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Abstract

The behavior of a nuclear power plant piping system subjected

to high level vibrational excitation is investigated experimentally and

analytically. The objective is to evaluate the piping analysis method

employed in the SMACS computer code. Experimental data are

obtained from the Large Shaker Experiments (SHAG) conducted at the

HDR Test Facility in Kahl/Main, FRG, in which the dynamic behavior of

an in-plant piping system with various support configurations was

investigated.

Comparisons of calculational results with measured data indicate

that the adequacy of the prediction depends primarily on the

modeling of boundary conditions and dynamic supports. Treating the

latter as rigid and using building motion as input, in general, results in

underprediction of piping response. On the other hand when

accelerations on the pipe side of the dynamic support attachment are

used as input, piping response is highly overpredicted. Also modeling

wall/floor component attachments as fixed usually leads to under-

prediction of amplitude as well as differences in the freqeuncy content £p ^

of response. , w n w n o N OF TH,S DOCUMENT » UNUM,T¥D
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1. Introduction

The behavior of nuclear power plant piping systems during

earthquakes, and the most appropriate and economical mode of

supporting such piping, are issues of major concern. Consequently,

the verification and validation of piping analysis methods and

assumptions used in the design and safety assessment of nuclear

power plants are of great interest. As part of its program on the

validation of seismic calculational methods, the U.S. Nuclear

Regulatory Commission, Office of Research (NRC/RES), is specifically

interested in the validation of the multiple support piping analysis

computer program of the SMACS (Seismic Methodology Analysis Chain

with Statistics) computer code [1], Data for comparing the dynamic

behavior of various pipe hanger configurations and validating piping

response analyses were obtained in the large shaker experiments

(SHAG) conducted in 1986 at the HDR (Heissdampfreaktor) test

facility in Kahl/Main, Federal Republic of Germany (FRG). These tests

were undertaken as a cooperative effort between the HDR Safety

Project of the Kernforschungszentrum Karlsruhe (KfK/PHDR), FRG,

the NRC/RES and the Electric Power Research Institute (EPRI), Palo

Alto, CA.

In this paper we describe result highlights from the SHAG

piping response tests, the approach taken in the validation of the

SMACS code piping analysis, and comparisons between the measured

and computed values of the piping response.



2. Test Description

The HDR test facility is a decommissioned nuclear power

reactor which since 1975 has been used to perform vibrational,

thermal hydraulic blowdown, and other experiments related to the

design and safety assessment of nuclear power plants. During the

SHAG experiments in the HDR test facility, a large coast-down shaker

located on the operating floor of the HDR containment building (see

Fig. 1) provided excitation to the building which in turn imparted

excitation to an in-situ piping system called the Versuchskreislauf

(VKL) shown schematically in Fig. 2. As the shaker coasted down, its

eccentric mass imparted a variable force (both in magnitude and

direction) to the building. The large shaker used in the SHAG

experiments was mounted in a very stiff frame and was capable of

developing in excess of 1000 tons (metric) of force. This resulted in

excitation levels, for the building and piping, comparable to those in

strong motion earthquakes. Shaker starting frequencies ranged from

1.6 to 8.0 Hz [2]. While the experiments with lower starting

frequencies were intended primarily to study the building response

[2,3], a series of experiments with starting frequencies of 8, 6, and 4.5

Hz was conducted to investigate the behavior of the VKL piping

system. A typical HDR building excitation and acceleration response

for a test with an 8 Hz shaker starting frequency is shown in Fig. 3.

Both the shaker frequency and the force decay with time as expected.

Note that the two horizontal components of building acceleration

response in the x- and z-direction are not equal, indicating



asymmetrical building response. The amplifications in the

acceleration response at about 60 s and again at about 95 s (z-

direction) are caused by the shaker passing through the building

resonances, namely the out-of-phase bending of the building's inner

and outer structure at 2.5 Hz, and the rocking mode at 1.4 Hz. These

resonances can also be noted by slight changes in slope of the shaker

frequency-time curve.

The VKL piping system consists of a number of pipe runs

ranging in nominal size from 100 to 250 mm (see Fig. 2). The piping

is attached to the HDU vessel and associated manifolds and forms part

of the overall experimental piping system at the HDR. The top of the

pipe runs at about 28 m above ground level, just under the operating

floor (which is at about 30 m above ground level) where the shaker is

mounted.

A major objective of the SHAG experiments was to compare and

evaluate the performance of various dynamic pipe support

configurations. All configurations used the same dead weight hanger

system consisting of spring and constant force hangers and one

threaded rod as shown in Fig. 2. The support configurations included

the very rigid system with snubbers and struts, typical of U.S. nuclear

power plants (see Fig. 2), which was designed by the Idaho National

Engineering Laboratory (INEL). EPRI in collaboration with industrial

partners provided snubber replacement devices, namely Energy

Absorbers designed by Bechtel Power Corporation and Seismic Stops

designed by R. C. Cloud and Associates, Inc. A very flexible German



HDR system used only two rigid struts and a compliant system

designed by Kraftwerk Union (KWU), Offenbach, FRG, relied on five

rigid struts. Finally, two systems used viscous dampers. The first,

designed by ANCO Engineers, replaced all snubbers with such

dampers; the second, by GERB, Berlin, used only two viscous dampers.

The characteristics of all configurations are summarized in Table 1.

The two viscous damper systems were only subjected to one test each

with a starting frequency of 8 Hz. All other dynamic support

configurations were tested under identical excitation and operating

conditions. This included tests with starting shaker frequencies of 8

and 6 Hz under ambient pipe conditions, and tests with a starting

frequency of 4.5 Hz, with hot conditions (210° C) and pipe

pressurization (70 bars). The behavior and relative performance of the

various dynamic support systems is described elsewhere [3,4].

The VKL piping system was fully instrumented in the SHAG

experiments. Pipe responses such as acceleration, displacements, and

strains were measured. Also recorded were forces and displacements

in dynamic supports and measurements of building (floor, wall)

accelerations in the room housing the VKL provide the excitation

inputs to the piping.

3. Piping Analysis Approach of the SMACS Computer Code

The SMACS computer code is part of the Seismic Safety Margin

Research Program methodology [1]. The SMACS code links the

seismic input with the calculation of soil-structure interaction.



structure response, and subsystem response. Soil-structure

interaction and detailed structural responses are determined

simultaneously in a coupled way through the use of a substructure

approach, as implemented in the CLASSI family of computer codes.

The pseudostatic mode method is used to solve the equations for the

response of piping systems subjected to independent multiple-

support excitations. The equations are approximated and solved by

the finite element method. In order to compute variance in the

computed response, the SMACS code performs repeated

deterministic analyses. The response of the structure serves as

excitation input for the analysis of subsystems supported by the

structure. There is no structure to substructure interaction, i.e., the

motion of the structure affects that of the subsystem, but not vice

versa. For the current application, the SMACS code has been modified

to accept as input given motions at the supports without going through

the whole soil-structure interaction analysis. This allows independent

validation of the piping analysis module.

The pseudostatic mode approach used in the SMACS code,

together with the finite element method to treat piping systems

independently excited at multiple points, separates the responses of

the subsystem into two parts, namely: the pseudostatic responses

induced in the subsystem due to support motions excluding dynamic

effects, and perturbations of the pseudostatic responses due to

dynamic effects [5]. The homogeneous boundary conditions resulting

from this approach are important [6], because they allow the definition

of a classical eigenvalue problem, with the solution obtained by the



classical eigenfunction expansion. Subsequently, the solution to the

original problem is obtained through a simple transformation. The

piping analysis permits the use of a constant specified damping or of

the so-called PVRC (Pressure Vessel Research Council) damping [1],

4. Finite Element Modeling of the VKL Piping

The VKL piping spans an elevation of about 5 m and a maximum

space of about 11 m in the horizontal plane. It contains pipes ranging

in diameter from 100 mm (4 in.) to 250 mm (10 in.), elbows, vessels,

joints, and manifolds. The VKL piping is interconnected to the larger

global piping system of the HDR. Thus, to fully model the VKL

response would necessitate modeling all other connected

components. To reduce the modeling effort and to focus on the main

objective of validating the piping analysis module of the SMACS code,

measured motions at key locations are used as boundary conditions

(input) to the analysis. In ail calculations carried out here the PVRC

damping was used.

The VKL support configuration chosen for detailed analysis was

the flexible HDR system with only two rigid struts shown in Fig. 4.

The first modeling attempt included the HDU vessel in the finite

element model. Measured accelerations on the wall and floor of the

HDR room containing the VKL were used as input excitation. Triaxial

accelerations were input at points which were assumed to be fixed to

the HDR building, namely the center of the DF16 manifold, the bottom

of the HDU vessel and a location at approximately two thirds height of
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the HDU vessel, where the HDU was anchored to the wall by a

restraining frame. In addition, uniaxial wall accelerations were used as

input at the two dynamic strut supports, as indicated in Fig. 4. These

supports were modeled as rigid links.

Preliminary calculations indicated that this model grossly

underpredicted the response of the piping. The major uncertainties

in this model were the boundary conditions at the HDU/building

interfaces, in particular at the upper restraining frame. From the test

data it was apparent that the restraining frame did not provide a point

of fixity; at the same time, it was not possible to estimate the stiffness

(flexibility) of this connection. Thus, it was decided to exclude the

HDU vessel from the predictive model. Measured triaxial

accelerations at the top of the HDU vessel were then used as input to

the nozzles of the 200 mm (8 in.) pipes emanating from the HDU

vessel head. The other input locations remained unchanged namely at

the DF16 manifold and the dynamic strut supports (see Fig. 4). For

other support configurations the additional dynamic supports (struts,

snubbers) would provide further dynamic input points to the piping.

Since the dynamic supports are all treated as rigid links, it is

possible to define a finite element model of the VKL piping that is

basically test-configuration-independent, as long as the model allows

certain degrees of freedom to accept acceleration as input. The model

consists of straight pipe elements for straight runs of the piping and

curved pipe elements for the elbows and curved segments of the

piping. The temperature effect can be partially accounted for by using



material properties at appropriate temperatures. The finite element

model is linearly elastic and for the HDR support configuration has

131 nodes and 132 elements. It was generated from design data

information provided by INEL and KfK/PHDR.

5. Response Characteristics of VKL Piping

As indicated earlier the relative behavior of the VKL piping in

the SHAG tests with various dynamic support configurations is

discussed elsewhere [3,4]. Of interest here are the dynamic

characteristics of the piping, so as to establish the frequency content

of the response which must be modeled in the computational

predictions. Since the input forces to the piping in the SHAG tests

are not known, the dynamic characteristics were established by

forming transfer functions between accelerations, specifically,

acceleration components measured on the piping are treated as output

and accelerations measured on the building walls and floors are

considered input. The transfer functions are obtained by forming

ratios of the Fourier transforms of output to input. Since the data

contain noise and the transforms are obtained by numerical means,

such as Fast Fourier Transform (FFT) techniques, it is not possible,

particularly in the high-frequency range, to obtain meaningful transfer

functions by simply taking the ratios of Fourier transforms.

Appropriate filtering and averaging techniques must be employed to

suppress the effects of noise.
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An example of acceleration transfer functions obtained in the

low frequency range (up to 8 Hz) for all support configurations is given

in Fig. 5 [7]. Smoothing of the transfer functions in this case was

obtained by averaging the results for multiple time windows over about

100 s duration of the test. The result is for the 8 Hz experiments and

is the transfer function between the response of the thin (100 mm)

pipe line and the excitation of the building at the base of the HDU in

the x-direction. It can be seen that the resonances vary significantly

for the different support configurations. For the configuration of

interest, namely the HDR system Configuration 1, the first resonance

appears to lie as low as 2 Hz with the next peak at about 2.8 Hz.

Multiple peaks occur in the range from 4 to 5.5 Hz with more

amplification at about 7 Hz. The same transfer function was obtained

for the 6 Hz experiment by using a specially developed moving average

technique in the frequency domain. This transfer function was

extended to higher frequencies and is shown in Fig. 6. Additional

resonance peaks are seen to occur at about 8 Hz and again between 22

to 24 Hz, with smaller amplifications in between. While the building

excitation is limited to frequencies below 7 Hz (see Fig. 7), the higher

frequency peaks in the pipe response are real as can be seen from the

Fourier transforms in Fig. 8. Based on these and similar results

obtained for other pipe response locations, it is clear that the

calculational predictions must encompass the entire frequency range

of the experimental data up to 30 Hz.
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S. Computational Results and Comparison with Experiment

The dominant response of the VKL piping with the HDR support

configuration was found to be around 4 Hz (see Figs. 5, 6, and 8). Thus

the test run with a shaker starting frequency of 6 Hz, which strongly

excites the piping at that frequency, is used for the computational

prediction. As indicated above, the measured accelerations on the top

of the HDU vessel are applied as input to the nozzles of the two

200 mm pipe runs. Further, in one calculation, measured HDR

building wall accelerations are applied at two dynamic supports

(uniaxial) and at the DF16 manifold (triaxial) as shown in Fig. 4. In a

second calculation the latter two inputs are replaced with acceleration

histories measured directly on the pipe at the point of strut

attachment (uniaxial) and on the DF16 manifold (triaxial).

Comparisons with measured response are made primarily for the

accelerations, both in the time and frequency domain, at the three

locations indicated in Fig. 4.

It is not possible to make a direct comparison of the dynamic

characteristics as obtained from the computational model and from

the measured experimental data. While in the pseudostatic mode

method of the SMACS code, eigenvalues and functions of the VKL

piping system are calculated, these are based on a model in which

every input location is treated as a fixed boundary point in the

direction of the specified applied accelerations. Thus the computed

modes are not real physical modes and can be expected to lie

significantly higher than those of the physical system [8]. The first few
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frequencies of the thus transformed (constrained) VKL piping system

are 11.1, 11.7, 24.0, 25.7 Hz, etc. Consistent with the expectation,

these values are higher than those identified from the experimental

measurements (see Figs. 5 and 6).

As shown in Fig. 7, the horizontal (x-direction) excitation of the

HDR building at the base of the HDU vessel has a peak value

approaching 2 m/s 2 and is essentially limited to frequencies below

7 Hz. A similar result obtains for the z-direction. As expected, the

vertical (y-direction) excitation is significantly lower, about 0.5 m/s2 ,

but indicates some higher frequency content (see Fig. 9). The other

measured inputs on the wall of the HDR room containing the VKL

differ only slightly from those indicated above. Using the measured

building accelerations closest to a support point as input the first set

of calculations was performed assuming the strut supports act as rigid

links. Examples of the input used in the second set of computations

are shown in Fig. 10 for the x-direction strut and in Fig. 11 for the

DF16 manifold (x-direction). It is seen that these inputs are much

higher in amplitude than the wall excitation and also differ

significantly in frequency content. The x-direction input at the top of

the HDU is shown in Fig. 12. This and the other direction inputs at

the HDU are common to both calculational predictions.

Comparisons between the calculated results and experimental

measurements are given in Figs. 13 through 18 which comprise 3 sets

of two figures each. In the first figure of each set the measured

acceleration history at a given pipe location is compared with the
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corresponding two computed acceleration responses. Similarly, in the

second figure of each set the moduli of the FFT obtained from the

measured data and the computations are compared. The pipe

locations used are those shown in Fig. 4. In each case only one

acceleration is selected for comparison to illustrate the observed

differences. In general it can be seen that using the wall response

input the pipe response is underpredicted, and when using

measurements on the pipe as input, the response at other locations of

the pipe are greatly overpiedicted.

In particular, comparing the response at the center of the

100 mm (4 in.) pipe run (see Fig. 4) in Figs. 13 and 14, the

experimental peak acceleration in the horizontal z-dire^?tion is about

30 m/s 2 while the computed values are 7 m/s2 and 70 m/s2 for the

wall and pipe input respectively. Also the computed (acceleration

histories differ significantly from the measured history. Thus it is not

surprising that the frequency content (Fig. 14) in the calculations

differs strongly from the measured values. The latter is dominated by

the response around 4 Hz. While this frequency is also reflected in the

calculated values, much stronger response is computed in the 12 Hz

range and for the wall input calculation there is again significant

amplification centered around 25 Hz.

The measured and calculated responses in the horizontal

x-direction at the pipe reducer (see Fig. 4) are shown in Figs. 15 and

16. Again the peak acceleration is underpredicted when using wall

input motions (- 5 m/s2) relative to the measured peak value of about
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12 m/s2 . Using pipe motion inputs the peak acceleration is grossly

overpredicted (~ 40 m/s2) and the acceleration history is very

different from the measured response. Significant differences also are

observed in the frequency domain (Fig. 15). The experimental

response has a dominant peak at 4 Hz and again at 10 Hz with smaller

amplifications centered around 27 Hz. The calculation using wall

input has a similar pattern, albeit the second peak is shifted to about

12 Hz and an additional strong peak appears at about 30 Hz. The

overall amplification is also much smaller than in the experiment. For

the pipe input calculation the peak at 12 Hz dominates the entire

response, which in general has higher amplifications than the

experimental measurement.

Finally the vertical acceleration responses (y-direction) at the

spherical Tee (see Fig. 4) are compared in Figs. 17 and 18. The

measured peak acceleration is about 8 m/s2 and about the same for the

calculations using wall motion input. Again the pipe motion input

calculation overpredicts the response peak and the response history is

very different from the measured one. In the frequency domain the

predicted response using wall motion input is somewhat similar to the

measured response in distribution and amplification, while the pipe-

input calculation response is significantly different. Here it should

also be noted that while the building excitation is mainly in the

horizontal plane, there is significant vertical pipe motion throughout

the VKL system.
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Comparisons of measured and calculated responses at other

points of the pipe and/or other directions give similar results as those

described above. The strut supports are modeled as rigid links in the

computations. Hence, it is not possible to calculate the support forces

in the SMACS piping analysis and to compare them with the measured

values.

7. Discussions and Conclusions

Agreement in the foregoing comparisons between calculated and

measured acceleration responses is in general not very close. This

indicates that piping response predictions of complex piping system

under realistic dynamic excitations may not be satisfactory even when

using a detailed time-history finite element analyses. It is thought

that the definition and treatment of boundary conditions in the

calculatipns as well as the modeling of the dynamic supports are the

major contributors to error.

Concerning the latter, the calculations indicate that modeling

the dynamic supports as unidirectional rigid links is inadequate. This

is evidenced by the fact that the motions (accelerations) on the wall in

the direction of the struts is in general very different than the

acceleration on the pipe at the point of strut attachment, the latter

usually being much higher in amplitude. The normal attachment of

dynamic supports both to the pipe clamp and the wall mounting

bracket is by means of pinned clevis arrangements. The eyes of the

strut ends are fitted with bearings, thus allowing at least partial
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rotation in all directions. A possible simple modeling of such supports

is as truss elements with the appropriate rotational degrees of

freedom unrestrained [9].

Difficulties in defining the boundary conditions are apparent

both in the preliminary calculations (which included the HDU vessel

in the model) as well as in the final comparison calculations. For the

latter the DF16 manifold (see Fig. 4) was assumed fixed to the wall

inside the HDR building in the computation using wall motion input.

This seemed to be a reasonable assumption considering that the

manifold was attached to the wall by heavy steel bands. However,

closer examination of the data indicates that the manifold was moving,

as a rigid body, relative to the wall particularly in the vertical

direction. The accelerations used as input for the calculations with

pipe input were made next to the upper nozzle of the manifold and

may be further amplified because of manifold deformation, thus

leading to gross overprediction of the pipe response. It should also be

pointed out that pipes other than those included in the VKL system

model were connected to the DF16 manifold at the top, bottom and

side of the manifold. Their inertial effects contribute further to the

uncertainties of this boundary condition. Hence, to define the

conditions at this boundary it is most appropriate to use as input

measurements on the DF16 proper at its point of wall attachment.

Such data were not available at the time of the computations but are

now accessible. Hence, further calculations to investigate the proper

definition of boundary conditions and modeling of dynamic supports

will be undertaken.
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It should also be pointed out that the problems discussed above

are not unique to this study, and have been encountered by other

investigators when modeling and predicting the response of piping

and equipment under seismic loading. While there may be some

effects of the assumed damping values and variations on the results, in

general these are much smaller than the differences observed when

changing the boundary inputs. Thus in any piping analysis it becomes

essential that boundary conditions be well defined or the uncertainties

in response must be delineated through appropriate bounding

calculations and/or sensitivity studies.
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TABLE i . VKL Hanger Configurations

Configuration
No.

1

2

3

4

5

6

7

Support
System

Dead Weight

HDR

KWU

USNRC

EPRI/EA

EPRI/SS

GERB

ANCO

Description of Support
Configuration

Spring and constant-
force hangers

Two rigid struts;
flexible system

Five rigid struts;
simplified design concept

Six snubbers and six rigid
struts; stiff system

Four Bechtel-designed
energy absorbers

Six Cloud-designed
seismic stops

Two viscous dampers
designed by GERB

Six modified viscous
dampers



PIG. i. SHAG: HDR Cross Section with Shaker
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FIG. 2. The VKL System
With the U.S. Rigid

Support System Installed
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PIG. 3. SHAG: Shaker Frequency and Force
Horizontal acceleration at top of HDR concrete
containment. 8-Hz run, 4700-kgm eccentricity
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FIG. 4. VKL- SMACS Piping Analysis Input and
Response Locations
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Fiq. 5. SHAG 8 Hz Tests. Transfer Functions for
Various Support Confiqurations, Pipe
Response/BuiIdinq Response (for confiuqration
desiqnations see Table 1)
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Fin. 11. Acceleration in x-direction and
FFT Modulus on DF16 Manifold
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Fiq. 12. Acceleration in x-direction and
FFT Modulus on Too of HDU Vessel
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Fig. 13. Comoarisons of Experimental and Computed Accelerations in
z-direction at Center of 100 mm Pipe
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Fiq. 14. Comoarisons of Experimental and Comouteci FFT Moduli for
Acceleration in z-direction at Center o* 100 mm Pipe
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Fiq. 15. ComDarisons of Experimental and Comouted Accelerations
in x-direction at Pine Reducer
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Fig. 16. Compansons of Experimental and Computed FFT Moduli for
Acceleration in x-direction at Pice Reducer
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Fig. 17. Comparisons of Exoerimental and Comouted Accelerations in
y-direction at Spherical Tee
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Fig. 18. Comoarisons of Experimental and Computed FFT Moduli of
Acceleration in y-direction on Spherical Tee


