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ABETRACT

The excess ssismic capaciiies or margins of a prolotypical in—plant piping sysiem and its
components are evaluated by comparing measured inputs and responsas from high-level
simulated seismic expariments with design loads and allowables. Large excess capacities are
clearly demonsiraied against pipe and overall sysiem failure with the lower bound being
about four. For snubbers the lower bound margin is estimated ai two and for rigid strut
supports at five.

1. INTRODUCTION

Earthquake experisnce as well as experimanis Indicate ihal, in general, piping sysiems are
quite rugged In resisting seismic loadings (EQE 1988; Chen et al. 1987). Therefore there
is a basis o hold that the seismic margin against pipe failure is very high for systems
designed according io current practice. However, there Is very litile dala, sither from tesis
or from earthquake experience, on the actual margin or excess capacily (against failurg
from seismic loading) of in-plant piping systems.

Design of nuclear power plant piping sysiems in the U.S. is governed by the criteria
given in the ASME Bailer and Pressure Vessel (B&PV) Code (Slagis 1990), which assure
ihat pipe siresses are within specified allowable limits. Generally linear elastic analytical
methods are used 1o determine the siresses in the pipe and forces in pipe supporis.

The objective of this study is to verify that piping designed according to current praciice
does indeed have a large margin against failure and to quantify the excess capacity for piping
and dynamic pipe supports on the basis of data obtained in a series of high-level seismic
experimenis (designated SHAM} on an in-plani piping system at the HDR
{Heissdampfreakior) Test Facility in Germany. Note that in the present context, seismic
margin refers io the deterministic excess capacilies of piping or supports compared o their
design capacities.

2 SHAM TEST CONFIGURATIONS

A detailed description of SHAM experimenis has been given by Kot st al. (1920}, Figure 1
shows 2 skeich of ihe iesi obiect in the SHAM iests, the VKL (Versuchskraislauf) piping
system. It consists of muliiple siainless steel pips branches of 100 is 300 mm diameter.
lis wo main flow loops are connacied 1o the HDU vessel and the DF16 manilold. The piping
system was exciled direclly by means of {wo displacement controlled servohydrautic
actuaicrs. As shown in Fig. 1 both actuators were acling in the horizonial x direction at RB5
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and H25. They were operaied logeiher and in phase, and were programmad 1o apply io the
pips identical displacement sxcitation histories.

While six different dynamic support systems of the VKL piping systam were desighed for
the SHAM lesis, anly two are considered here. The first of these, the NRC configuration
shown in Fig. 1, was designed by the Idaho National Enginesring Laboratory. [t was a stiff
sysiem that used snubbers and siruis. The other sysiem, denoted the KWL configuraiion, had
ne snubbers at all, was more fexible, and had one sirut less than the NRC configuration,
with H3 being removed. It was designed by Siemsns, AG Unternehmensbareich Kraftwerk
Uriion, Offenbach, Germiany.

All configurations used the same dead-weighi hanger sysiems, shown in Fig. 1.
Similarly, all configurations employed the same rigid siruts in the horizonial z direction at
lncations Hé and H23, which served io stabilize the input motions of the actuaiors along the
x diractian.

3 SUPPORT SYSTEM DESIGN

The seismic exciiation for ihe design of both the systems considered here was based on the
HDR floor response specirum, shown in Fig. 2, for a orescribed SSE (Safe Shuidown
Earthquake) floor response with a ZPA (Zero Period Accelerziion) of 0.6 9. A displacemeni
history of 15 & duraiion was generaied from ihis spectrum to conirol sach of the two
actuaiors for 100% SSE exciiation.

For the NRC configuration, the design objective was io delerming, for a given piping
layout, the Jocation and sizes of snubbers and siruls as in a typical U.S. nuclear power plani
dasign. The provisions of ASME B&PY Code (1580}, Section I, Division 1 - Subsection NC
{for Class 2 Componenis) governad the dasign with Level & Service Limils assumed and
damping in accordancs with PYRC coriteria.  Analyses were performed {using the Response
Spectrum Method with the NURIPE [l urogram) assuming hot conditions {288°C) and ihe
actual operating pressure of 7 MPa with the S3E excitaiion applied both in three direciions
at all supporis and also only at the iwo actuator locailons along x direction, ihus
representing ithe iest loading conditions. The enveloped sirese resultants from these
analyses were used to ensure ihai Equation 9, NC-3650, was satisfied. The supporis
ihemselves werg sized {o have the design capacily to sustain the forces determined only from
the analysis for the iwo-point SSE excitation of the tesis.

For the KWU configuration the struts H2, H10, and H11 were located such that the pipe
stresses, compuied per ASME Code Equaticn 9, are within allowables that correspond to
Level B Service Limits for malerial properiies al ambienl tamperaturs. The design analysis
was performed only for the actual fesi conditons for the 100% SSE loading. Time history
analysic was performad with the KWU-ROHR program assuming propertional damping for
ihe system. The siruis were sized very conservalively using nominal load capacities for
Level B Service Limiis.

Table 1 gives a surmmary of the pipe stress resulls al selected locations showing the
values oblained by ASME Code Equation 9. The locations at which the siresses are calculaied
are shown schematically in Fig. 3. Note that the allowable stresses used for the KWL sysiem
{Level B Service Limits, cold pips} are higher than the ones for the NRBC configuration
{Leve!l C Service Limits, hot pipe) even though the Eguaiion 2 siresses are actually smaller
for the KWL configuration for most locations.

Table 2 gives a summary of the design resulis for the support forces. The rated Level G
capacity jor ihe supporis is also shown in ihe table. The nominal capacily given for the
Grinnell Size B strut in the KWU configuraiion acivzlly corresponds to Level B Service
Limiis.

4 MARGING TEST RESULTS
Table 3 shows the relsvant issis used for marging evaluation which covered the range from

100% to 800% SSE leading level. For ihe higher levals of loading, the amplitudes of the



displacement histories were simply scaled up. Because of apparent defecis in Anchor
Darling snubbers, all of ihem wers replaced with sguivalent rated Pacific Scieniific
snubbers (see Table 2) for esis T41.31.2, T41.31.3, and T41.31.5. For the highsr level
loading teste, the NRGC configuraiion was modified (sirengthened) to prevent an alypical
engineared failure of the Elbow 3 {see Fig. 3}. Using a new set of Anchor Darling snubbers
for the 600% and 300% SSE tests, all shubbers except H8 ware changed ic conform fo the
support configuration shown in Table 2. The snubber HE was changad o ihe size PSA 1.

In the high leval loading tesis there was significant lecal plastification when sirains al
mary locations exceeded the nominal strain at yield (0.3%). The highest sirain recordsd
(KWU configuration, 800% SSE) reached about 1.3%. In general the pipe stresses ai
100% SSE loading were on the order of ana-half of the code limits for the NRC configuration
and somewhal less for the KWL configuration. Allowable stress limils were reached only at
load lavels of 300% SSE. Al the extreme loadings (800% SSE), the equivalent slasiic peak
siresses in the pipe material were about thres timss the allowable value; howevear, no
failure of piping occurred.

Table 3 gives the peak forces experienced by the supporis. Note that for some shubbers,
the actual size used might be different from thai shown in Table 2. The design calgulations
in ganeral underpredicied the peal dynamic suppert forces as may be sean by comparing the
peak forces measured in the 100% SSE (Table 3} with those from the design calculations
(Table 2). The forces in three snubbers, HE, H7, and H8, in the NRC configuration had
already exceaded the rated capacity {for Level © Limils) at the design load of 100% SSE. At
200% SSE almosi all of the peak snubber forces exceedad ihe raled capaciiy, In some cases
by as much as a facior of three.

Two snubbers, HE and H8 (both PSA 1/2), failed io function during the 200% SSE level
tasi. The snubbers 8, H12, and H22 failed due o overload at the 600% SSE isst. They
were nol replaced for the B00% SSE test in which the snubber H7 failed. No failures of
rigid struts ocourred even ai load levels of 800% SSE.

5 MARGING AGAINST FAILURE

The safety margin against failure may be defined as ihe ratio of the ivading at failure o the
design loading, or as the ratio of capacity at failure i reted or design {i.e., allowable)
capacity. Failure is defined here as rupiure for ihe pipe, mechanical malfunclioning or
rupiure for the snubber and ruplure for the rigid strut.

Al definitions of margine also Involve soms design parameier as the basis. The use of
different service, iemperature and loading conditions in the design of the NRC and KWL
configurations makes it necessary io redefing a common basis for comparison purposes. The
most appropriate basis for the 100% SEE, ambient temperature 128t condition are Level C
Service Limiis. Based on maierial properties given in the German OIN siandard, the
allowable Equation 9 pipe stress for Level C Saivics Limits is 285 MPa for the steels used.
The raled capacities for siruis and shubbers are the Level © Capacity values given in
Table 2.

From Tables 1 and 2, we nole that the systems are overdesigned to some exient even for
the design loading. Therefore it seems approprizie o acjust the margins based on the loading
level by an overdesign factor, this factor being the ratio of the allowabls stressfforce 1o
caloulated maximum siress/force a2t design loading. From Table 1, we see that the siress
overdesign factor for the NRGC configuration i3 1.62 (Le. 285/176), and that for the KWU
comfiguration is 1.70 (i.e. 285/168). For snubbers ihe overdesign faciors ranged from
1.4 io 2.07, and for siruis in the NRC configuration the range was from 1.90 to 2.71. The
KWL struis were greatly ovardesigned wiih the factor ranging from 3.56 fo 4.05. Based on
loading level alone ihe lowesi lsvel at which any snubber failure occurred was zi 300% SSE.
Similarly, based on the loading level, all ihe siruts had af feasi a margin of 8, since nong
failed even at the 800% S8 level. However, more realistic margin values for struts and
snubbers acjusted by the overdasign faciors are listed in Table 4.



Using & different definition of margin, L.e., the ratio of the peak force in a support at or
before failure 1o iis rated Level C Capachly, Table 4 again gives the marging calculated from
the peak values fislad in Table 3 . For supporis that did not fall ai ali, the highest force it
sxperienced divided by its rated capacily is defined as ihe lower bound of the margin.

Generally the marging based on force ratios are higher than those defined on the basis of
loading level. Since some supporis were not iesled to capacily and for others the first
suposure was ai a high load level, the marging based on load iavel are less reliable than those
based on forcs ratios. Taking this into account the lowest margin against snubber failure is
only about 2. On the othar hand, the siruts have a large margin, in the range of 5.66 o
8.74.

Considering the margin against pipe failure based on lpading levels, in boih the
configurations no pipe failure occwrred even at the 800% SSE loading level. Mowever, since
the NRC configuraiion was modified after the 300% S8E iest one can only staie thal ihe
lower bound for margin against pipe failurs is at least 3 for the NRC configuration and at
least 8 for the KWU configuration. [f we acjust these values by the overdesign factors, the
lower bounds drop to 1.85 for the NRC configuration, and 4.71 for the KWU configuration.

Becausg of pipe plastification at high loading isvels, difficuliies arise in defining the
pipe margin as the ratio at failure (or maximum stress reached in case of no failure} to
allowable stress. Using expressions valid only for elasiic behavior (such as Eguaiion 9)
margins of 300% are estimated but are questionable. Hence it seems more appropriate to
use the peak sirains recorded during ths tests as an indicator of excess capacily. The highest
sirain recorded in the 800% SSE test for the KWU configuration was 1.3%. For the pipe
materials, the fotal sirain at nominal yield is aboui 0.3%. Thus, the peak pipe straing
exceeded four times ihe strain al yisld. While ihis is not defined as the margin for pipe, i
shows that ths ductility of the pipe provides a large margin against pipe failure.

& CONCLUSIONS

The simulaied seismic experimenis conducied on the prototypical VKL in-plant piping
system clsarly demonsiraie the inhereni ruggedness of piping sysisms under extreme
sarthquake loadings. Howsver, the nonprolotypical loading and not consistent design
procedures make the guaniificalion of seismic margins problematical. I inpui loading level
is used as a basis, then a seismic margin of at least eight can be deduced for the entire piping
sysiem. If allowanca has io be made for possible cverdesign, ihe lower bound for the margin
may drop to about four. kit should be emphasized that since there was no pipe failure, the
above figures are merely lowsr bounds and that the real margin could far exceed them.
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Table 1. Design Siresses (in MPa) per Table 2. Support Forces (in kN) fram Design Calculations

Equation 9 of ASME Code (for 100% SSE)
NRG Gonfigueation  KWU Configuration NRC Confiquration KWL Confirration,
ASME Allowable ASME  Allowable Suppori Type and  Calculat- Manufaciurer Lavel G Calculat- Manufaciurer Nominal
Location Fa. 9 Stress EqQ. 9 Stress Designaiion ed Force  and Siza Capacity ed Force  and Size  Capacity
RAT66 99 208 83 3irui H3 4.6 Grinnefl, B 8.9
Elbow 3 19 208 Stk H9 1.9 Grinnell, A 3.8 2.5 Grinnell, B 8.7
QA100 132 208 103 247 Sirue Hi0 1.4 Grinnelt, A 3.8 2.3 Grinnell, B 6.7
Elbow 1 176 208 168 247 Strut Hid 2.0 Grinnell, & 3.3 2.2 Giinnell, B 6.7
QAl02 23 217 76 Snubtar H2 5.3 PSA 1 9.3
QA103 73 217 64 Snubkar HE 3.2 P3A, 172 3.9
QAT06 52 217 57 Snubhar H7 4.5 AD, 150 9.3
QA104 65 217 G2 Snubber H8 2.7 AD, 70 3.9
RA7B4 85 217 73 Snubber H12 1.2 AD, 40 2.2
Elbow § 103 217 Snubber -2z 2.0 PSA, /4 2.2
RA763 &1 217 88 247
Elbow 2 91 217 121 247
RA780 134 217 87
Newr Tee 165 171
Table 3. Saismic Margins Tesis, Peak Support Forces (in kN)
NRC - Modif,
KWL Gonfiguration NRC Gonfiguration % SSEf
Support Loading % S3E/Test Desianation % SSE/Test Designation Test Designalion
100 200 300 400 €00 300 100 200 300 800 800
T43.21.1 T4i.21.3 T49.21.2 T41.21.4 T41.24.5 T41.21.6 T741.31.2 T41.31.3 T41.31.3 741.81.2 T41.81.3
Sirut H3 6.7 21.1 28.3 45.5 60.0
Sirut H9 2.8 5.99 9.4 1.0 i7.0 17.5 5.7 2.3 3.8 9.5 18.0
Strut H10 3.5 8.43 1.8 i4.2 i5.0 26.0 2.3 5.3 6.6 i4.0 215
Strut H1i 4.5 7.1 0.5 1.0 14.6 8.0 4.2 7.3 9.6 141 20.3
Snubber H2 3.3 9.2 13.5 22.5 21.0
Snubbsr HBG 5.6 3.3 I.a 24.0 42.0
Snubber H7 111 1861 29.0 51.5 60.0
Snubber H3 6.1 10.6 4.5 7.6 Absent
Snubber H12 T 3.4 55 5.0 Absani
Snubber H22 1.9 5.1 5.6 3.0 Abseni
Table 4. Margins for Support Members
Foree, in kKN Load Leval, % SSE
Adjusted
Support Type and Peal tevelC  Configu- Load Level  Force Ratio
Designhation Meas. Capaciiy ratian for peal for failure Margin Margin
Strut H3 (Grinnel B) 80.0 8.9 NRC 800 4.15 6.74
Strut HS (Grinnelt B)** 7.5 8.9 Kwu aoo 2.28 1.97
Strut H10 (Grinnell By 26.0 8.9 Kwu 300 2,07 2.92
Strut Hi1 (Grinnell By** 18.0 8.9 WU 800 1.98 2.02
Strut H9 (Grnnelt A) 18.0 3.8 NRC 300 4.00 4,74
Strut H10 (Grinnelt A) 21.5 3.8 NRC 800 2.85 5.88
Strut M7 (Grinnel! A) 20.3 3.8 NRC 800 4.21 534
Snubber H2 (PSA 1) 22.5 9.3 NRGC 800 5.41 2.42
Snubbar HG (PSA 1/2) 8.3° 3.9 NRC 200 300 2.54 213
Snuboar HE6 (PSA 1) 42.0 9.3 NRC 300 2.84 4.52
Srubber H7 (PSA 1)™ 29.0 9.3 NRG 300 1.45 3.12
Snubber H7 (AD 150) §0.0¥ €3 NRC 300 800 3.86 8.45
Snubber Hg {PSA 1/2) 10.687 3.9 NRC 200 300 2.08 272
Snubber H8 (AD 70)* 7.8° 3.2 NRC 800 300 4.17 1.95
Snubber H12 {PSA 1/4)** 5.5 2.2 MRC 300 1.64 2.50
Snubber 12 (AD 40)+ 5.0" 2.2 NRC 800 300 3.28 2.27
Snubber H22 (PSA 1/4)* 8.0” 2.2 NRG 500 500 5.45 3.64

* indicates vaiue to bé the pesak ever reachad beifore snubber failed
“* not tesied 1o full capacity
+first 13gi at nigh load level (600% SSE)



