low pipe snapback location was the midpoint instead of
level, the Coulomb damping previously encountered the quarter point, the pipe had greater imposed
is seen again. Data for Test PD810F are plotted in displacements than in Tests PD819F through
Figure 39. PD822F. Thus, the pipe would have more energy
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per cycle compared to the energy dissipation of the 0.1 in. is 1.75ro of critical damping. Below 0.1 in.,
constant-force hanger. First mode damping is the effect of Coulomb damping becomes apparent
plotted in Figure 44. Increases in damping indica- as the pipe vibration amplitude diminishes.
tive of Coulomb damping occurred below 0.2 in..

Accelerometer data for Tests PD823F and PD824F Log-decrement calculations for snapback tests
are plotted in Figure 45. using snubbers presented more difficulty than for

other supports because the pipe would not vibrate
*

Loads of 2000,4000,6000, and 8000 lb applied about its midposition, but instead ratcheted from
at the midpoint were used for Tests PD827F its statically deflected shape to the unloaded posi-
through PD830F, which measured damping with tion. A displacement history for a snubber is shown
the unloaded sway brace at the one-third location. in Figure 48. No meaningful log-decrement-
The results, plotted in Figure 46, show the same damping calculati7n can be made with this trace.
trend as for sway brace Tests PD814F through The acceleration traces do not show this same type
PD818F that damping increases with displacement. of ramp function about which the oscillation takes

place. I~herefore, damping was calculated from
The large size 9 epring hanger (Figure 12) was m;celeration traces. The rating on the snubber was

. positioned at the one-third location, and the pipe 2000 lb. For tests at 3000,4000, and 6000 lb, the
was plucked at the midpoint for Tests PD831F snubber locked and served as a rigid restraint. In
through PD834F respectively. Snapback loads were Tests PD840F (1000-!b snap force) and PD837F
2000, 4000, 6000, and 8000 lb. Sufficier.t points (2000-lb snap force), the characteristic ratcheting

..

were obtained from Tests PD831F and PD834F to action took place. Results are plotted in Figure 49. '

determine the trend of the data. Maximum strain
for Test PD834F was 672 p in./in. (from the strain The final series of tests were conducted using only
gauge located at 9X). Unfiltered data for these two the end supports, with the pipe loaded to higher
tests are plotted in Figure 47. The damping is fairly load levels. In Tests PD842F through PD844F, the
constant in the 1.5 to 2.0% range at amplitudes load levels were 10,12, and 15 kips respectively.*

above about 0.i in. The mean damping above Damping versus strain and displacement are plotted "

.

12 I I i

O
O PD823F 1200 lb.
O PD824F 3200 lb. _10 - O^ A PD825F (5200 lb..

3 0.9
'E 8 -U
O

& b
f 6 - -

"
O

G OC g
~4 ~

O o +H &

2 -

eP %^e ?
^ ^ f

li + + +

n A + +
-

^o ^ 4o
.

i f Ig
0.0 0.2 0.4 0.6 0.8.

Displacement (in.)
AJW384-29

.
.

Figure 44. LVDT snapback data for 8-in. pipe, filled, fixed ends, constant-force hanger at third point.
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Figure 49. Snapback data for 8-in, pipe, filled, fixed ends, snubber at third point.
.

in Figures 50 and 51. They show increasing damp- fitting technique and the half-power method. The
ing with increasing vibration amplitude levels. half-power method was employed by, first, squar, .

ing the FRF and then applying the half-power
in Tests PD845F through PD849F, the snapback technique to resonans peaks ofinterest. In general,

forcelevels were 14,17,20,22, and 25 kips.These both methods agreed well in damping and frequency
tests were in the OBE and SSE level ranges. The estimation as long as the resolution of the FRF was
maxi num strain was 1892 y in./in. for sufficiently high for the given mode.
Test PD849F. The data are plotted in Figure $2.
Nh test fo!! owed a different path from abcut :' in. Pipe Test Results. Table 10 summarizes ther

2.5% of critical damping at 400 p in./in. to about results of the damping studies on the 3-in, pipe
12% of critical dampita at yield strai i. All data are determined from experimental FRFs. The damping
greater than $sk of critica! dampicur for :evels a%ve of the first mode for all pinned-ended-condition
OBE, and are considerably Ngher than thc 3-in. tests with no intermediate pipe supports is con-
pipe data, sistently less than 1% of critical damping. The

higher damping of the corresponding fixed-ended
tests shows that the end supports or their connec-Shaker and Impact Test Results tions offer a damping increase of about 1% of
critical.

Damping data for the 3-in. and 8-in. pipes were
also deterrained by use of frequency responsc func- In general, it !s observed in these tests that single

*

tions (FRF). These results are discussed and obser. pipe supports tend to selectively impart charac-
vations are outlined in this section. teristic damping to specific modes of the piping

response rather than all modes equally, or in some
Excitations for these tests consisted of random proportion to mode frequency such as mass or stiff- .

and swept-sine forced vibrations using a hydraulie ness proportional damping. As one example, the
shaker and force impulse transients using an instru- snubbers tended to increase the damping of the
ented hammer. The damping estimations were second and third modes much more significantly
determined using the complex-exponential-curve- than the first and fourth modes. Damping in the
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Figure 52. liigh strain-level data 8-in, pipe, filled, fixed ends, no intermediate supports. ,

.

second mode generally ranged from 5.5 to 11% and of snapback data for Test PD315F (see Figure 53).
in the third mode from 2 to 5.7%. The second mode These tests represent data from the same type of
was also affected by higher damping (5 to 12%) pipe support and location. This tends to reinforce
from the rod hanger when the bolted connection the credibility of the technique of determining
at the pipe clamp was loose (as it is normally damping as a function of strain for a given mode
irstalled). Tightening of this connection on the rod and support configuration from a single snapback
hanger coriespondingly dropped the second mode test.
damping to less than 1%. Similarly, tightening the
connection when a snubber was the support did not 8-in. Pipe Test Results. The damping test data are
change the damping from the normal condition, su:nmarized in Table 11. As discussed earlier, the

,

The spring hanger generally did not increase damp- resolution of the experimental FRF affects the
ing in any modes if the level of strain was above accuracy of the damping calculations, especially.

100 p in./in. Below this strain level in the pipe, when the half-power method is used.
damping of the order of 5% was imparted to the
first piping mode. This could be due to Coulomb .

friction in the spring hanger at those low levels. Evaluation of single-support effects indicates that
the sway brace and spring hanger both of fer very

*
Good comparisons are achieved when damping little damping increase over the unsupported con-

calculations from the frequency response functions - dition. The damping at very low strain levels was
are plotted against strain levels in the pipe and are not significantly increased, in contrast to the 3-in.
compared with damping versus strain curves from pipe tests where damping increased at low strain -

. snapback tests. One example is shown by plotting levels. The lack of high damping here is due to the
damping data for the first mode of Tests PD30911, considerably more potential strain energy existing
PD35811, PD35411, PD35311, PD35511, PD35611, - in this pipe, compared to that of the 3-in. pipe. The
and PD35711 on the damping versus strain graph . constant-force hanger, on the other hand, shows

44
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1

Table 10. 3 in. pipe damping calculations with shaker excitation

Damping Type of St rain.
3

(% of f requency Pipe I nd i esel T > pe of Water

|
Test Critical) (llel Support Condition (g in./in.) Excitation Condition Notes -;,

.

PD352il 1.1 4.38 None i ned 200 5Scker Empty.

1.1 11.94
0.4 24.46
0.5 38.84
2.0 45.00 m

PD31211 2.6 4.53 None l'ixed - Impact Empty
0.6 12.47
0.4 25.31
0.6 39.81

~

2.8 45.6.

PD30ll! 0.9 2.52 Nor.c Pinned - Impact Empty
-

0.4 ?.4 -

0.5 22.2' '-

0.3 3833

PD3501 1.0 11.99 New snubber Fixed 100 Shaker Empty Snubber at midpoint 7
5.5 16.05 of span a
2.0 39.27 --

2.3 44.77

PD31111 6.6 9.91 New snubber Pinned - Impact Empty Snubbi r at midpoint
*

10.5 15.70
0.4 38,93 -

-

PD30$ll 0.8 9.66 Old snubber Pinned - Impact Empty Snubber at midpoint 5
*

11.5 13.49

da5.1 25.99
0.5 38.92 -

PD30611 0.5 9.89 Old snubber Pinned - Impact Empty Snubber at midpoint,
-9.3 13.70 tight connection

5.7 25.77
0.5 39.15 -

PD30711 0.7 9.85 Old snubber Pinned - Impact Empty Snubbet at midpoint E
10.6 14.29 undersized pin F
3.5 25.27 %
0.4 38.90

--

=
PD35311 1.5 4.44 Spring hanger Fixed 120 Shaker Empty Standard pin, hanger -;

1.7 11.69 at 1/3 point ""

0.4 24.4I m

0.4 38.30 '

2.7 44.58 7

PD354fl I .6 4.52 Spring hanter Fixed 120 Shaker Empty Standard pin, hanger
0.6 11.98 at 1/3 point ?

.

0.4 24.54
0.6 37.% =
2.3 44.25 6

=

PD356ft 1.4 4.53 Spring hanger Fixed 200 Shaker Empty Loose connection,
1.1 11.97 hanger at 1/3 point -

0.5 24.54 5
0.5 37.82
2.1 44.24

-

_

'
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J Tatde 10,- (continued)

*
Damping Type of Strain5

| , (% of. Frequency Pipe End I.evel Type of Water
Test - Critical) (Hi) Support _ Condition ( in./in.) Excitation Condition Notes

*
PD35711 1.4 ' 4.52 Spring hanger Fixed 200 Shaker Empty Undersized pin.

I.I 11.95' hanger at 1/3 point
0.4 - 24.55
0.5 - 37.83
1.9 44.23

PD358ll' l .6 4 50 Spring hanger Fixed 100 Shaker Empty Undersiicd pin.
0.7 11.93 hanger at 1/3 point
0.3 24.53
0.5 37.88
1.9 44.50

PD35511 -1.6 4.54- Spring hanger Fixed 200 Shaker Empty Standard pin, hanger
1.2 . 11.% at 1/3 point
0.4 24.58
0.5 37.86
2.0 44.13

PD302H - 5.5 2.66 Spring hanger - Pinned - Impact Empty llanger at midpoint
0.3 9.78
0.5 21.56
0.1 - 28.97

*

2.9 38.76

PD309ft 3.5 2.61 Spring hanger - Pinned - Impact Empty Ilanger at 1/4 point
0.8 9.6l ,

- 0.7 21.80
0.4 38.61

PD364H 0.5 11.90 - Rod hanger - Fixed 50 Shaker Empty lianger at' midpoint
5.4 - 16.66

1.6 . 39.12-

PD363ff 1.0 - 12.02 Rod hanger Pinned 100. Shaker Empty Hanger at midpoint

12.0. - 16.21

' l .4 39.36
2.0 46.82

- PD36411 0.7 9.79 - Rod hanger - Pinned ; - Impact ; Empty flanger at midpoint,
0.8 : 15.34 i.ght connection
0.4 - 38.64

' 2.1 48.24

PD303H 0.4 - 9.72 Rod hanger Pinned - Impact Empty, . flanger at midpoint,
4.8 14.09 loose connection
0.7 . 38.84

PD314H : 0.7 12.10'- . Rod hanger - Fixed - Impact Empty : Hanger at midpoint,
'

- 0.5 - ~ 18.15 ~ loose connection '

O.9 39.08 ---

- 1.0 48.72
-

II.89 - Rod :: anger . Fixed . 150 Shaker - Empty ; . Hanger at midpoint. *
. PD365H - --

. 0.4 - c 17.85 ~ tight bolt
"

0.5 37.69
2.3 40.92

. 2.1 46.43
.I,7 ' -. 48.62

*

'
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Table 10. (continued)

~

Damping Type of Strain'

(% of Frequency Pipe End Level Type of h a:er
Test Critical) (Itz) Support Condition (p in./in.) Excitation Condition Notes

* PD366)I 0.5 11.94 Rod hanger Fixed 400 Shaker Cmpty lianger at midpoint,
2.0 17.22 tight bolt
3.7 37.37
6.1 44.92

PD36711 0.5 10.17 Rod ha'nger Fixed 100 Shaker Full llanger at midpoint,
3.2 14.57 filled with water
0.8 33.43

PD35911 1.2 11.90 Old snubber, Fixed 100 Shaker Empty Snubber at midpoint,
7.8 16.11 spring hanger hanger at 1/3 point
2.7 37.98
2.2 44.24

PD361}I 3.6 11.% Old snubber, Fixed 100 Shaker Empty Snubber at midpoint,
7.9 24.06 spring hanger hanger at 1/3 point,
1.9 37.84 undersized pin
2.5 44.45

. PD362}l 1.0 11.89 New snubber, Fixed 100 Shaker Empty Snubber at roidpoint,
6.9 15.% spring hanger hanger at 1/3 point
1.9 37.99

*
2.5 44.40

PD360ll 0.2(-) 11.86 Old snubber, Fixed 200 Shaker Empty Snubber at midpoint,
3.9 16.27 spring hanger hanger at 1/3 point

,

I.7 37.51
2.0 - 44.45

quite high damping (16 to 47''o) in the first mode in the pipe increases from'100 to 400 p in./in., the
for low strain levels (< 30 p in./in.). In the 100 to damping level of the first mode decreases from 3
400 p in./in, strain level, it shows damping around to 1.7% and the resonant frequency decreases fron.
2 to 3%. I1.64 to 9.61 Hz. The damping level decreased

because of Coulomb friction. Further studies arc
An interesting nonlinearity seems to be occurring needed to determine the cause of resonant frequency

in Tests 869,870,871, and 872. As the strain level decreases.

..

s
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Table 11. 8-in. pipe damping calculations with shaker excitation

Complex E mp.
*

Half-Power Damping Damping
I)pe of Strain

Crit wal f requency Cntical f requency 6'ipe ind Lcui Typ ef h er

icu 1%) Oli) 1%) Oli) Support Condition lp infin.) E xcit ation Condition Notes
,

PD851}l 0.8 7.50 0.9 7.51 None smiple - Random Empty
06 23.31 0.5 23.22

PD862H 0. 5 7.32 0.3 7.33 None Simple - Random Empt)

PD85211 1.3 7.41 1.0 7.44 Spring Simple - Random Empty llanFer at
0.8 22.82 0.5 22.90 hanger midpoint

PD854tl 1.9 7.50 1.2 7.51 Spring Simple 30 Swept sine Empty Hanger at
21 23.29 I6 23.26 hanger midpoint

PD855H 1.8 7.48 1.0 7.48 Spring Simpic 60 Random Empty llanger at
1.0 23.52 1.0 23.34 hanger midpoint

PD856H 0.7 7.48 0.6 7.48 Spring Simple 60 Random Empty Hanger at
0.2 7.44 0.7 7.44 hanger 100 midpoint

Posiitt u. 7 7.33 0.8 732 "r:N %mple 80 Swept sine Empty llanger at
hanger midpoint

PD858H :.3 7.52 1.2 7.53 Spnng Simple 15 Swept sine Empty llanger at
hanger midpoint

PD30211 2.2 7.5a o.9 7.59 Spring Simple impact Empty llanger at
hanger midpoint

e

PD860H 2.1 7.47 1.0 7.47 Sway brace Simple 50 Random Empty Brace at
0.9 23.06 0.6 23.02 midpoint

PD861H 0.7 7.48 0.7 7.47 Sway brace Simple 20 Random Empty Brace at
* midpoint

PD859H 27 37 8.0 10.3 16-47 8.3-9.7 Conuant- Simple - Random Empty Hanger at
4.1 23.38 2.1 23.41 force midpoint

hanger

PD803H 20 32 8.3 10.1 1347 8.2 10.2 Con tant- Simpic - Impact Empty Hanger at
0.6 23.44 0.3 23 40 force midpoint

hanger

PD863H 2.4 5.58 1.1 5.54 None Simple - Random Fuli
1.2 17.82 0.6 17.80
0.6 38.71 0.7 38.79

PD867H I .0 9.68 0. 7 9.81 None Fixed - Random Full
0.8 25.62 0.6 25.63

PD868H 0.4 9.75 0.4 9.76 None f ixed 200 Swept sine Full

PD869H 3.6 11.43 3.0 11.64 Coristant- Fixed 100 Random Full Hange- at
2.6 26.08 2.2 26.15 force I/3 point

hanger

PD870ll 3.3 10.62 3.6 10.56 Constant- Fixed 150 Random Full Hanger at
force 1/3 point
hanger

.

PD871H 2.2 9.70 2.1 9.73 Constant- Fixed 200 Swept sine Full Hanger at
3.0 25.62 3.2 25.57 force 1/3 point

hanger

PDJ72H I.7 9.60 1.7 9.61 Constant- Fixed 400 Swept sine Full llanger at-

force 1/3 point
hanger

PD873H 2.1 25.00 2.3 25.07 Comtant- Fixed 200 Swept sine Full llanger at
force I/3 point
hanger

49



CONCLUSIONS AND RECOMMENDATIONS

.

A number of inferences can be drawn from the prose more reliable. How ever, ming
test r:3ults reported herein. These are summarized several test methods on a given configura-
bc|cw. These results, as well as similar rocarch tion would give an analyst more confidence
efforts now being conducted, will seive as the bases in the results. *

for future tests to determine effective damping in
piping systems. 2. The LVDT, strain gauges, and acceler-

ometers gave similar damping values.

Effect of Type of Supports H wever, the accelerometers measured all
modes wcH while the LVDT generally
responded only to the lower modes. Thus,

l. At very low amplitudes, the spring hangers the LVDT was particularly valuable for
produced apparent high damping due t log-decrement testing because often only
Coulomb friction between the spring and the trace of one mode was recorded. Much
its casing. With significant amplitudes, the more trouble, associated with 60-Hz elec-
spring hanger contributions to damping trical noise, was evident with the strain
became small. (Figures 28, 29, 31, 34, 47) gauges than with the other instruments.

2. The constant-force hanger dissipated a
_ 3. Sine-sweep testing gave much better resolu-

great deal of energy, resultmg m higher tion and coherence than did random
damping than for the spring hangers. A testing, resulting in more accurate damp-
Coulomb friction effect with higher damp- ing calculations. A method that worked
ing at lower magnitudes was observed. wellin these tests was to first use a random *

(Figures 35, 36, 37, 42, 44, 45) excitation to quickly identify the modal fre-
quencies. Then the hydraulic shaker fre-

3. With tight connections, the rod hanger did
quency was set near to that of tk mo& to .not introduce additional damping,
be tested. The amplitude was raised to the

Ilowever, with loose connections causing
desireil level, then the frcquency was slowly

impact between the bolt and the eye of the
5WCpt through an mterval around the cen-

rod hanger, higher damping levels were
tral frequency. The sine-sweep testing also

calculated.
gave better resolution than the transformed
sn pback data. However, the sine-sweep

4. The sway brace contribution to damping testing was considerably more timewas similar to that of the spring hangers. ,

c nsummg.The frequency response functions did not
exhibit significant nonlinear behasior as

4. Because the deflected shape cha iges fromdid the snubbers and rod hanger with a
loose connection. the static deflection (essentially containing

many modes) to the dynamic-mode shape

5. In general, the snubbert produced higher (dominated by the lowest mode) in snap-

damping than spring hangers and sway back testing. the first cycle of data is dif-

braces, except for the mode where the ficult to use to determine damping. This is

snubber was located at the nodal point. In unfortunate because this first cycle contains

these tests, they werc loaded onlY to low the highest level of excitation, levels that
are of most interest for OBE and SSE.design-operating levels.

,
,

Effect of Test Methods General Effects
,

l. For linear systems, the logarithmic decre- 1. At low excitation levels, especially with
ment and frequency domain calculations spring hangers present, damping decreased
gave similar damping results. For nonlinear as response amplitude increased, giving
systems, the logarithmic decrement could evidence of Coulomb friction.
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2. At higher levels of excitation, as for exam- simple piping segment will be tested at the
ple in the SSE and OBE stress level range, ARA-Ill high bay area under conditions
damping increased with amplitude. similar to the one-dimensional test*

described in this repoi t. Tests at high strain3. The high-stress-level damping was con-
lesels will be emphasized. Data at frequen-siderably greater for the water-filled P-in.
cies above 33 Hz will also be recorded topipe than for the empty 3-in. pipe. At SSE,

levels, damping for both pipes was above assess the effect of damping at higher fre-
quencies. In addition in 1984, EG&G

5% of critical. Damping for the 8-in. pipe
Idaho plans to use a piping system at the

was also above 5% of critical at OBE ANCO Engineers laboratory in Culver
levels, while OBE data for the 3-in, pipe City, California, to perform additionalwere in the I to 3% of critical damping

vibration testing to determine damping.range.

4. The relative energy of the pipe to the energy 2. Results of this study point out the need for
dissipated by the supports is important. For additional testing, especially in the OBE to
example, in Figures 35 and 42 for the SSE stress range. Much of the data
constant-force hanger, the case with water gathered to date have been at low excita-
in the pipe had significantly less damping tion levels and extrapolated to OBE and
than for the pipe without water at the same SSE levels. The results of this testing show
amplitudes, because the mass of the pipe that damping is amplitude dependent and
was greater and the ratio of dissipated that use of low-level excitation could pro-
energy to vibrational energy was lower. duce too high a damping estimate due to

5. Damping is dependent on the positions of b "I *b friction effects, while

the support with respect to the mode shape. intermediate-level results could produce too
.

'

For example, when a support is located I w an estimate. Thus data obtamed from
,

Iow level , situ testmg should be usea, withmnear a nodal point such as the m.dpo.mt ofi
.

e ution.the span in Figure 25b, there is minimal
*

motion of the support, and low dampin;
results. An exceptiot. occurs when there can 3. Most of the damping data assessed to date
be impact energy losses due to a loose con. has been focused on application to the
nection, such as in the midpoint of the span seismic range-from 1 to 33 Hz. More test
shown in Figure 25d. results are needed in the higher frequency

range above 33 Hz to provide a best-
6. In general, damping was higher in con-

estimate damping for fluid transient prob-
figurations with loose fittings resulting in lems. At present, RG 1.61 does not even
vibrational clatter. An exception occurred address damping for transients other than
when spring hangers were present. These

scismic events.
hangers kept a tension on the loose connec-
tion and essentially eliminated clatter.

4. From an analytical pom. t of v.iew, umform.

7 From shaker and hammer data in viscous damping is the easiest type of
Table 10, there is no apparent trend to damping to apply and therefore is being
indicate that damping ia the 33 to 50-Hz used extensively in piping dynamic
range is different from that in the 20 to analyses. It assumes damping i; linear-
33-Hz range. with frequency, with amplitude, with sup-

port configuration. However, tests may
8. In general, single pipe supports tend to show that the nature of damping is just too

,

selectively impart characteristic damping to comp! r. to be represented by uniform
selected modes of the piping response. damping alone. Based on both test data

and existing analytical capabilities, an'

Future Work asse,sment should be made as to the most
ef fective, realinic, and practical methods

1. EG&G Idaho plans to conduct additional of applying damping to the piping system
tests in 1984. A two- or three-dimensional analysis process.
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APPENDIX A
TEST MATRIX

*

This appendix presents, in Tables A-1 through in inches, XX is the test sequence number, and Y
A-5, a summary of the more than 100 tests con- designates the type of excitation-H for impact and
ducted. The tests were designated PDSXXY, where shaker tests and F for snapback tests.

*

PD stands for " pipe damping," S is the pipe size

Table A-1. Hammer (impact) test matrix

Test End Filled
C DescriptiondNumbera Conditionb or Empty

PD30lH P E End supports only

PD302H P E SH 0 at midpoint

PD303H P E RH at midpoint, loose connection

PD304H P E RH at midpoint, tight connection

PD305H P E Used snubber at midpoint
'

PD306H P E Used snubber at a ipoint, tight connection
.

PD307H P E Used snubber at midpoint, loose connection

PD308H P E Used snubber at midpoint, SH 0 at quarter point
'

PD309H P E SH 0 at 1/4 location

PD310H P E SH 0 at 1/4 location, horizontal excitation

PD311H P E New snubber at midpoint

PD312H F E End supports only

PD313H F E End supports, modal survey

- PD314H F E RH at midpoint, loose connection

PD80lH P E End supports only

PD80211 P E SH 7 at 1/3 location

PD803H P E CFH at midpoint

a. See page A-3 for test designation nomenclature description.

b. P = Pinned
F = Fixed,

c. E = Empty
F = Filled with water

..

d. SH = Spring hanger
RH- = Rod hanger -
CFH = Constant-force hanger

A-3
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Table A-2. Shaker test matrix for 3-in. pipe

'
Test' End - Filled

- Numbera ~ Conditionb or EmptyC^ Descriptiond

*=
PD351H F E New snubber at midpoint *

PD352H F E End supports only

PD533H F E SH 0 at 1/3 location

PD354H F E SH 0 at 1/3 location

PD355H F E SH 0 at 1/3 location, higher strain

PD356H F E SH 0 at 1/3 location (loose connection), higher strain

PD357H - F E - SH 0 at 1/3 location (small pin), higher strain

PD358H F E ' SH 0 at 1/3 location (small pin), lower strain

PD359H F' E Old snubber at center, SH 0 at midpoint-

~

PD360H F E Old snubber at center, SH 0 at midpoint t

PD361H F E Old snubber at center, SH 0 at midpoint
.

PD362H F E New snubber at center, SH 0 at midpoint

PD363H F E RH at midpoint

PD364H F E RH at midpoint, lower strain

PD365H F E RH at midpoint, tight pin connection

PD366H F E RH at midpoint, tight pin connection, higher strain

PD367H F F RH at midpoint
'

| a.- See page'~A-3 for test designation nomenclature description.

| . .

| . b. P. = Pinned
F = Fixed .

c. E ' . = - Empty +

F- = Filled with water
'

[d. SH 1= Spring hanger ~ ,

-RH. ~ -Rod hanger '
CFH = Constant-force hanger

|

..

4
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Table A-3. Shaker test matrix for 8-in. pipe

Ttst End Filled Type of.

Numbera Conditionb c Eritation Descriptiondor Empty

PD851H P E Random End supports only,

PD852H P E Random SH 7 at 1/3 location

PD853H P E Random SH 7 at 1/3 location, floor shake

PD854H P E Sine sweep SH 7 at 1/3 location
PD855H P E Sine sweep SH 7 at 1/3 location

PD856H P E Sine sweep SH 7 at 1/3 location, zoom

PD857H P E Sine sweep SH 7 at 1/3 location, zoom
i

PD858H P E Sine sweep SH 7 at 1/3 location, zoom

PD859H P E Random CFH at 1/2 location

PD860H P E Random SB at 1/3 location

PD861H P E Random SB at 1/3 location, zoom

PD862H P E Random End supports only, zoom

PD863H P F Random End supports only
b

PD864H P F Random End supports only, zoom

PD865H P F Random End supports only, suspended
'

shaker

PD866H P F Random End supports only, horizontal

PD867H F F Random End supports only

PD868H F F Random End supports only, zoom

PD869H F F Random CFH at 1/3 location
PD870H F F Random CFH at 1/3 location

PD871H F F Sine sweep CFH at 1/3 location

PD872H F F Sine sweep CFH at 1/3 location, first mode

PD873H F F Sine sweep CFH at 1/3 location, second mode

PD874H F F Random Snubber at 1/3 location

See page A-3 for test designation nomenclature description.a.

b. P = Pinned*
F = Fixed

c. E .= Empty
F = Filled with water.

d. SH = Spring hanger
RH = Rod hanger
CFH = Constant-force hanger

.

A-5
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Table A-4. ~ Snapback test matrix for 3-in. pipe

'

Test End Filled
Numbera ~ Conditionb Descriptiondor EmptyC

*
PD301F P E SH 0 at midpoint

PD302F P E SH 0 at 1/4 beation, snap at midpoint

PD303F P E SH 0 at 1/4 location, snap at 1/4

PD304F F E SH 0 at 1/3 location (Iow excitation)

PD305F F E SH 0 at 1/3 location (500-lb snap)4

PD306F F E SH 0 at midpoint, (250-lb snap)

PD307F F E SH 0 at midpoint, (500-Ib snap)

PD308F F E RH at midpoint (500-Ib snap at 1/4)

PD309F F E RH at midpoint (1000-lb snap at 1/4)

PD310F F E RH at midpoint (1500-ib snap at 1/4) (

PD311F F E RH at midpoint (1800-lb snap at 1/4)
4

PD315F .F F SH 3 at 1/3 (500-lb snap at 1/4)

PD318F F F SH 3 at 1/3 (500-lb snap at center)

PD319F F F RH at midpoint, SH 3 at 1/3, (750-lb snap at 1/4)

PD320F F F RH at midpoint, (750 lb snap at 1/4)

PD321F ~F F RH at midpoint, (1500-lb snap at 1/4)

PD322F F' F RH at midpoint, (1500-lb snap at 1/4)

PD323F F F RH at midpoint (750-lb snap)

' PD324F F F RH at midpoint (1500-lb snap)

PD323F F F :RH at midpoint (2000-lb snap)

*' PD326F - F -- F RH at midpoint (2000-lb snap)

PD327F F F RH at midpoint (2500-lb snap)
..

PD328F F F . RH at midpoint (3000-lb snap).

-_ PD329F - F- F RH at midpoint (3500-lb snap) .
8

'

.
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Table A 4. (continued) -

:

Test End Filled*

Numbera Conditionb Descriptiondor Empric

EPD330F F E End supports only (2000-lb snap).

PD331F F E End supports only (3000-lb snap) [
PD332F F E End supports only (4000-Ib snao)

PD333F F E End supports only (5000-lb snap) ;

e

a. See page A-3 for test designation nomenclature description. -

5
b. P = Pinned j

F = Fixed '-

-l-
c. E = Empty a

F = Filled with water }
4

d. SH = Spring hanger g
RH =p.ud hanger j

' CFH = Co stant-force hangri -

t
_

.

-

Table A-5. Snapback test matrix fer 8-in. p pe 9
i

4

i
Test End Filled

Numbera Conditianb Descriptiond 1or EmptyC

PD801F P E SH 7 at 1/3 location, hammer -]

PD802F P E SH 7 at 1/3 location, hammer 1
1

PD803F P E SH 7 at 1/3 location,1000 lb _-_

w

| PD804F P E SH 7 at 1/3 location,2000 lb h
9

PD805F P E CFH at midpoint,1000 lb ]

| PD806F P E CFH at midpoint,2000 lb. a
i

PD807F P E CFH at midpoint,3000 lb
_

'

PD808F P E CFH at midpoint,4000 lb :
PD809F P E SB at 1/3 location,1000 lb

PD810F P E SB at 1/3 locatbn,4000 lb '

)
A-7 -
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Table A-5. (continued)

-

Test End Filled
- Numbera Conditionb C dor Empty Description

*
PD811F P F End supports only, hammer vertical

PD812F P F End supports only, hammer horizontal

PD814F F F SB at 1/3 location, snap at 1/4,1000 lb

PD816F F F SB at 1/3 location, snap at 1/4, 4000 lb

PD817F F F SB at 1/3 location, snap a i/4,6000 lb

PD818F F F SB at 1/3 location, snap at 1/4, 8000 lb

PD819F F F CFH at 1/3 location, snap at midpo, int,1500 lb =

:

PD820F F F CFH at 1/3 location, snap at midpoint,3500 lb

PD821F F F CFH at 1/3 location, snap at midpoint,5500 lb

PD822F F F CFH at 1/3 locstion, snap at midpoint,7500 lb -
'

PD823F F F SB at 1/3 location, snap at midpoint,1200 lb
.

PD824F F F SB at 1/3 location, snap at midpoint,3200 lb

PD825F F F SB at 1/3 location, snap at midpoint,5200 lb

PD826F F F SB at 1/3 location, snap at midpoint,7200 lb

PD827F F F SB at 1/3 location, snap at at 1/4, 2000 lb

PD878F F F SB at 1/3 location, snap at at 1/4, 4000 lb

PDS29F F F SB at 1/3 location, snap at at 1/4, 6000 lb

PD830F F F SB at 1/3 location, snap at at 1/4, 8000 lb

PD831F F F SH 9 at 1/3, snap at midpoint 3000 lb

PD832F F F SH 9 at 1/3, snap at midpoint 5000 lb

*
PD833F F F SH 9 at 1/3, snap at midpoint 7000 lb

PD834F F F SH 9 at 1/3, snap at midpoint 9000 lb
s,

PD835F F F Snubber at I/3, snap at midpoint, hammer

PD836F F F Snubber at le3, snap at midpoint,2000 lb

A-8
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Table A-5. (continued)

-* Test End Filled
Numbera Conditionb Descriptiondor EmptyC

-. PD837F F F Snubber at 1/3, snap at midpoint,2000 lb

PD840F F- F Snubber at 1/3, snap at midpoint,1000 lb

PD842F F F End s2pports only, snap at midpoint,10000 lb

PD843F F F End supports only, snap at midpoint,12000 lb

PD844F F F End supports only, snap at midpoint,15000 lb

PD845F F F End supports only, snap at midpoint,14000 lb

PD846F F F End supports only, snap at midpoint,17000 lb

PD847F F F End supports only, snap at midpoint,20000 lb

PD848F F F End supports only, snap at midpoint,22000 lb

PD849F F F End supports only, snap at midpoint,25000 lb,

a. See page A-3 for test designation nomenclature description.
.

b. P = Pinned
F = Fixed -

c. E = Empty
F = Filled with water

d. SH = Spring hanger
RH = Rod hanger
CFH = Constant-force hanger

.

y
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