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1 INTRODUCTION

As the final test group of the phase II earthquake investigations at the HDR
test facility in Kahl, FRG, the SHAM test series (servo-hydraulic excitation of
mechanical components) took place in April and May 1988. During these tests, a
piping system was subjected to loads exceeding the SSE design loads significantly.

The test obJectlves were (i) verification of seismic design calculations and
evaluation of seismic margins; (ii) comparison of different concepts for seismic
supports; (iii) study of nonlinear effects (plastlflcatlon nonlinear support
behaviour, damping).

The test object was the VKL piping system, Fig. 1, which has several branches
with nominal diameters between 100 and 300 mm. The piping was excited simultan-
eously at 2 points by displacement-controlled hydraulic actuators. Artificial
earthquake time histories served to simulate the building wall motion during an
earthquake at the location of a support (rigid strut).

The SHAM experiments were planned and performed as a cooperative effort between
a number of organisations in Germany, the United States and Great Britain / 1 /.
These were: the Kernforschungszentrum Karlsruhe (KfK) with the Fraunhofer-Insti-
tut fir Betriebsfestigkeit (LBF), Darmstadt and Siemens/Kraftwerk-Union (KWU),
Offenbach, FRG; the U.S. Nuclear Regulatory Commission (NRC) with the Argonne
and the Idaho National Laboratories (ANL, INEL); the Electric Power Research In-
stitute (EPRI) with Bechtel Corp. and R.L. Cloud and Ass.; the Central Electri-
city Generating Board (CEGB), UK

2 DESIGN OF SUPPORT SYSTEMS

Design of piping systems against seismic events is basically the identification
of locations where displacements of the pipe relative to the building have to be
suppressed in order to limit the stresses and strains in the pipe during an
earthquake. For the SHAM tests, INEL designed a US-typical stiff support system
by means of dynamic FE-calculations using Response Spectrum Modal Analysis
method and applying the ASME-Code. This so called NRC-configuration consisted of
12 supports (6 rigid struts, 6 snubbers) in addition to the dead-weight supports
and load input struts and served as a basis for the design of all other support
configurations, see Fig. 2.

Snubbers, which are usually used to accomodate thermal stresses, are expensive
components and their reliability is sometimes questionable. One possibility to
avoid the use of snubbers is to show by means of time history calculations,
which need less conservative assumptions, that stresses in a more flexible
system remain in the allowable range. This was done by Siemens/KWU. The KWU-con-
figuration needed only 5 rigid struts instead of 12 dynamic supports, see Fig. 2.
Another possibility was studied by EPRI with supports developed to be possible
pin-to-pin replacements for snubbers even in existing plants. These are Seismic
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Stops to limit the amplitudes of pipe vibrations in the EPRI/SS-configuration
designed by R.L.Cloud, and plastically deforming dampers, called Energy Absor-
bers, in the EPRI/EA-configuration designed by Bechtel.

The CEGB-configuration was a support system with only struts, like the KWU-con-
figuration, but it was designed for a different seismic input spectrum, which is
valid for a nuclear power plant (Sizewell B) currently under construction in
Great Britain.

The HDR-configuration was intended as the limit case of an extremely soft pipe
support system. Only the struts at the actuator locations necessary to limit
side forces onto the cylinders remained in place, all others were removed.

3  TEST PERFORMANCE

During a six week period (19.4. - 27.5.1988) a number of appr. 50 tests were run
/ 2 /. Signals from 300 transducers were continuously recorded in each test run
for time periods of 20 to 150 seconds. The piping system and the vessels were
filled with water at ambient temperature and pressurized to 70 bars during the
tests. The test matrix, Fig. 3, shows, that ultimately 8 different hanger confi-
gurations had to be distinguished. CEGB tested a configuration with one support
left out and NRC modified the system for the last three tests.

Tests with 2 different load time histories were run with all configurations:

- random tests in the frequency range 2 to 40 Hz served to identify natural
frequencies, mode shapes and damping values of the piping system

- earthquake tests with an artificially generated displacement time history re-
lated to the so called HDR-spectrum, Fig. 4, with a peak acceleration of
6 m/sZ (= 100 % SSE) and a duration of 15 seconds. The load increase up to
800 % SSE was realized by linear amplification of the input signals to the
actuator control system.

Tests with 3 more load time histories were run for the CEGB-configuration:

- an artificial earthquake time history related to the Sizewell B spectrum,
Fig. 4. Duration 20 seconds. Peak acceleration 4.4 m/s2.

- an artificial earthquake time history related to the All-Sites spectrum,
Fig. 4, enveloping all spectra for British sites. Duration 20 seconds. Peak
acceleration 7 m/s2.

- sine-burst excitation in a resonance frequency of the pipe (4.1 Hz). Duration
appr. 7 seconds, max. input displacement amplitude 60 mm.

4  TEST RESULTS FOR THE LOAD CASE 100 % SSE (HDR-SPECTRUM)

Examples of test results are shown for all configurations in Fig. 5 as peak va-
lues of bending stresses. Bending stresses were dominant in the measured dynamic
stresses. The stiff NRC-configuration gives the lowest stresses at 9 out of 12
cross sections where nominal stresses were measured. But the differences to the
KWU-configuration and both EPRI-configurations are not really of importance. For
all configurations the pipe section near the excitation point at the DF16 mani-
fold (cross section 1, Fig. 5) exhibits high stresses. The original design of
the NRC-configuration contained a strut in the x-direction near that point which
had to be omitted for the tests since it would have caused unrealistic quasi-
static stresses. Since additional design calculations revealed that the stresses
would remain within the allowables even without that strut, INEL dispensed with
it. Hence this position was also not available for the design of any other
support configuration. Besides this area, the nominal stresses measured on the
thick pipe were rather low (appr. 10 to 40 MPa) for all configurations.

The thin section of the pipe exhibits very high stresses for the HDR- and CEGB-
configurations, which were both not designed for this load case. The four con-
figurations designed for this load case (KWU, NRC, EPRI/EA,EPRI/SS) however give
only low stresses of 20 to 50 MPa on the thin pipe section.

Local strains were measured on 5 elbows of the VKL piping system. Most highly
stressed was elbow 1 close to the excitation point at DF16. There the highest
strains occured in the longitudinal direction. In the circumferential direction
and under 45 degrees to it the strains were 20 - 25 % lower, compare Fig. 6. An
evaluation of strains measured at different circumferential positions revealed
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peak stresses of approximately 170 MPa. This confirms the result of the NRC-de-
sign calculation that even taking into account the superimposed stresses from
the internal pressure the stress allowables were not exceeded without the
support originally planned nearby. Elbow 2 in the thin pipe section yields com-
parably high stresses only for the HDR- and CEGB-configurations which were not
designed for this load case. Fig. 6.

5 SEISMIC MARGIN TESTS

The main point of the SHAM test group was the investigation of the behaviour and
load-bearing capacity of the piping system at load levels exceeding the design
loads significantly, in order to evaluate seismic margins of the system and its
components. The intention was to load two to three configurations up to its
limit load or to the force limits of the actuators (800 % SSE). To achieve for
all configurations the highest possible load level without any risk for the per-
formance of subsequent tests within the tight time schedule, a procedure was
applied, which is explained by means of the results of the strain measurement at
cross section 7 near the tee branch, Fig. 7. In these diagrams the range of
strain between the highest and lowest values measured in a single test are indi-
cated by the thick vertical 1lines. Thin horizontal 1lines show the residual
strains accumulated during the test series. The sequence of vertical lines from
left to right corresponds with the test sequence.

The first series of tests were run with the HDR-spectrum loads. For each confi-
guration the load levels were increased as long as hanger forces did not exceed
four times their nominal value and strain ranges did not exceed 0.2 % in
straight cross sections for nominal stress measurement or 0.4 % locally on the
elbows. It was expected that on the basis of these criteria two to three times
the design loads should be reachable with the 4 configurations designed for this
load case. In fact, a 300 % SSE test was possible without problems for all these
configurations.

Two tests with 100 % SSE loading of the HDR- and CEGB-configuration (both not
designed for this load case) were then followed by the 100 % and 300 % loading
of the CEGB-configuration based on its design spectrum (Sizewell B) and two
tests with 50 % and 200 % of the loads according to the All-Sites spectrum. This
second test series ended with a 200 % SSE test (HDR spectrum) for the HDR-confi-
guration.

After that, the slightly modified NRC-configuration was exposed to loads up to
eight times of the design loads. In the 600 % test 3 snubbers failed. They were
not replaced for the 800 % SSE test, during which a fourth snubber failed
from overloading. Nevertheless, the pipe was not damaged and showed no global
plastic deformation.

The subsequent sine-burst tests for the CEGB-configuration were directed to ge-
nerate large oscillating plastic deformations in the cross section considered in
Fig. 7. This loading together with the static stresses from the internal
pressure and the dead weight of the pipe was expected to produce ratcheting. In
Fig. 7, this effect is clearly visible: the residual strains are increasing mo-
notonic from test to test, on top of the pipe in tension, on the bottom in com-
pression.

Since the resulting global deformation of the pipe remained within tolerable
limits, tests for the KWU-configuration with 400 %, 600 % and 800 % SSE loading
(HDR-spectrum) were run. Even for test loads exceeding the design loads by a
factor of eight, the pipe and the supports did not experience any damage for
this flexible configuration.

Figs. 8 to 10 give an impression of the stresses and strains to which the VKL
piping system was exposed during the SHAM tests. The nominal stress amplitudes
calculated from the strains measured at cross section 7 in the thin pipe reached
600 MPa (ficticious values, since yield strain is significantly exceeded). The
residual strains at this point accumulated to more than 1 %. The amplitudes of
local strains on elbow 1 were also close to 1 %. One strut was exposed to 9
times, another to 6 times its nominal force.
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6

SUMMARY OF RESULTS

In the actual state of SHAM test analysis the key results can be summarized as
follows / 3 /:

the design of all configurations proved to be conservative, since all
stresses were limited to the allowable values. Forces in supports were partly
under- and partly overestimated.

the piping system could be exposed to at least 300 % of the design loads in 5
different support configurations. The HDR-configuration which was not design-
ed for seismic loads withstood a 200 % SSE load without any damage or global
residual deformation.

the Energy Absorbers behaved in all aspects as expected. The replacement of 6
snubbers by only 3 Energy Absorbers was sufficient to keep pipe stresses
within the limits.

the replacement of all snubbers by Seismic Stops kept the pipe stresses with-
in the allowable limits.

the stiff NRC-configuration was tested up to 8 times the design loads. In the
600 % SSE test 3 snubbers failed. They were not replaced for the 800 % SSE
tests, during which another snubber failed from overloading. Nevertheless,
the pipe was not damaged and showed no global plastic deformation.

the flexible support configuration designed by Siemens/KWU could be exposed
to 8 times the design loads without any problems.

in the highest stressed points of the pipe strain ranges of 1.5 % were
measured and residual strains accumulated to 1.2 %.

seismic margins of rigid struts are clearly greater than the expected factor
of 3 to 4. None of the struts failed in any of the tests although overload-
ings of up to a factor of 9 were realized.

REFERENCES

/ 1/ Auslegungsbericht: Servohydraulische Anregung Maschinentechnik, HDR-Ver-

suchsgruppe SHAM (T41), PHDR Work Report 4.338/88, Karlsruhe, March 1988

/ 2/ Versuchsprotokoll: Servohydraulische Anregung Maschinentechnik, Versuchs-

gruppe SHAM (T41), PHDR Work Report 4.346/88, Vol.1-6, Karlsruhe,
April/May 1988

/ 3/ Servohydraulische Anregung Maschinentechnik, Quick Look Report, Versuchs-

gruppe SHAM (T41), Technical Report 86-88, Karlsruhe, October 1988

Hanger Configuration

3 5 4 ] 2 1

2

Steut Energy Absorber
OE snubber [l Selsmic Stop
Fig. 1 VKL Piping with Positions of Fig. 2 Assignment of Dynamic Supports
Dynamic Supports to Different Configurations

760



. Hanger Configuration
T nd 1l
ol eioocation | WOR | KWU | NRC |EPRIVEA |EPRI/SS | CEGB |CEGBmod. | NRCmod.
1 2 3 ¢ s 6 7 [
[ [ .
Rand
andem u 5 .
L]
- n L]
Eorthquake | —_
200 % = = .
HOR- 300% - A
Spectrum [ 100% _ [
500% [ m
800% (]
Sizewell B _l % — 1
Spectrum [“300%
All Sites | S0% —
Spectrum [200%
| 10mm 4
20 mm ]
Sine Burst 30mm - ) -
[Smm "7 —t I B
60 mm ]
Fig. 3 SHAM Test Matrix

200 mm Pipe
604

Stress in MPa

\Sorrssreressssssn,

S Comparison

5 6
Crass Section

08
Elbow1
200 mm Pipe

0.44

Strain in %

0.21

%
7
7
7
7
7
2
7
72
7
7
Z
7
.
7
7
%

|
|
|
|

Circumierentiol

Longitudinal

NN

AN

SR

45 -Degree
Dicection of Meosurement

of Support Configurations at 100%-SSE. Maximum

761

All Sites
Spectrum

14
5
E Sizewell 8
0 {7 Spectrum e ]
o %ﬁ—\\“‘"\mmm
o T
: ©os ? eyt °
Fig. 4 100%-SSE Spectra of the Earth-

quake Excitations (4% Damping)

100 mm Pipe

1204

@
3
7

Stress in MPo

©
Cross Section

Bending Stresses

08
Elbow2
100 mm Pipe

064

Strain in %e
°
il

Circomferentiol Logitudinat
Diraction of Measurement

6 Comparison of Configurations at 100%-SSE. Maximum Strains at Elbows



Fig. 7
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