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Margins for an fe-plant Piping System under Dynamic Loading*

C. A. Kot. M. G. Srinivasan, and B. J. Hsieh
Reactor Engineering Division
Argornne National Laboratory

Argonne, Illinois 60439, USA

Introduction:

Earthquake experience indicates that, in general, piping systems are quite
rugged in resisting seismic loadings. A recent survey [1] of piping system
performance in past strong motion earthquakes found that no piping failure
due to inertial effects have occurred. A series of shake table tests of a large-
scale piping system has also shown that even very high seismic loading, far
exceeding the SSE (Safe Shutdown Earthquake), could not cause plastic
collapse of the system 12]. Other laboratory test experience has also been
similar. Therefore there is a basis to hold that the seismic margin against
pipe failure is very high for systems designed according to current practice.
However, there is very little data, either from tests or from earthquake
experience, on the actual margin or excess capacity (against failure from
seismic loading) of in-plant piping systems.

Design of nuclear power plant piping systems usually is governed by the
criteria given in the ASME Boiler and Pressure Vessel Code, Subsections NB,
NC or ND. A concise summary of the Code and regulatory requirements for
piping design is given by Slagis [3]. The Code requires that certain
combinations of inertial and seismic anchor motion stresses, defined by
various formulas, be within specified allowable stresses. Generally linear
elastic analytical methods are used to determine the stresses in the pipe
and forces in pipe supports.

The objective of this study is to verify that piping designed according to
current practice does indeed have a large margin against failure and to
quantify the excess capacity for piping and dynamic pipe supports on the
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basis of data obtained in a series of high-level seismic ext °riments
(designated SHAM) on an in-plant piping system at the HDR
(Heissdampfreaktor) Test Facility in Germany.

It is necessary here to note that what is termed seismic margins in this
paper is different from the same term used in the Seismic Margin Reviews
procedure for individual nuclear power plants. In the latter the measure of
seismic margin is the HCLPF (High Confidence of Low Probability of Failure)
capacity of the component above the SSE level. But in the present context,
the margin refers to the deterministic excess capacity of piping or support
compared to its design capacity.

SHAM EXPERIMENTS:

Test Configurations

A detailed description of SHAM experiments has been given by Kot et al [4].
Only a brief overview of the tests is given here. Figure 1 shows a sketch of
the test object in the SHAM tests, the VKL (Versuchskreislauf) piping
system. It is located in the HDR (Heissdampfreaktor) facility, a
decommissioned nuclear reactor facility being used for a variety of
experiments, in Kahl/Main, Germany. The VKL system consists of multiple
stainless steel pipe branches of 100 to 300 mm diameter. Its two main flow
loops are connected to the HDU vessel and the DF16 manifold. In addition
to the pipe hangers and dynamic supports, the fixed boundaries of the
system are at the bottom of the HDU and at the DF15 manifold. At about a
third of its height from its top, the HDU vessel is constrained from lateral
movement. All extraneous piping leading to other flow systems in the HDR
were disconnected for the SHAM tests.

The piping system was excited directly by means of two servohydraulic
actuators. As shown in Fig. 1 both actuators were acting in the horizontal x
direction at H5 and H25. The excitation system, designed and furnished by
LBF- Darmstadt, Germany, included a computer-controlled hydraulic control
system to provide prescribed displacement histories. The two hydraulic
actuators were operated together and in phase; both were programmed to
apply to the pipe identical displacement excitation histories.



Six different dynamic support systems of the VKL piping system were
designed by various participants in the SHAM testing. Of these, only two are
being considered in this paper. The first of these two is shown in Fig. 1 and
is designated as the NRC configuration. It is the stiffest of all the tested
systems in that it had the most number of dynamic supports, snubbers and
struts. This support system was designed by the INEL (Idaho National
Engineering Laboratory). Idaho Falls, Idaho. The other system, denoted the
KWU configuration, is shown in Fig. 2. This system had no snubbers at all,
and had one strut less than the NRC configuration, with H3 being removed.
The remaining three struts were of larger size compared to the
corresponding struts in the NRC configuration. The KWU configuration was
more flexible than the NRC configuration because it had fewer supports.
The support design for this configuration was performed by KWU (Siemens,
AG Unternehmensbereich Kraftwerk Union), Offenbach, Germany.

All configurations used the same dead-weight hanger systems, shown in Fig.
1. Similarly, all configurations employed the same rigid struts at locations
H4 and H23. These are horizontal struts in the z direction and they were
intended primarily to ensure that the input motions of the actuators at H5
and H25, respectively, are only along the x direction.

Support System Design

The seismic excitation for the design of both the systems considered here
was based on the HDR floor response spectrum, shown in Fig. 3, for the
prescribed SSE (Safe Shutdown Earthquake) floor response with a ZPA
(Zero Period Acceleration) of 0.6 g. An artificial displacement history of 15
s duration, was generated from this spectrum, as the actuators were
displacement controlled. This history, shown in Fig. 4 was prescribed to
control each of the two actuators for 100% SSE excitation.

It must be emphasized here that for the SHAM tests, the only piping design
parameters to be determined were the locations and sizes of the dynamic
supports because the rest of the piping system was preexistent. For the
NRC configuration, the design objective was to determine the location and
sizes of snubbers and struts as in a typical U. S. nuclear power plant design.
The provisions of ASME Boiler and Pressure Vessel Code's Section III,
Division 1 - Subsection NC (for Class 2 Components) governed the design



and Level C Service Limits were assumed to be applicable. The damping in
the system was assumed to be per the PVRC (Pressure Vessels Research
Council) criteria. Two separate analyses were made (using the Response
Spectrum Method with the NUPIPE II program) each for a different design
excitation. In the first, the prescribed SSE excitation was applied along all
the three directions at all supports, assuming hot conditions and the actual
operating pressure of 7 MPa. In the second, the SSE excitation was applied
only at the two actuator locations, H5 and H25, and only along x direction at
these points, thus representing the test loading conditions. The results of
the two analyses were enveloped and the enveloped stress resultants were
used to ensure that Equation 9, NC-3650. was satisfied. The supports
themselves were sized to have the design capacity to sustain the support
forces determined only from the analysis for the two-point SSE excitation of
the tests.

The design objective for the KWU configuration was to size the struts H9,
H10, and H l l (see Fig. 2) so that the pipe stress, computed per ASME Code
Equation 9, are within a conservatively defined allowable stress. A different
allowable stress from that for the NRC- configuration was used by KWU, its
value being essentially that for the austenitic pipe material at ambient
temperature and Service Level B Limits. The design analysis was performed
only for the actual test conditions for the 100% SSE loading. The time
history analysis was performed with the KWU-ROHR program assuming
proportional damping for the system with cc=O. 83776, and P= 0.001081
(giving about 3% at 5 Hz and 4% at 10 Hz). The struts again were sized very
conservatively using nominal load capacities for Level B Service Limits.

Table 1 gives a summary of the pipe stress results at selected locations
showing the values obtained by Equation 9 of ASME code. The locations at
which the stresses are calculated are shown schematically in Fig. 5. Note
that the allowable stresses used for the KWU system are higher than the
pnes for the NRC configuration even though the Equation 9 stresses are
actually smaller for the KWU configuration for most locations. The allowable
stresses for the NRC configuration correspond to Level C Service Limits for
hot condition, whereas those for the KWU configuration correspond to Level
B Service Limits for cold pipe.



Table 1. Design Stresses (in MPa) per Equation 9 of ASME Code

Location

RA766

Elbow 3

QA100

Elbow 1

QA102

QA103

QA106

QA104

RA764

Elbow 5

RA763

Elbow 2

RA760

New Tee

NRC Configuration

ASME Eci. 9 Allowable Stress

99

119

132

176

93

73

52

65

85

103

81

91

134

165

217

217

217

217

217

217

217

217

171

171

171

171

171

171

KWU Configuration

ASME Ea. 9 Allowable Stress

83

103

168

76

64

57

62

73

88

121

87

247

247

247

247

Table 2 gives a summary of the design results for the support forces.
Because of their apparent defectiveness, observed early in the tests, all
Anchor Darling snubbers were substituted with corresponding PSA snubbers
for some tests only. The details of such and other modifications from the
design will be discussed in the next section. The rated Level C capacity for
the supports is also shown in the table. Since the KWU design was not
according to the same ASME Code conditions as those for the NRC
configuration, the nominal capacity given for the Grinnell Size B strut is
different from that used in the design of the NRC configuration, and actually
corresponds to Level B Service Limits.

The selection of Size B struts for the KWU configuration makes for
somewhat of an overdesign since the nominal capacity is about 2.5 to 3
times that dictated by calculated forces. If we use the Level C capacity as the
rated capacity (as is appropriate for an SSE condition), then the overdesign
factor becomes as high as 4. This caveat must be borne in mind in
considering the true margin for these struts.



Table 2. Support Forces (in kN) from Design Calculations (for 100% SSE)

Support Type
and Designation

Strut H3

Strut H9

Strut H10

Strut HI 1

Snubber H2

Snubber H6

Snubber H7

Snubber H8

Snubber H12

Snubber H22

NTRC Configuration

Calculat-

ed Force

4.6

1.9

1.4

2.0

6.3

3.3

4.5

2.7

1.2

2.0

Manufacturer *
and Size

GrinneU. B

Grinnell. A

Grinnell. A

Grinnell. A

PSA. 1

PSA. 1/2

AD. 150

AD. 70

AD. 40

PSA. 1/4

Level C
Canacitv

8.9

3.8

3.8

3.8

9.3

3.9

9.3

3.9

2.2

2.2

KWU Configuration

Calculat-

ed Force

2.5

2.3

2.2

Manufacturer *.

and Size

Grinnell. B

Grinnell. B

Grinnell. B

Mominal
Capacity

6.7

6.7

6.7

Tests For Margins Determination

A large number of tests were performed with the VKL piping with the
different support configuration. Of these, only the ones that are pertinent to
the present subject will be discussed here. Table 3 shows the relevant tests
performed on the NRC and KWU configurations.

As may be noted from Table 3, the tests covered a very large range of
excitation levels. The SSE excitation is denoted as 100% SSE loading level.
For the higher levels of loading, the amplitudes of the displacement
histories were simply scaled up. Thus, for instance, the ZPA of the response
spectrum corresponding to the 800% level would be 4.8 g.

In the very first test on the as-designed NRC configuration (not listed in
Table 3), apparently defective Anchor Darling snubbers malfunctioned, and
so all of them were replaced with equivalent rated Pacific Scientific
snubbers (see Table 2). The tests T41.31.2. T41.31.3, and T41.31.5 were
thus performed with all snubbers of PSA manufacture.



Table 3. Seismic Tests Performed on KWU and NRC Configurations

Test

Designation

T41.21.1

T41.21.3

T41.21.2

T41.21.4

T41.21.5

T41.21.6

T41.31.2

T41.31.3

T41.31.5

T41.81.2

T41.81.3

Configuration

KWU

KWU

KWU

KWU

KWU

KWU

NRC

NRC

NRC

NRC (Modified)

NRC (Modified)

Level of Loading.

as % of SSE

100

200

300

400

600

800

100

200

300

600

800

For the higher level loading tests, modifications to the NRC configuration
became necessary. First, to prevent an atypical or artificially engineered
failure of the Elbow 3 (see Fig. 5), the region near this elbow was reinforced
by welding a short, stiff, box beam that connected the pipe above the elbow
to the DF16 manifold. Secondly, for the 600% and 800% SSE tests all
snubbers except H6 were changed to conform to the support configuration
shown in Table 2. A new set of Anchor Darling snubbers were obtained for
this purpose. The snubber H6 was changed to the size PSA 1. This
configuration is denoted as NRC (Modified). The NRC configuration was
further altered by the failure of three snubbers during T41.81.2 (600% SSE).
The last test, T41.81.3 (800% SSE) was performed without replacing the
failed snubbers to study the effect of progressive loss of supports on pipe
strains.

The modification of the NRC configuration for the high-level tests had an
adverse consequence on the usefulness of the tests for margin
determination. The pipe stresses or strains in the high level tests could not
be used for direct comparison with the design values because of the changes.
The highest level test for the NRC configuration, the results of which
indicate any margin for pipes, is thus the 300% SSE tests. The higher level



tests could yet serve a useful purpose to show the excess capacity in the
struts and snubbers beyond their rated capacity.

TEST RESULTS:

Peak Responses

In the high level loading tests, strains at many locations exceeded the
nominal strain at yield, which is about 0.3%. In test T41.21.6. the 800%
SSE test on the KWU configuration, the highest strain recorded reached
about 1.3%. This shows that there was significant local plastification of the
pipe, but no local rupture or plastic collapse occurred in the pipe.

In general the pipe stresses at 100% SSE loading were on the order of one-
half of the code limits for the NRC configuration and somewhat less for the
KWU configuration. Allowable stress limits were reached only at load levels
of 300% SSE. At the extreme loadings (800% SSE), the equivalent elastic
peak stresses in the pipe material were about three times the allowable
value with local plastification and strains on the order of 1%; however, no
failure of piping occurred.

Table 4 gives the peak forces experienced by the supports. In reading Table
4f it must be noted that for some snubbers, the actual size used might be
different from that shown in Table 2, as described earlier.

The design calculations in general underpredicted the peak dynamic
support forces as may be seen by comparing the peak forces measured in
tests T41.21.1 and T41.31.2, given in Table 4, with those from the design
calculations, given in Table 2. The forces in three snubbers, H6, H7, and
H8, in the NRC configuration had already exceeded the rated capacity (for
Level C Limits) at the design load of 100% SSE in T41.31.2. At 200% SSE,
in T41.31,3, almost all of the peak snubber forces exceeded the rated
capacity, in some cases by as much as a factor of three.

Two snubbers, H6 and H8 (both PSA 1/2), failed to function during the
300% SSE level test, T41.31.5. The snubbers H8, H12, and H22 failed due



Table 4. Peak Support Forces (in kN) Measured in Tests

Support
Strut H3
Strut H9
Strut H10
Strut HI 1
Snubber H2
Snubber H6
Snubber H7
Snubber H8
Snubber H12
Snubber H22

T41.21.1

2.8
3.5
4.5

T41.21.3

5.99
8.43
7.11

T41.21.2

9.4
11.8
10.5

T41.21.4

11.0
14.2
11.0

T41.21.5

17.0
18.0
14.6

T41.21.6

17.5
26.0
18.0

T41.31.2
6.7
1.7
2.3
4.2
3.3
5.6

11.1
6.1
1.1
1.9

T41.31.3
21.1

2.8
5.3
7.3
D.2
8.3

18.1
10.6
3.4
5.1

T41.31.5
29.3

3.8
8.6
9.6

13.5
1.8

29.0
4.5
5.5
5.6

T41.81.2
45.5

9.5
14.0
14.1
22.5
24.0
51.5

7.6
5.0
8.0

T41.81.3
60.0
18.0
21.5
20.3
21.0
42.0
60.0

Absent
Absent
Absent



to overload at the 600% SSE test. They were not replaced for the 800%
SSE test in which the snubber H7 failed. No failures of rigid struts occurred
even at load levels of 800% SSE. in tests T41.21.6 or T41.81.3.

Margins Against Failure

The safety margin against failure may be defined in more than one way. It
could be defined as the ratio of the loading at failure to the design loading.
Or it could be defined as the ratio of capacity at failure to rated or design
(i.e. allowable) capacity.

In any case it is first necessary to define what constitutes failure. In the
present case we define failure as rupture or collapse for the pipe,
mechanical malfunctioning or rupture for the snubber and rupture for the
rigid strut. According to this definition the only failures that were observed
in the tests of interest here were those of snubbers.

All the definition of margins also involve some design parameter as the basis.
The design condition was assumed to be the 100% SSE excitation for both
the configurations. However, for the NRC configuration the pipe stresses
were also limited by the 3-D seismic excitation condition in addition to the
100% SSE test loading. However, the support sizing was not influenced by
the latter loading case. Therefore, at least for support capacities, we can
define a margin based on the design excitation. It should also be
remembered that for the NRC configuration, the Level C allowable stresses
were based on hot pipe conditions. The KWU design, on the other hand,
was based on cold pipe conditions and Level B allowables were used for the
pipe stresses and support forces.

The use of different service conditions in the design of the two different
configurations makes it necessary to redefine a common basis for
comparison purposes. The most appropriate basis for the 100% SSE,
ambient temperature test condition are Level C Service Limits. Therefore
for the purpose of margins computation, the design loading is 100% SSE
and the design allowables are to be based on Level C Service Limits. For the
above conditions, based on material properties given in the German DIN
standard, the allowable Equation 9 pipe stress is 285 MPa for the steels
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used. The rated capacities for struts and snubbers are the Level C Capacity
values given in Table 2.

From Tables 1 and 2. we note that the governing pipe stresses/ support
forces calculated in the design analysis were for the most part significantly
below the design allowables as defined in the previous paragraph. This
means that the systems are overdesigned to some extent even for the design
loading. Therefore it seems appropriate to adjust the margins based on the
loading level by an overdesign factor, this factor being defined as the ratio of
the allowable stress/force to calculated maximum stress/force at design
loading. From Table 1, we see that the stress overdesign factor for the NRC
configuration is 1.62 (i.e. 285/176), and that for the KWU configuration is
1.70 (i.e. 285/168). Table 5 gives the factors for the struts and snubbers,
which is simply the Level C Capacity divided by calculated force.

Table 5. Overdesign Factors for Support Members

Support Type

and Designation

Strut H3

Strut H9

Strut H10

Strut HI 1

Snubfaer H2

Snubber H6

Snubber H7

Snubber H8

Snubber H12

Snubber H22

NRC Configuration fForce in kN)

Calculat-

ed Force

4.6

1.9

1.4

2.0

6.3

3.3

4.5

2.7

1.2

2.0

Level C

Capacity

8.9

3.8

3.8

3.8

9.3

3.9

9.3

3.9

2.2

2.2

Overdesign

Factor

1.93

2.00

2.71

1.90

1.48

1.18

2.07

1.44

1.83

1.1

KVVU Configuration fForce in kN)

Calculat-

ed Force

2.5

2.3

2.2

Level C

Capacity

8.9

8.9

8.9

Overdesign

Factor

3.56

3.87

4.05

The lowest level of loading at which any snubber failure occurred was at
300% SSE level. Therefore the smallest margin for a snubber may be
defined as 3. If we adjust this margin by the overdesign factors, which are
1.18 for H6 (PSA 1/2) and 1.44 for HS (PSA 1/2), the lowest margin against
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snubber failure drops to about 2. More snubber failures occurred at 600%
SSE loading, giving a margin of 6. After adjusting for overdesign, the
margins become 4.17 for H8 (AD 70). 3.28 for H12 (AD 40). and 5.45 for
H22 (PSA 1/4). One snubber. H7 (AD 150). failed at the 800% SSE test,
and after adjusting for overdesign, its margin becomes 3.86.

Based on the loading level, all the struts had at least a margin of 8. since
they did not fail even at the 800% SSE level for either configuration. If we
adjust this by the overdesign factors, the lower bound for margins ranges
from about 2 for HI 1 (Grinnell Size B) in KWU configuration to about 4.2 for
HI 1 (Grinnell Size A) in the NRC configuration.

On the other hand if we use a different definition of margin, i.e. the ratio of
the peak force in a support at or before failure to its rated Level C Capacity,
Table 6 gives the margins calculated from the peak values listed in Table 4 .
For supports that did not fail at all, the highest force it experienced divided
by its rated capacity is defined as the lower bound of the margin.

Generally the margins defined as in Table 6 are higher than those defined
on the basis of loading level. It must be noted that the margin applies only
for the snubbers that actually failed (indicated with asterisks). For the struts
and other snubbers that never failed the margin shown is only a lower
bound. We note again that the lowest margin against snubber failure is only
about 2. On the other hand, the struts have a large margin, in the range of
5.66 to 6.74.

The margin against pipe failure will now be addressed. First let us consider
the margin based on loading levels. In both the configurations no pipe
failure occurred even at the 800% SSE loading level. However, the
modification of NRC configuration after the 300% SSE test poses a problem
in that a change was made from the original design making the original
design considerations invalid for higher level loading. We could only state
that the lower bound for margin against pipe failure is at least 3 for NRC
configuration and at least 8 for the KWU configuration. If we adjust these
values by the overdesign factors, the lower bounds drop to 1.85 for NRC
configuration, and 4.71 for the KWU configuration.

12



Table 6. Margins for Support Members Based on Measured Peak Values

Support Type and

Designation

Strut H3 (Grinnell B)

Strut H9 (Grinnell B)

Strut H10 (Grinnell B)

Strut HI 1 (Grinnell B)

Strut H9 (Grinnell A)

Strut H10 (Grinne'l A)

Strut HI 1 (Grinnell A)

Snubber H2 (PSA 1)

SnubberH6(PSAl/2)

Snubber H6 (PSA 1)

Snubber H7 (PSA 1)

Snubber H7 (AD 150)

Snubber H8 (PSA 1/2)

Snubber H8 (AD 70)

Snubber H12 (PSA 1/4)

SnubberH12(AD40)

SnubberH22(PSAl/4)

Force, in kN
Peak

Meas.

60.0

17.5

26.0

18.0

18.0

21.5

20.3

22.5

8.3*

42.0

29.0

60.0*

10.6*

7.6*

5.5

5.0*

8.0*

Level C

Capacity

8.9

8.9

8.9

8.9

3.8

3.8

3.8

9.3

3.9

9.3

9.3

9.3

3.9

3.9

2.2

2.2

2.2

Margin

6.74

1.97

2.92

2.02

4.74

5.66

5.34

2.42

2.13

4.52

3.12

6.45

2.72

1.95

2.50

2.27

3.64

Configu-

ration

NRC

KVVU

KVVU

KVVU

NRC

NRC

NRC

NRC

NRC

NRC

NRC

NRC

NRC

NRC

NRC

NRC

NRC

Load Level. % S S E

for peak

800

800

800

800

800

800

800

600

200

800

300

800

200

600

300

600

600

for failure

300

800

300

600

600

600

* indicates value to be the peak ever reached before snubber failed

Difficulties arise if we define the margin against pipe failure as the ratio of
stress at failure (or maximum stress reached in case of no failure) to
allowable stress. These difficulties relate to defining the stress at failure. To
be comparable with the allowable stress, this stress would have to be
computed from the expression on the left hand side of Equation 9.
However, because the pipe material had exceeded yield stress in the high-
level loading tests, using formulas valid only for elastic behavior for obtaining
this expression would not be consistent.

It seems more appropriate to use the peak strains recorded during the tests
an indicator of excess capacity. The highest strain recorded in the 800%
SSE test for the KWU configuration was 1.3%. For the pipe materials, the

13



total strain at nominal yield is about 0.3%. Thus, the peak pipe strains
exceeded four times the strain at yield. While this is not defined as the
margin for pipe, it shows that the ductility of the pipe provides a large
margin against pipe failure.

CONCLUSIONS:

The simulated seismic experiments conducted on the prototypical VKL in-
plant piping system clearly demonstrate the inherent ruggedness of piping
systems under extreme earthquake loadings. However, the nonprototypical
loading makes the quantification of seismic margins problematical. If input
loading level is used as a basis, then a seismic margin of at least eight can be
deduced for the entire piping system. If allowance has to be made for
possible overdesign, the lower bound for the margin may drop to about four.
It should be emphasized that since there was no pipe failure, the above
figures are merely lower bounds and that the real margin against pipe
collapse could far exceed them.

For snubbers, the seismic margin could be as low as 2, even though for some
snubbers it could be higher than 6. If instead of Level C Limit allowable, one
uses the nominal or Level B rated capacity, the margins would be higher
than those given here. Since none of the struts failed, only a lower bound
for the margin can be given. This lower bound varied from about 2 to 6
based on Level C capacities. Obviously, the margins would be higher, if Level
B capacities were used to calculate the margins.

Margins for the piping based on allowable stresses are estimated at 300%,
but are questionable because of pipe plastification. On the other hand, the
piping readily sustained strain levels that exceed four times the the strain at
yield. Thus the results clearly demonstrate that even at extreme loadings
and despite the failure of multiple dynamic supports, piping failure is very
unlikely.
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