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ABSTRACT

General Design Criterion 1 of Appendix A to Part 50 of
Title 10 of the Code of Federal Regulations requires, in
part, that structures, systems, and components i::romm
to safety be designed o withstand the effects of earth-
quakes without a loss of capability to perform their safety
function. The function of a piping system 1 10 Convey
fluids from one location to another. The functional capa-
bility of a piping system might be lost if, for example, the
cross-sectional flow area of the pipe were deformed to

B e o b o

i

such an extent that the required flow through the pipe
would be restricted.

The objective of this report i 1o examine the present
rules 'n the American Society of Mechanical Engineers
Boiler and Pressure Vessel Code, Section 11, and poten-
tial changes to these rules, 1o determine if they are ade-
quate for ensuring the functional capability of safety-
related piping systems in nuclear power plants.
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NOMENCLATURE

Code stress indices

pipe mean diameter

pipe outside diameter

resultant moment, used in Code Equation (9)
calculated limit moment

maximum measured moment

internal pressure

calculated scress based on elastic response

spectrum analysis with + /-15% peak broaden-

ing and with either 2% or 5% damping

vi

Sh
Sm
Sp
Sw
Sy
'

Z

Code allowable stress, Class 2 piping

Code allowable stress intensity, Class 1 piping
v tress due 1o internal pressure PD,/2t

stress due to weight

yield strength of material

wall thickr 38

nominal section modulus of piping component

Other symbols are defir < where used in text or tables
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1 INTRODUCTION

General Design Criterion 1 of Appendix A to Part 50 of
Title 10 of the Code of Federal Regulations (10 CFR)
requires that structures, systems, and COmpONEnts impor-
tant to safety be designed to withstand the effects of
carthquakes without a loss of capability to perform their
safety function. The function of a piping system is to
convey fluids from one location to another. Sizing of the
pipe usually involves a compromise as Size increases
between increasing installed costs and decreasing pres-
sure drop. Functional capability of a piping system might
be lost if, for example, displacements were large enough
to “crimp” a pipe cross section and thus reduce the flow
area.

The Code* does not address the functional capability of
piping systems; rather, it addresses pressure boundary
integrity. Accordingly, it does not necessarily follow that
meeting Code rules will ensure functional capability.

The objective of this report is to examine present Code
rules, and potential changes to these rules, to see if they
are sufficient to ensure maintenance of functional
capability.

*“Code” as used in this re refers 1o the Amenican Society of Me-
chanical Engineers (ASME) Boiler and Pressure Vessel Code (Ref. 1),
Portions of the Code are identified as they ':P'ur in the Code (e.g.,
NB-13652). For the purpose of this report, NC-3600 (Class 2 piping)
and ND-3600 (Class 2 piping) are identical, hence, reference s 1o
NC-3600 for Class 2 piping.
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2 BACKGROUND

2.1 Present Code Rules

Primary loads, such as internal pressure and weight, in
combination with other loads such as those duz to earth-
quakes are controlled® in the Code by Equation (9) in
NB-3652 (Class 1 piping) and Equations (8) and (9) in
NC-3652 and -3653.1 (Class 2 piping). These Code equa-
tions are

BPD, 12+ BMi/Z < lesser of XxSxor Y8y (1)

The symbois are defined in the “Nomenclature™ section
of this report. The values of X and Y are

Class 1 Piping Class 2 Piping
X ¥ T

Condition

Design 1.5 — : I —
Level A - - 1.8 1.5
Level B 1.8 1.5 1.8 1.5
Level C 2.2 1.8 .28 1.8
Level D 3.0 2.0 3.0 20

In Equation (1), Sx = Sm (allowable stress intensity) for
Class 1 piping, and Sx = Sk (allowable stress) for Class
piping. Values of Sm are usually greater than those of Sk.
For example, for SA106 Grade B carbon steel at 500°F,
Sm = 189 ksi, while $4 = 15.0 ksi. However, for aus-
tenitic stainless steels at elevated temperatures, Sm is
almost the same as Sk; for example, for SA312 Type 304
stainless steel at 650°F, Sm = 16.2 ksi, and Sh = 15.9 ksi.
The material yield strength, Sy, i 17.9 ksi; thus, Sm/Sy =
Skisy = 0.9,

It should be emphasized that the resultant moment am-
plitude, Mi, includes both steady-state loads, such as
weight, and dynamic loads, such as those caused by earth-
quakes. In Level D applications, the dynamic loads have
usually been the major contributor to Mi. However, in-
creasing the Level D stress hmits is being considered. This
possibility, along with the use of higher (¢.g., $%) damp-
ing in evaluating the response of piping systems to dy-
namic loads, makes it more important to recognize that
Mi represents combinaiions of steady-state loads with
dynamic loads.

*In NB-3658 and NC-3658, rules are given for the analysis of flanged
joints. These rules are based on the prevention of excessive leakage at
the joints. Because loss of functional capability of a flanged joint (with-
out loss of pressure boundary mtegrity) is deemed to be incredible, the
rules for flanged jownts are not considered any further in this report.

fad

2.2 Nuclear Regulatory Commission’s
Position on Piping Functionality

In the carly 1970s, the stress limit of 35m was considered
10 be quite high, relative to prior stress limits used in
piping design. For example, the industrial piping code,
USAS B31.3-1967 (Rel. 2), permitted stresses of 1.2x5h
for loadings acting not more than 1% of the time. (Earth-
Quake loadings fit in this category.) The concerns of the
U.S. Nuclear Regulatory Commussion (NRC) related to
functional capability of piping with the 35m limit resulted
in the preparation of NUREG/CR-0261 (Rel. 3).

Reference 3 includes summaries of available data on
static load capacities of straight pipe, elbows, branch con-
nections, tees, and other piping components. In this refer-
ence, several changes in B-indices were suggested:

(1) Restnict application of B-indices to ), /r < S0 (be-
cause of the buckhing of strmght pipes with
Dy it > 50).

(2) Decrease B, for etbows from 1.0 to (0.5.
(3) Decrease B; for elbows from 0.75xC, to 0.67x(;

(4) Decrease By, [or branch connections from 0.75xCy,
10 0.50xC5 .

However, the datain Reference 3 indicated that Equation
(1), 35m limit, as applied (o straight pipe (B, = 0.5, 8, =
1.0), was the lcast defensible from the standpoint of static
load capacity. For straight pipe, limit load theory (con-
firmed by cited tests) gives the bending moment, M, , at
zero pressure of

M; = (4/m) ZSy 2)

For austenitic stainless steels at elevated temperatures,
Sm = 0.98y. Equation (1) with a 3Sm limit would permit
application of a moment of 2.7/(4/m) = 2.1 times the
static bending limit moment. In Reference 3, it was sug-
gested that the Level D limit be made the lesser of 38m or
28y.

From the standpoint of functional capability, the 25y limit
is not defensible if M in Equation (1) comes from static
loads such as weight or steady-state relief vaive thrust,
Thus, Reference 3 indicated that even the 28y Level DD
limit was not clearly defensible for assurance of func-
tional capability.

NRC Standard Review Plan Section 3.9.3 (Ref. 4), Ap-
pendix A, states:

2.3 Functional Capability

The design of Class 1, 2, and 3 piping
compoenents shall include a functional capability
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assurance program. This program shall demon-
strate that the piping components, as supported,
can retain sufficient dimensional stability at serv-
ice conditions so as not o impair the system's
functional capability. The program may be based
on tests, analysis, or a combination of tests and
analysis.

The Mechanical Enginecring Branch of NRC's Office of
Nuclear Reactor Regulation prepared an intenim techni-
cal position on the functional capability of essential pining
systems® 1o serve as a guide for applicants in preparing
their functional capability assurance programs. In the
interim technical position, the staff indicated that meet-
ing Equation (1) with Level C limits was sufficient assur-
ance of functional capability for components with
Dg/t < 50.The applicant was to provide additional dem-
onstration for components using Level D limits and for
components with D/t > 50,

During specific plant reviews, applicants submitted other
methods of demonstrating functional capability to the
NRC. Among these was “Functional Capability Criteria
for Essential Mark I Piping” (Ref. 5), which included
guidance for components with D/t > 50,

It is apparent that functional capability assurance re-
quires, in addition to the Code rules, another set of evalu-
ations. An ideal solution to the problem would consist of
evidence that meeting the Code rules for piping (with
modifications discussed later) would also ensure the func-
tional capability of piping systems.

2.3 Nuclear Regulatory Commission
Piping Review Committee Report

Starting in early 1983, the NRC Piping Review Commit-
‘ee reviewed nuclear power plant piping in the context of
current regulations, regulatory guides, standard review
plans, and other pertinent documents. The results of the
review were published in late 1984 and early 1985 in
NUREG-1061 (Ref. 6), which consists of five volumes.

*Essential piping systems are piping systems that are necessary (1) for
safe shutdown of the plant and for maintaining the plant in a sife shut-
down condition or (2) for preventing or mitigating the consequence of
anaceident that could result in potential oftsite exposires exceeding the
guidelines of 10 CFR Part 100. Pipig systems that are not essential do
not require ¥ functionality evaluation.
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Functional capability of piping is discussed in Section
2.8.5 of Volume 2 of NUREG-1061. By 1984, sufficient
carthquake-type-loading test data were available to indi-
cate that earthquake loadings on piping systems, in the
absence of high static loads, would not cause “collapse”
(large plastic deformations) of piping systems. A staff
consultant suggested that functionality capability could
be ensured by meeting Equation (1) with Level D limits
(lesser of 38m, 2Sy), provided at least one-half of the
stress in Equation (1) came from earthquake-induced
loadir. 2s.

The Piping Review Committee, at that time, was not
ready 10 endorse the consultant’s recommendation and
recommended the following:

The functionality criterion for piping will be
maintained. Current ASME Code Class 1 or
Class 2 stress evaluation procedures, not to ex-
ceed Level C limits, will be used. These limits are
similar to those now being used on a case-by-case
basis to satisly the functionality criterion. It is
recommended that the upcoming EPRI [Electric
Power Research Institute]/NRC pipe tests be
evaluated to confirm that position and to deter-
mine whether it is appropnate to use the current
higher Level D scress limits.

The EPRI/NRC tests have now been completed; see Sec-
tions 4 and 5 of this report. The remainder of this report
consists of evaluating the EPRINRC tests, along with
other dynamic loading test data, to determine whether it
is appropriate to use the current Level D stress limit for
ensuring the functionality of piping systems.

2.4 Relevance of Tests to Piping
Functional Capability

A significant aspect of the test data is that, with one
exception discussed in Section 4.6, none of the tests re-
sulted in loss of functional capability. Thus, the staffs
evaluations are based on the premise that the test data
provide lower bounds on combinations of steady-state
(e.g.. weight) and dynamic loadings that will not cause loss
of functional capability. This lower bound premise may
introduce conservatisms in the stafl’s recommendations.
But, as will become apparent in the following discussions,
the premise leads to a significant relaxation of the present
NRC position on functionality.



3 BEANEY DYNAMIC LOADING TESTS ON STRAIGHT PIPE

E. M. Beancy of the Berkeley Nuclear Laboratories in the
United Kingdom has conducted a series of dynamic load-
ing tests on straigh. pipes. on straight pipes with stress
concentrations, and on straight pipes with discrete com-
ponents. The reports by Beaney of particular relevance to
functional capability are References 7, 8, 9, and 10.

3.1 Relationship Between
Accelerations and Moments

Figure 1 illustrates the test arrangement used by Beaney.
Table 1 is a summary of the matenial types, material yield
strengths, and pipe dimensions. A sinusoidal dynamic
input was applied to the pipe ends as indicated in Figure
1. The tests of direct interest herein were run with the
sinsusoidal input frequency equal to the fiest mode natu-
ral frequency of the pipe; that frequency is shown in Table
1. Some tests were run with internal pressure in the pipes,
as indicated in Tabie 1.

Figure 2 shows the test results from Relerence 8. The
input amplitude was increased o about 3g; the response
acceleration, g, at the midspan of the pipe (se¢ Figure 1)
was measured. The relationship between moment and
resp onse acceleration derived by Beaney is

M = [3BGEL/(4L2%))g, 3

where M = moment at midspan of pipe, in.-lb

E = modulus of elasticity, psi (3E + 7 psi used
herein)

I = moment of inertia of pipe cross section, in.4
= length of pipe, in. (see Figure 1)
= [requency of input during testing, Hz

gr = response acceleration

For example, Equation (3) as applied to Test 1 of Refer-
ence 8 gives

M = 386x3E7x0.01263/(4x147.22x52)
= 67.5 in.-lb per unit g,
Having a relationship between M and g,. the g, corre-
sponding to the theoretical limit moment, M, can be
calculated as follows. The limit moment (in.-ib) for

straight pipe 18

My = DSy (4)

where D = pipe mean dameter, in.
t = pipe wall thickness, in.
Sy = yield strength of pipe material, psi

andg ,; , the response acceleration correspending (o My,
18

gri = Mp/(Mlg,) (5)

For example, Equations (3), (4), and (5) as applied to Test
1 of Reference 8 give

g1 = 0.96429x0.03583x43200/67.8 = 21.3
(& units)

3.2 Comparisons with Theoretical
Limit Moments

Figure 2 shows g . for each of the five tests of Reference
8. It can be seen in this figure that, since g o corresponds
to My, the limit moment is an approximate upper bound
to the moment that could be sustained in these dynamic
loading tests. (Test § is anomolous m that the applied
moment did not exceed about 65% of the limit moment.)

Equation (1), for zero pressure, 28y limit, permits the
application of a bending moment that is about 1.6 times
the limit moment. Thus, the results shown in Figure 2
present a paradox: If applied moments in a piping system
are accurately calculated, then Equation (1), with a 28y
limit, does not place any limit on input accelerations.

Of course, to accurately calculate moments due to dy-
namic loads that are high enough to cause gross plasti:
response, an elastic-plastic analysis would be required.

3.3 Comparisons with Elastic Analysis

An elastic-plastic analysis of piping systems is within the
state-of-the-art. However, in the past and, the staff be-
lieves, foreseeable future, for pip..ig system analysis, an
elastic analysis has been and witl continue to be used and,
for earthquake loadings, an elastic response spectrum
analysis with +/-15% peak broadening and not more
than 5% dampmg. Thus, it is pertinent to evaluate
Beaney's test results in relation to elastic analysis, as
described below.

Beaney's tests were run with an essentially constant fre-
quency input. The inpul “response spectrum™ is a single-
value acceleration at the test frequency: peak broadening
is meaningless. Because the pipe response is similar to
that of a single-degree-of-freedom dynamic structure,

NUREG-1367
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£ = 2120 (6)

where gy = acceleration at pipe midspan

£ = mput acceleration
L = damping factor

Figure 2 shows lines representing 1/2%, 1%, 2%, and 5%
damping. It can be seen in this figure that, for low-level
input, the responses correspond to about 1% damping.
However, for high-level input, the response is much less
than that indicated by an elastic analysis, even for %
damping. It is this aspect of an elastic analysis that makes
Code Equation (9) [Equation (1) herein) highly conserva-
tive for reversing dynamic loads.

Equation (1), for zero internal pressure, By ~ 1.0
(straight pipe), in ¢_ajunction with Equations (3) and (6),
can be written as

MIZ = § = (Mlg, g2ZL )

For example, Equation (7) as applied to Test 1 of Refer-
ence 8 for the highest test level of g (= 3.6), 29% damping,
gives

§ = 67.53.6/(2x0.02526x0.02) = 240,500 psi.
amplitude

Forcomparison with the Code Level D limit, the 25y limit
(not 385m) will be used because Sy relates directly to limit
load theory. The ratio of $ 1o 28y is thus a direct indication
of the test dynamic loadings to the dynamic loadings per-
mitted by the Code with a Level D stress allowable of 28y.
For example, for Test | of Reference &, Sy = 43,200 psi;

SI28y = 240500/(2x43200) = 2.78

Thus, for Test 1 of Reference 8, the maximum input of
3.6¢ is equivalent to 2.78 times the Code Level D allow-
able.

Table 2 gives values of §/28y for all of References 7, 8, 9,
and 10 tests. Because collapse did not oceur in any of
these tests, the $/28y values in Table 2 suggest that, for
piping functional capability assurance, Equation (1) with
limits of about the following is appropriate, provided the
moment used in Equation (1) is almost entirely a revers-
ing dynamic moment.

Analysis Damping, % Stress Limit

2 108y
5 45y

Specifically, the column in Table 2 headed “Sw/Sy”
(weight stress/yield strength) supports the use of 108y

NUREG-1367
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(2% damping) or 45y (5% damping) only if the stress due
o weight or other steady-state stress does not exceed
about 0,155y,

3.4 Weight Stresses

Table 1 includes a column headed “Test Plane.” A“V"in
this column indicates that the dynamic loading is in a
vertical plane as indicated by Figure 1. With this test
arrangement, the weight stress adds 1o the maximum
dynamic moment in the downward-displaced position. An
“H" in this column indicates that the actuators were ro-
tated 90° from the plane indicated by Figure 1, With this
test arrangement, the maximum weight stress is 90° from
the location of maximum dynamic moment.

Figures 3 and 4, which show strain at pipe midspan and
deformed shape and permanent strain after tests, respec-
tively, are from Reference 7. As indicated in Table 2, the
weight stress at the pipe midspan was 0,118y, This weight
stress was sufficient to induce biased strains (Figure 3)
and a post-test deformed shape (Figure 4). This magni-
tude of deformation is well below that which will impair
functional capability.

Figure 5, which shows mean stram as a function of input
acceleration, s from Reference 8. The column in Table 2
headed “Sw/Sy" indicates the weight stresses at pipe
midspan. Other than ‘Test 4, which showed the largest
SwiSy and the highest mean strain, there is no obvious
correlation between Sw/Sy and mean strain. In Test 4 high
mean strains of about 1.9% were developed; however,
these were not suflicient 1o indicate any significant loss of
functional capability. Figures 3, 4, and 5 serve as a warn-
ing that weight and other steady-state stresses must be
appropriately limited if Code Equation (9) with limits
such as 108y (2% damping) or 4Sy (5% damping) is to be
clearly defensible.

In Reference 9, Bearey mentions that “the pipe sags due
to the one sided effect of gravity,” but does not give
quantitative data on the magnitude of the sagging.

Figure 6, which shows deformed shape of upper surface of
pipe, is from Reference 10. The buckling indicated in this
figure apparently occurred only in Test 16, during which a
pipe with Dg/t = 103/1.5 = 69 was tested. The pipe was
filled with water. The combination of large D/t rela-
tively high weight stress, and relatively low dynamic load
input (1.9¢) led to the inc ient buckling as depicted in
Figure 6. There is a bit of a mystery that Beaney noted but
did not explain: Why did signs of buckling occur in Test 16
but not i Test 157

The onset of buckling could pose a challenge to mainte-
nance of functional capability. Therefore, the staff rec-
ommendations in this report will be *hedged” by limiting
the applicability to Dy /t < 50, the is, the same D,/ limit
imposed by the Code on the applicability of B-indices.
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Pt

B SR S———— T ———

1.5 Pressure Stresses

Table 2, column headed “Sp/Sy,” shows the ratios of cir-
cumferential stress due 10 internal pressure 1o the pipe
material yicld strength.

Although internal pressure is significant with respect to
pressure houndary evaluation, Beaney's tests suggest that
internal pressure has little, if any, significance with re-
spect 1o functional capability. Pressure stresses are, of

wourse, uniform around the circumference of the pipe
and, thus, do not bias the displacement direction, in con-
trast to weight stresses, which may bias the displacement
direction.

Code Equation (9) |[Equation (1) herein)] includes the
pressure term B,PD,/2t; its continued use is expected in
any foreseeable Code rule changes for pressure boundary
evaluations.

NUREG-1367
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4 FLECTRIC POWER RESEARCH INSTITUTE, NRC, AND GENERAL
ELECTRIC COMPANY*TESTS OF PIPING COMPONENTS

4.1 Scope of Tests and Reported
Results

A wtal of 41 component tests were run. The types of
components included elbows, tees, reducers, straight
pipe, and fabricated branch connections. The tests are
described and ihe test results are given in Reference 11
Reference 11 results were supplemented by data pro-
vided in a letter from H. Hwang (General Electric Com-
pany) to E. C, Rodabaugh daied October 16, 1991 (avail-
able in the authot’s personal file).

Figure 7 shows a representative test arrangement with an
elbow as the test component. Dynamic loadings were
applied by motons applied to the sled. Numerous runs
were made in cach test. The run of main interest 1o
functional capabt y 18 (in most tests) an earthquake time
history applied 1o the sl=d, scaled up to the highest magni-
tude used in the test.

Reference 11 contains the results of measured moments
acting on the components, The measured moments were
derived from strain gages placed on the inertia arm (see
Figure 7). The inertia arm was sulficiently strong so that it
responded elastically in all tests. Thus, compansons can
be made between measured moments and theoretical
limit moments.

Of the results given in Reference 11, the most significant
with respect to functional capability consists of the caleu-
lated stress in the component at the highest magnitude of
sled input. These stresses were calculated using an elastic
response spectrum analysis, The response spectrum was
derived from the time-history input to the sled, using 2%
or §% damping. The analysis is based on +/-15% peak
broadening of the so-derived response spectrum and
gives the moment acting on the component. The calcu-
lated stresses can be compared with the Code Equation
(9) stress limit of 25y. If the ratio of calculated stress to
28y is greater than unity, the test indicates that, for func-
tional capability, an Equation (9) stress limit greater than
25y is defensible.

4.2 Comparisons with Theoretical
Limit Moments

4.2.1 Tests on Straight Pipe

Table 3 15 a summary of Reference 11 results for what the
stall deems to be essentially straght pipe tests. Only

*Subcontracted by EPRI 1o evisuate test results,

e e L )

Tesis 33 and 34 were, in fact, tests on straight pipe. How-
ever, in the tests of tees and reducers, the plastic response
was essentially in the pipes, not in either the tees of the
reducers.

The co'amn in Table 3 headed “M,,/M; " indicates that, as
in Braney's tests on straight pipes, the theoretical limit
monent is about as much moment as could be applied
when pipes are subjected to very high level, simulated
carthguake-type dynamic loads.

For Tests 15 and 34, Reference 11 gives data for several
runs. Figures 8 and 9 are plots of Tests 15 and 34. The
calculated moment represents a measure of the magni-
tude of the input, analogous to the g-input of Figure 2.
The measured moment represents the response analo-
gous to g, of Figure 2, convertible by means of Equation
(3) to a response moment. As in Figure 2, Figures 8 and 9
indicate a rapid increase in response moment at low-
magnitude inputs and a leveling off of response moment
at high inputs. Appendix A of Reference 11 includes a
column headed “DYN MOM LIM MOM," where

DYN MOM = maximum measured dynamic
moment

LIM MOM = calculated static limit moment

1t might seem that DYN MOM/LIM MOM should be the
same as M,/My in Table 3. This is approximately so,
except for the tee tests. For the tee tests, LIM MOM was
calculated in Reference 11 as

LIM MOM = D Sy/By, (%)

where by, is delined by the Code as 0.4(D/21)%2

The largest discrepancy exists for Test 11: DYN MOM/
LIM MOM = 2.4 compared with M,,/M; = (.65, For
Test 11, D = 6.491 in.. ¢ = 0.134 in., and Sy = 39.7 ksi.
By = 3.35 and Equation (8) gives

LIM MOM = 6.4912x0.134x39.7/3.35 = 67 in.-kip

The DYN MOM used was thal calculated at animaginary
location defined as the “tee center™; DYN MOM = 158
in.-kip. Thus, in Appendix A of Reference 11, DYN
MOM/LIM MOM = [58/67 = 2.36. In Test 11, essen-
tially all plastic response was confined to a narrow band of
the Schedule (Sch.) 10 branch pipe at ts juncture with the
tee. Thus, in the staff’s view, the ratio of 2.4 shown in the
appendix s misteading. From a functional capability
standpoint, however, the important aspect is that dis-
placements were not sufficient to cause any loss of fune-
tional capability.
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4.2.2 Tests on Elbows

Table 4 15 o summary of Reference 11 elbow tests. The
limit moment was calculated as follows:

My = 088" 0D Sy for P = 0 (9)

My = 0964 D 2tSy for P > 0

where i = elbow parameter = (RIF
t = elbow wall thickness
R = ¢lbow bend radius
r = ¢lbow cross-section mean radius

The hasis for Equation (9), for P = 0, is discussed in
Reference 3. 1t 1s based on an in-plane bending imit
moment, F = 0, theory developed by Spence and Findlay
(Ref. 12). The coefficient of 0.96 for P > () was suggested
by the staff (used in Reference 11) to approximate the
INCrease in moment capacity due to internal pressure,

Insofar as the stafl is aware, no closed-form theory exists
for an elbow limit moment with P > 0, or for an out-of-
planc or torsional moment. Existing elastic-plastic, finite-
element computer programs might be used; however, to
pick up the pressure effect and to distinguish between
in-planc closing and in-plane opening, such programs
would have 1o include finite displacement effects. Static,
n-plane moment tests show that the moment capacity for
in-plane closing s much less than for in-plane opeming.

For Tests 3 and 13, Reference 11 gives data for several
runs. Figures 10 and 11 are analogous to Figures 8 and 9,
which, in turn, are analogous to Figure 2.

Figure 11 shows responses that are similar to those of
Beaney's straight pipe tests, that is, rapid rise in response
at low-magnitude input, followed by a leveling off of re-
sponse at high-magnitude input. However, the leveling
off occurs at about two times M, rather than in the
vicinity of My, For dynamic equilibrium, the moment
capaaity of the elbow cannot be exceeded in either the
closing direction or the opening direction. Thus, a para-
dox seems 1o exist,

For Test 13, the paradox is resolved by considering the
actual wall thickness of the elbow that was tested. In a
tetter from H. Hwang (General Electric Company) to E.
C. Rodabaugh dated April 21, 1989 (available in the
author’s file) regarding dimensional measurements of
Reference 11 test components, H. Hwang provided wall
thickness measurements of the elbows used in the compo-
nent tests. The Test 13 elbow was nominally Sch. 40,
0.260-in. nominal wall thickness. The measured thick-
nesses ranged from 0.327 in. to 0.520 in. with an average
wall thickness of 0,425 in. Using the average wall thick-
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ness Changes the caleutated limit moment from 189 1o 380
in-kip. Then, M,/M; = 400/380 = 1.08.

Thus, Test 13, evaluated using actual average wall thick-
ness rather than nominal wall thickness, indicates thai
Equation (9) is & good indicator of in-plane dynamic mo-
ment capacity for a carbon steel elbow.

The average actual wall thickness of the Test 3 elbow was
0,156 in. compared with the nominal wall thickness of
(1.134 in. Using the average wall thickness changes the
calculated linit moment from 52.3 to 67 n.-kip. Then,
M /M = 163/67 = 2.43. Obwiously, the use of actual
wall thickness does not explain the seeming paradox for
Test 3.

However, evidence that the M,/Mr ratio for Test 3 is
credible can be seen in Figure 12, This higure includes

(1) static in-plane closing moment capacity test data
from Reference 3; see Table § herein

(2) dynamic in-plane moment capacity test data from
Reference 3; see Table § herein

(3) dynamic in-plane moment capacity test data from
Reference 11 see Table 4 herein

Figure 12 shows that Test 3 results are on the high side of
static test data, but are consistent with prior dynamic test
data; thus, the Test 3 results are credible.

At the other extreme of M, /My in Table 4, for Test 37,
My/Mp = 1.31. This is consistent with static test data for
pipe elbows with zero internal pressure. Test 3 and Test
37 elbows had the same nominal dimensions and were
made of the same heat of stainless steol material.

Code Equation (9) [Equation (1) herein), for zero pres-
sure. 28y limit, permits the application of a bending mo-
ment of about 1.6M; . Thus, the results for Test 37 indi-
cate that, if the upplied moments are accurately
calculated, Code Fquation (9) with a 28y limit does not
place any limit on dynamic (¢.g., carthquake-induced)
loads.

4.3 Comparisons with Elastic Analysis

In Section 4.2, measured dynamic moments and limit
moments were compared. The staff will now compare
caleulated stresses with a 28y stress limit. Calculated mo-
ments and/or stresses are given in Appendix B of Refer-
ence 11. These calculations are based on ¢lastic response
spectrum analyses using either 2% or 5% damping and
+/=15% peak broadening. The response spectra used
were derived from the time-history inputs to the sled; see
Figure 7.
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4.3.1 Tests on Straight Pipe

Table 6 1s a summary of the results of Reference 11 tests,
which the staff deems to be equivalent to straight pipe
tests. The staff will use Test 9 as an exampie to dlustrate
the significance of Table 6.

For Test 9, 2% damping, the calculated stress amplitude
1s 589 ksi. The material yield strength is 40.8 ksi. Thus,
§/2Sy = 589/81.6 = 7.22. Bypassing, until later, the ques-
tion of weight stress and pressure stress, Code Equation
(9) could be written as

BPD,2u+BMIZ < 14.448y

That is, looking only at Test 9, the Cade limit of 28y could
be increased to 14.448y, and, since no loss of functional
capability occurred in Test 9, the increased stress limit
would ensure functional capability.

Il the moments were 1o be calculated using 5% damping,
Test 9 indicates the Code Equation (9) limit could be
increased to 8.08y, but not necessarily any higher

A salient point is that the defensible stress limit for Code
Equation (9) 1s highly dependent on how the moments
acting on the component are calculated. For Test 9:

Defensible Code
Equation (9) Limit

——

Moments Calculated

Accurately, e.g., by elastic-plastic

analysis 1.38y
By elastic analysis, 2% damping 14,485y
By elastic analysis, §% damping B.0Sy

Appendix A of Reference 11 includes a column headed
“INPUT X/LEVEL D"

where INPUT X = calculated stress using linear
response spectrum analysis, 2%
damping, +/-15% peak broad-
ening, and actual sled input.

Steess = B,MIZ.

LEVELD = 38m = 60 ksi,
In the following, for brevity, this ratio is designated as
XID.

In Table 6, the analogous ratio is $/28y, 2% damping. In
the context of a meaningful evaluation of the tests, the
stafl deems that use of Level D = 3Sm = 60 ksi is
inappropriate, A more meaningful ratio is obtained by

11

using Level D = 28y, where Sy is the yield strength of the
matenal used in the tested component. Because in these
Lests 28y > 60 ksi, the staff s $728y ratio is always less than
XD,

Forexample, in Test M (pipe test), X/D = 731/60 = 12.2,
which agrees with the “127 shown in Appendix A of Ref-
erence 11, But, for 2%  amping, S/28y = 731/(2x44.5) =
8.2 as shown in Tabie 6.

In addition, for those tests that involved tees, INPUT X
= B,M/Z, where, for example in Test 11, 8; (=By, ) =
3.34 was used 10 calculate the X/ = 16 shown in Appen-
dix A of Reference 11, Also, in calculating X/D = 16, the
calculated moment at the imaginary point at the center-
line intersections was used. In its evaluations, since the
plastic response was confined to a narrow band of the
branch pipe at its intersection with the tee, the staff used
B, = 1.0 for straight pipe with the calculated moment at
the branch-pipe-to-ter intersection weld. It thereby ob-
tained § = 269 ksi and S/25y = 269/(2x39.7) = 3.4 as
shown in Table 6.

For all Table 6 tests, X/D and §/28y are as follows:

TestNo. 9 10 11 12 14 15 16 33 34 4
X/D 21 2 IQ_27 18 13 30 -~ 12 2
SASy 72 74349065 11 20 -— B2 18

It is apparent that the staff’s evaluations of Table 6 tests
are significantly more conservative (and, it believes, more
realistic) than the X7 ratios in Appendix A of Reference
11. Even so, the stafl s evaluations support a significant
increase in the present Code Equation (9) limit insofar as
functional capability is concerned: for example, the low-
est 5/25v of 3.4 suggests that 1t 2 Code Equati~n (9) limit
could be increased from 28y to 6.8y, provided the ap-
plied moments are caleulated using not more than 2%
damping.

4.3.2 Tests on Elbows

Table 7 is a summary of the Reference 11 tests on elbows
in the same format as that of Table 6.

The stress was calculated using

S = B;,MZ (1)
where M was calculated using elastic response spectrum
analyses, 2% or 5% damping and + /-15% peak broaden-
ing, and

B, = 1.3/h?? (11)
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By = LSAR/T)HNeiR) 20/ THriry ) (12)

where K = mean radius of run pipe
T =

r S

nominal wall thickness of run pipe
mean radius of branch pipe
i = nominal wall thickness of branch pipe

n T radius 10 outside of nozele

For use in Code Equation (9),
S = Bap (My /' Zp)

where M, =
Zy =

(13)

moment applied 1o branch
section modulus of branch pipe

Test I8

Test 18 of & pad-reinforced fabricated tee poses a prob-
lem because B-indices for pad-reinforced branch connec-
tuons are pot given in the Code. However, the staft be-
lieves that By, for Test I8 can be bounded by using
Equation (12) with 7 = 0.322 in. (Sch. 40 run pipe) as an
upper bound and T = 0,322 + pad thickness = 0.644 in,
as a lower bound. For 7' = 0.322 1n., Equation (12) gives

By = 1.5(4.1515/0.322P %(2.1315/4.1515)"°
(0.237/0,322)(2.1315/2.25) = 4.12

Changing only the T of 0322 to v.644 in. gives
By = 1.30. In uts evaluation of Test 18, the stafl used an
average By of 2.7.

For Test 18, Run 6, Appendix B of Reference 11 gives
M = 915 in.-kip, 2% damping
M = 542 in.-kip, §% damping

These moments are used for M, in Equation (13) to give

§ = 21915/3.21 = 770 ksi for 2% damping
§ = 2.7x542/3.21 = 456 ksi for 5% damping

For Test 18, By, = 4.12 was used in Reference 11 without
an explanation of its basis (perhaps coincidentally,
By = 4.12 can be obtained from Equation (12) for an
unreinforced fabricated tee). In Reference 11, the Code-
prescribed Z, = 3.21 in.% was used.

Test 20 (see Figure 13)
As 2pplied 10 Test 20, Equation (12) gives

Bap = 1.5(6.1875/0.3751/%(2.1315/6.1875)"/2
(0.237/0.375)(2.1315/2.25) = 1416

s M W —

e P

13

For Test 20, Run 7, Appendix B of Reference 11 gives

M = 724 in.-ky, <% damping
M = 410 in.-kip, §% damping

These moments are used as M, in Figuation (13) to give

§ = 3.416x724/3.21 = 770 ksi for 2% damping
S = 1416x410/3.21 = 436 ksi for §% damping

For Test 20, By, = 7.79 and Z;, = 5.9 in.? were used in
Reference 11 without an explanation of their basis. Thev
are obviously not in gecordance with the Code,

X/D in Appendix A of Reference 11 and $/255. 7 % damp-
ing, in Table B are as follows:

TestNo. 18 20 36 38 9
XD 20 16 15 20 21
S728y 722 79 99 1 16

As its evaluations in Tables 6 and 7, st is apparent that the
staff's evaluations in Table 8 arr more conservative than
those in Reference 11, Ever o, the staff’s evaluations
suggest that, for functions’ capability evaluations, the
present Emit on Code Egoation (9) can be increased sig-
nificantly. The lowr = § .Sy in Table 8, 5% damping, s
4.3, Thus suggests tt.  .ae 28y limit might be increased 1o
K68y, even when $% damping is used in calculating the
applied moments.

4.4 Weight Stresses

Tables 6. 7, and 8, column headed “Sw/Sy,"” show weight
stresses as ratios to yield strength, Sy These ratios, except
for Tests 30 and 37 (elbows), are not more than 0.08.
Thus, they are of limited usefulness with respect Lo estab-
lishing a reasonable bound on weight stresses combined
with reversing dynamic stresses.

Tests 30 and 37 are discussed in Section 4.6.

4.5 Pressure Stresses

Tables 6, 7, and 8, column headed “Sp/Sy,” show the
nominal pressure stresses, PD, /A, a. ratios o yield
strength, Sy.

Although internal pressure is significant with respect 1o
pressure boundary evaluation, the data do not suggest any
decrease in functional capability for Sp/Sy ratios up 0
0.48. Indeed, as discus sed in Section 4.6, internal pressure
in elhows appears 1o wicrease their moment capacity. This
“inverse” pressure effect is also appare~ © in static tests on
elbows; see Relerence 3.

4.6 Tests 30 and 37

Tests 30 and 57 were in-plane moment tests on nominally
wentical elbows. The test arrangement is shown in Figure
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14, The assemblies were “tuned” (heizin of vertical arm,
magnitude and location of weights, etc.) so that the first
maode response frequency was about 1.4 Hz. The time-
history input was adjusted so that the peak of the input
response spectrum was at about 1.3 Hez. The adjustment
was made by expanding the time of the time-history input;
a run for Tests 30 and 37 lasted about 110 sec, rather than
the about 20 sec for other simulated carthquake inputs.

The elbows were from the same heat of stainless steel
matenal with 8y = 34 ksi. They were 6 nominal pipe s.ze
(NPS), Sch. 10, 9-in. bend radivs.

The weight stress, at the mid-arc of the elbows, was 10.74
ksi for both elbows with Sw/Sy = .32,

The only apparent testing didferences were the following:

Test/Run Tressure S, 2% Damping
30/4 400 psi 620 ks
37/8 0 651 s

Test 30 was ended when a fatigue failure occurred. Some
permanent displacements occurred (not quantified in
Referene (1) during the test runs, but it is believed that
none of these deformations were sufficien: to reduce
functional capability.

Test 37 consisted of low-level Runs 1 and 2 and then

Run 3 4 5

S, 2% damping, ksi 7 324 651

During Runs 1 through 4, displacements were relatively
small. During Run §, after about 45 sec into the run, the
assembly began to ratchet-displace in the elbow closing
direction. The test was terminated at about 72 sec into
Run 5 because the displacements were becoming large
and increasing rapidly with time.

A« e vermination of Test 37, the upper end of the inertia
atin tiud displaced several feet and, if the test had been
continued for a few more seconds, the displacements
would probably have increased to the exten. that the
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elbow cross section would have significantly decreased;
that 1s, functional capability would nave been lost,

Although about 5% higher loadings were used in Test 37,
Run §, than in Test 30, Run 4, the staff believes the major
difference is that Test 37 was run at zero pressure, while
Test 30 was run at 400-psi pressure. The measured mo-
mentsin Test 37, Run §, and Test 30, Run 4, were 57 and
112 in.-kip, respectively. This rather directly indicates vhe
Increase in moment capacity due to an internal pressure
of 400 psi with Sp/Sy = 0.24.

Test 37 is a direct indication that a weight load (10.74-ksi
weight stress) that would not cause collapse by itself, in
combination with high reversing dynamic loads (S, 2%
damping = 651 ksi), does cause collapse.

However, Test 37 must be looked at i light of the follow-
ing:

(1) ‘ihe test was meant (o be an extreme evaluation of
the concept that reversing dynamic loads do not
cause collapse. T pipe parameters selected for
this extrome case included in-plane moments (weak-
est direction), zero pressure (worst case for pres-
sure), and thin-walled Sch. 10 pipe, for which
D/t = 44 (high Dy/t and pronounced elbow effects
with & = 0.11). The weight stress was such that
Swi/Sy was 0.32 (significantly higher than the usual
weight stresses in piping systems). The very low test
frequency of about 1.3 Hz may have contributed to
the collapse in that 1.3 Hz gives the assembly more
tume to displace before reversal of dynamic load
oceurs.

(2) The dynamic loads were very high; that is, S/28y, 2%
damping, was 9.6, which is 9.6 umes the present
Code Level D limit.

(3) Test 37 was a component test. In a piping system,
additional plastic hinges would have to develop be-
fore large plastic displacements could oceur.

Nevertheless, Test 37 constitutes a “red flag” to indicate
that appropriate control must be placed on steady-state
loadings to avoid the possibility of loss of functional capa-
bility during application of high reversing dynamic loads.



5§ ELECTRIC POWER RESFARCH INSTITUTE, NRC, AND GENERAL
ELECTRIC COMPANY TESTS OF PIPING SYSTEMS

Two piping systems, identified as System | and System 2,
were tested. The system configurations, testing, and re-
sults are given in Reference 13, Reference 13 results are
supplemented by additional dawa provided in a letter from
H. Hwang (General Eleciric Company) to B .
Rodabaugh dated November 14, 1991 (available in the
author's file).

5.1 Piping System Configurations and
Materials

Figures 15 and 16 show the conrigurations of Systems 1
and 2, respectively.

System 1 was made of carbon steel (A106-B). 1t is charac-
terized in Reference 13 as follows: “(System 1] was rela-
tively balanced with regard to dynamic strain such that
several different locations had cyclic plastic strains of
about the same magnitude.”

System 2 was made of stainless steel (Type 316). Tt is
characterized in Reference 13 as follows: “|System 2] had
unbalanced stresses with a single high-stress location
where failure was predicted to oocur while the remainder
of the piping system was at a relatively lower stress.”

5.2 Loadings

Both Systems | and 2 were tested with an internal pres-
sure of 1000 psi.

Reference 13 describes the various time-history inputs
used in the system tests. From the standpoint of func-
tional capability, the highest input is of primary signifi-
cance for both systems: the highest mput wa= associated
with “Time History B,” with all sleds acting in unison.

5.3 Comparisons with Theoretical
Limit Moments

In princigle, dynamic moments at any location L. a piping
system cannot exceed the moment capacity at that foca-
tion. This aspect of dynamic loading tests 1s discussed in
Sections 3.2 and 4.2. Comparisons of test measured mo-
ments with calculated moments are shown in Figures |
and 8 through 11 and Tables 3, 4, and §.

Reference 13 gives measured and calculated moments at
three locatic s as shown below:

Ref. 13
Table System Location
5-5 1 Node 72, 6 NPS short-radius
elbow
6-9 2 Node 6, 12x4 NPS nozzle, see
Figure 13
6-11 2 Node 52, 6 NPS, Sch. 40 pipe
Table 5-§ Table 6-9 Table 6-11

Mm Mc Mm Mc Mm Me

66.1 92.5 39 53 110 150
330 634.7 78 96 258 203
725 32284 119 30 576 918
717 4994.1 156 572 681 1551

235 1091 837 2658

where Mm =
Mg =

measured moment, 10, ap

calculated moment, in.-kip, using 2%
damping, +/-15% peak broademng

The data were sufficient so that plots of Mm versus Me,
atalogous 10 Figures 8 through 11, could be made. How-
ever, such plots are of little value because of the major
uncertainties discussed below,

Reference 13 does not deseribe how the moments were
measurd. However, in a letter from H. Hwang (General
Electric Company) to E. C. Rodabaugh daied November
14, 1991 (available in the author's file), Hwang stated that
the measurement devices shown in Figure 17 were used in
both Systems 1 and 2. To the extent that applied moments
do not exceed the yield moment of the 6 NPS, Sch. 160
pipe on which strain gages were mounted, the strair
measurements can be used 10 calculate measured mo-
ments (e.g., at Node 72 in System 1).

The yield strength of the Sch. 160 pipe used in System 2,
according to Table 6-1 of Reference 13, is 31.3 ksi. The
yield moment of the load measurement device (Figure 17)
is then

My = SyZ = 31.3x17.81 = 557 in.-kip

Thus, the values of Mm from Table 6-11 greater thar 557
in.-kip may reflect yielding of the measurement device
and not be an accurate indication of the measured mo-
ment. [t is this uncertamty that makes comparison with
the limit moment of straight pipe questionable.
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The moments cited from Reference 13, according to the

letter frotis H. Hwang 1o . C. Rodabaugh dated Novem-
her 14, 1991, are resuliant moments; that i,

M = (M@ + My + Mz2)"'2

The moment capacity of elbows (Table 5-5) and nozzles

(Table 6-9) are significantly dependent on the orientation
of the applied moments. It is this uncertainty that makes
comparisons with limit moments of elbows or nozzles
questionable.

Accordingly, no meaningful comparisons can be made
between Reference 13 measured moments and either
limit load theory or tests or the component tests of Refer-
ence 11 discussed herein in Section 4.

5.4 Comparisons with Elastic Analysis

Reference 13 gives the following calculated moments:

‘ Me, in-kip,
Ref. 13 Sy, for [)dmpm&uf
Table System Location ks 2%
5-5 1 Naode 72, 418 4994 -
6 NPS short-
radius ¢lbow
H-4 P Node 6, 12x4 357 1091 778
NPS nozzle
6-11 2 Node 52, 350 2658 1860
6 NPS Sch.
40 pipe

where Mc 1s the moment calculated by an elastic response
spectrum analysis, 15% peak broadening, damping of 2%
or 5% as indicated. These values are taken from the
indicated Reference 13 tables under the columns “Full
Sled-4 ARS" for System | and “FULL UNIF" for System
2. Sviethe material yieid sieenath according to Reference
13, Tables 5-1 and 6-1. For the 12x4 nozzle, Sy is for the
12 NPS pipe.

The staff evaluated these calculated moments in a man-
ner analogous to that for Tables 2, 6, 7, and &, that is,
develop ratios of $/28y, where § = B,M/Z and Sy = yield
strength of the material. The results are summarized as
follows;
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Ref 13 Sy Z, 2% Damping 5% Damping
Table kst B, in* S ks 528 § ksi  S/28y
5-5 438 429 BS0 250 ¥ - (16)
69 357 342 321 16 16 B2 12
6-11 350 1m0 B8S0 313 45 219 3

For Table 5-5, a significant uncertainty existed concern-
ing the actual wall thickness of the short-radius elbow.
This uncertainty goes back 10 the measured wall thick-
nesses that were available for Component Test 13, which
indicated that the average actual wall thickness was (.425
in. rather than the nominal wall thickness of (1.280 in.
However, in & 1etter from W, P, Chen (Energy Technol-
ogy Engineening Center) to E. €. Rodabaugh dated
December 19, 1991 (available in the author's file), Chen
provided the measured wall thicknesses of elbows in Sys-
tems 1 and 2. For the short-radius elbow at Node 72, the
average wall thickness is 0.310 ., which s only 11% more
than the nominal wall thickness.

Table 5-5 of Reference 13 does not give a calculated
moment for §% damping. However, Table 2-1 in the
Executive Summary of Reference 13 gives INPUT X/
LEVEL D = 24.0 for 5% damping. The $/25y, shown .
parentheses, was obamned using $/28y = 24x60/(2x43.§)
= 164.

Table 6-9 of Reference 13 pertains to the evaluation of a
nozzle that, according te¢ H. Hwang (General Electric
Company) in a letter 1o E. C. Rodabaugh dated Novem-
ber 14, 1991 (available in the author's file), was dimen-
sionally the same as that used for Component Test 20, see
Figure 13 herein. The calculation of B; = 3.42 s dis-
cussed herein in Section 4.3.3.2.

Table 6-11 of Reference 13 pertains to the evaluation of
straight pipe, with no complications. Staff ratios of S/28y
and Reference 13 ratios of $/38m are as follows:

Ref. 13 S128y S$138m
Table 2% 5% 2% 5%
5.5 29 16 42 24
6-9 16 12 21 15
6-11 45 31 82 3.7

As its evatluations in Tables 6, 7. and 8, it is apparent that
the staff's evaluations are more conservative than those in
Reference 13, largely because the staffl incorporated the
material property, Sy, rather than using Sm = 20 ksi,
Even so, the stalf’s evaluations indicate that, for func-
tional capability, the present Code Equation (9) limit of
28y could be increased to 98y for 2% damping or to 65y
for 5% damping.



5.5 Weight Stresses

Figures 18 and 19 show weight stresses, Swr, for Systems
1 and 2. Reference 13 gives no further information on
weight stresses. However, in a letter from H. Hwang
(General Electric Company) to E. C. Rodabaugh dated
November 14, 1991 (available in the author's file), Hwang
provided the following information:

(1) Swr = BoMw/Z, or By, Mwb/Z, or By, Mwr/Z

where B;, By, , B, are Code indices
Mw = resultant moment due to weight at

clbows

Mwh = resultant moment due to weight on

branch of tees and at Node E, Sys-

tem l,and Node 6, System 2

Mwr = moment due to weight on runs of
tees
Z = pipe section modulus
(2) Mw, Mwb. and Mwr were calculated by analyses of
the piping systems with weight loading, including the
weight of water in the systems.
(3) Swr is in unus of ksi.

For the highest weight stress in cach system:

17

Swr. S,
System Fig Node Component By ksi ksi  Swr/Sy
I8 8 Vesselet 348 RS 454 019
2 19 6  Nozzle 161 10 57 V2R

Thus, the staff concludes from the two piping system tests
that weight stresses of up 1o about 0.258y in combination
with the high reversing dynamic loads such as those ap-
plied in the tests will not impair the functional capability
of piping systems.

5.6 Pressure Stresses

Systems 1 and 2 were tested with an internal pressure of
1000 psi. The pressure stresses, PD,/2¢. of particular rele-
vance are the following:

System/ Sy Sp.
ode ksi Dimensions kst Sp/Sy
1/72 438 6 NPS, 0.280-in. wall 113 026
2/52 350 6 NPS, 0.280-in. wall 113 032
2/6 35.7 4 NPS, 0.237-in. wall 899 0.25

From the standpoint of pressure boundary integrity, using
an internal pressure of 1000 psi was appropriate, al-
though using a higher internal pressure would have been
even more appropriate. However, from the standpoint of
functional capability, using zero internal pressure might
have been more bounding: that is, the elbows in the sys-
tems would have had lesser moment capacity.
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6 OTHER PIPING SYSTEM FESTS

6.1 Hanford | ngieering Development

Laboratory Tests (Reference 14)
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7 OTHER DYNAMIC LOADS

Dynamic loads applied in the tests discussed in Sections 3
through 6 were rapidly reversing in nature. The “rapidly”
1s quantified as dominant reponses of 2 Hz or more. Pro-
vided the dominant response 1s not less than about 2 Hz,
these tests support, in regard to asssurance of functional
capability, an increase in the Code Equation (9) Level D
limit from 2Sy to 48y, with steady-state stresses up to
about 0.255y

Other dynamic loads are the result of the following:

®  flul hammer
~  fluid pressure waves

- slug flow

® relief-valve actuation
- steady-state forces
- short-time effects
e postulated pressure boundary breaks

®  vibrations (e.g., piping connected to a reciprocating
pumpj

The question discussed in the following sections 1s: Can
the Code Equation (9) Level D limit be increase when
other dynamic loads are applied to piping systems, either
alone or in combination with rapidly reversing dynamic
loads?

7.1 Fluid Hammer

Apartof the EPRI, NRC, and General Electric Company
program consisted of water-hammer tests, These tests are
described in Section 7, “Pipe System Water Hammer
Tests,” of Reference 13.

Five piping systems were tested; the tests were idenidied
as Test 28, Test 29, MS-1, MS-2 Runs 1-5, and MMX-2
Runs 6 and 7. Water-hammer tests consisted of

(1) piping systems filled with water, sudden prossure
increase at one end of system: “solid water-hammer
load”

(2) piping systems partially filled with water, sudden
pressure increase at one end of system: “slug-type
loading”

ro
i

The conclusions quoted from Reference 13 are the fol-
lowing:

7.3.4 Water Hammer Test Conclusions

In general solid water wave load, because of
quick load reversal, does not cause pipe collapse,
even when the calculated moment exceeds the
limit moment.

Strut failure due to water hammer can occur, but
in the test the failure load exceeded 10 times of
its rated load.

Slug type loading of long duration (simulating
static loads) can cause pipe “vollapse.”

A fluid (e.g., steam or water) pressure wave load could be
caused by closing of a valve or slamming of a check valve.
Time-history analyses are used to evaluate such loads,
and damping is not very significant. The staff agrees with
the conclusion in Reference 13 that pressure wave loads
are appropniately included with other rapidly reversing
dynamic loads.

As indicated by the third conclusion in Reference 13, slug
flow may produce collapse and thus constitutes a threat o
functional capability. No increase in Code Equation (9)
can be defended.

Slug flow is, of course, difficult to anticipate in the design
stage. Designs should include drains and vents, and oper-
ating procedures should be implemented so that the pos-
sibility of slug flow is minimized.

7.2 Relief-Valve Actuation

The steady-state thrust (e.g., acting for one or more sec-
onds) should be evaluated as equivalent 1o a weight stress.

The time-variable effects would depend on whether there
is any slug flow. However, whether there is slug flow or
not, the information is insufficient to defend any increase
in Code Equation (9) Level D limuts for those portions of
piping systems on which the relief valve is mounted.

In boiling-water reactors, relief-valve actuation may
cause building vibration. The effect of this building-
filtered vibration on piping systems is approprniately in-
cluded with other rapidly reversing dynamic loads.

7.3 Postulated Pressure Boundary
Breaks

A concern is whether the postulated pressure boundary
break might cause loss of functional capability of piping
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8§ SUMMARY AND LIMITATIONS

The objective of this report i 10 examine present Code
rules and potential changes in Code rules 1o see if they are
sufficient 1o ensure maintenance of functional capability.

Stresses caleulated by using Code Equation (9) | Equation
(17 srein| are limited as indicated in Section 2.1 of this
[ I A

As indicated in Section 2.2 of this report, the staff believes
that for static loadings, meeting Code Liguation (9) with
Level D limits does not adequately demonstrate func-
tional capability. However, as discussed in the previous
sections of this report, the results of many dynamic tests
show that the functionality of piping systems has been
maintained at equivalent stress levels signilicantly higher
than Level D limits. The following sections summarize
the findings and the limuations for ensuring piping func-
tionality.

8.1 Reversing Dynamic Loads

Reversing dynamic loads are those due 1o carthquakes
and building-filtered loads such as those due 1o vibration
of buildings caused by relief-valve actuation in boiling-
WHLCT reactors,

The test data evaluated in Sections 3, 4, §, and 6 of this
report are relevant 1o this type of dynamic loading.

A significant aspect of the test data s that, with one
exception discussed in Section 4.6, none of the tests re-
sulted in loss of functional capability. Thus, the staff’s
evaluations are based on the premise that the test data
provide lower bounds on combinations of steady-state
(e.g., weight) and dynamic loadings that will not cause loss
of functional capability. This lower bound premise may
introduce conservatisms in the stafl’s recommendations.
But, as will become apparent in the following discussions,
this premise leads 1o a significant relaxation of the pre-
sent NRC position on functionality; that s, present Code
Level 1D himits ensure piping functionality ~ ovided
steady-state stresses do not exceed 0,255y and the dy-
namic loadings are similar to those induced by earthquake
internal loadmgs.

8.1.1 Method of Calculating M/ in Code
Equation (9)

The moment, Mi, ren sents both steady-state (e.g.,
weight) loads and dy . e loads. Values of Mi are ob-
tained by an«lyses of ¢ guing systems. In the past, the
dynamic p.on of Mi has been obtained by an elastic
response spectrum analysis with 4 /-15% peak broaden-
ing and as low as 0.5% damping. The present trend s to

o
o~

use 2% and up to 5% dampi & Thus, the stafl's evaly-
ations are focused on 2% or 5% damping.

However, it is within the state-of-the-art 10 more accu-
rately calwlalc the dgmmu. portion of M using an
clastic-plastic he approach used by the stafl in
Seumm 32 2 and 8.3, “Comparisons with Theoretical
Limit Moments,” was 10 look at Code Fguation (9) with
the thought that Mr might be more accurately caleulated.
The staff concludes that, if Mi is accurately calculated,
Code Equation (9), with a 28y limil, is not conservative.

If clastic-plastic analyses of piping systems in nuclear
power plants become routine, the believes that, for
ensuring piping functionality, a revised set of guidelines
might be needed for NRC's acceptance of such analyses.
Thus, its recommendations discussed herein apply only to

elastic response spectrum analyses.
8.1.2 Summary of S/25v Evaluations
§/28y
2% Damping §% Damping Sw/Sy
Table Min Max Ay Min  Max. Avp  Mx

2 062 S§5 A8 028 22 14 0.15
6 a4 W 10 22 10 56 006
7 91 4 13 52 15 74 0
] 2 1B 1 43 K4 64 0.08
N/A* 45 2 16 il 12 76 0.28

In the staff’s judgment, the averages of §/28y are reason-
able indicators of lower bounds on functional capability,
since functional capability was not lost in any tests other
than Test 37 of Reference 11. Also, in Table 2 the values
of §/28v < 1 do not mean that the pipe could not with-
stand L _ cer dynamic loads; rather, no attempt was made
to apply higher dynamic loads.

Thus, the staff finds that the dynamic test results clearly
demonstrate that with certan .mitations discussed in
Sections 8.1.3, 8.1.5, and 8.1.7. Code Equation (9) with a
stress limit of 28y, using 8% damping, provides assurance
that piping tunctional capability will be maintained.

8.1.3 Steady-State Stresses

Weight stresses should be considered as design condi-
tons. The Code limit on Equation (9) for design
conditicns is 1.58x, where Sy = Sm for Class 1 piping,
Sx = Shfor Class 2 piping. In the buunding case in which
P =0, Sm = Sh = 095y (austenitic steel at 650°1), the

*N/A = not appheable, results were obitained trom Section § of this

report.
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with Dy /1 < 80. The Code also applies this Lmit 1o appli-
cability of B-indices.

8.1.6 Future Changes in B-indices

The staff's recommendations are based on B-indices as
given in the present Code (Ref. 1) Code committees
constantly review newly developed data relevant 10 stress
indices and, sometimes, those reviews lead o reducing
the magnitude of stress indices. However, the Code com-
mittees are interested in pressure boundary integrity, not
necessarily functional capability, Thus, it becomes incum-
bent on the NRC staff 1o review any future Code changes
in B-indices from the standpoint of their effect on func
tional capability.

8.1.7 Future Changes to Code Equation (9)
Stress Limits

Code committees have been reviewing from the stand-
point of pressure boundary integeity the same sets of test
data reviewed in this report from the standpoint of func-
tional capability. It is possible that the Code Egquation (9)
Level D limit of 28y might be increased 1o 458y,

It would be highly desirable that, if the Level D limit were
increased to 48y, it could be demonstrated that meeting
the Code would also ensure functional capability.

As stated in Section 8.1.3,

Test 30 §/28y = 5.2 (5% damping), Sw/Sy = 0.32,
no collapse

Test 374 8§28y = 2.8 (5% damping), Sw/Sy = 0,32,
no collapse

Test 37/5 $728y = 5.5 (8% damping), Sw/Sy = 0.32,
collapse

Using the Code Equation (9) Level 1D limit of 48y,
S/28y = (4-0.32)2 = 1.84

Comparing this allowable value (1.84) with Test 37, Run
4, 87285y = 2R no wollapse, indicates that permitting
Sw/Sy up 10 0.25 is adequate 1o ensure mainienance of
functional capability, even if the Level D limit on Code
Equation (9) is increased to 45y

Howgever, the boundary between static loading and dy-
namic loading is not well-defined. Use of a Code Equa-
von (9) limit of 45y can only be defended by the available
test data for rapidly reversing dynamic loads. For Compo-
nent Test 37, discussed in Section 4.6, and the HEDL test,
discussed in Section 6.1, the dominant response frequen-
cies were about 2 Hz Both of these tests resulted in an
incipient threat to functional capability. Thus, the staff
believes that it is prudent to restrict a Code Eguation (9)
limit of 48y 10 piping systems for which the elastic re-
sponse spectrum analysis indicates that the response
stress contribution at 2 Hz and less 1s not more than Sy

8.2 Other Dynamic Loads

Section 7 contains a brief discussion of other dynamic
loads. The staff concludes that it is appropriate to include
fluid-hammer pressure wave loads in the category of re-
versing dynamic loads. Those dynamic loads that are not
clearly in the category of reversing dynamic loads, and
combinations of reversing with nonreversing dynamic
loads, will require special consideration. Some sugges-
tions are included in Section 7.
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9 CONCLUSIONS

9.1 Functional Ca
Present Code

The stalf concludes that piping functional capability is
ensured by meetng the present Code (Rel. 1) require-
ments, provided

bility Assurance,
equirements

(1) Dynamic loads are reversing, This includes loads due
10 earthauakes, building-filtered loads such as those
due to vibration of buildings caused by reliel-valve
actuation in boiling-water reactors, and pressure
wave loads (not slug-flow fluid hammer).

(2) Dynamic moments are calculated using an elastic
response spectrum analysis with -+ /<15%  peak
broadening and with not more than S% damping.

(3) Steady-siate (e.g., weight) stresses do not exceed
0.255y

(4) Dyt does not exceed S0,

(§) External pressure does not exceed internal pressure.

9.2 Functional Capability Assurance,
Future Code Requirements

Until such time as Code changes are made, the staff can
make no specific conclusions concerning such changes.

I the Code Equation (9) Level D limit is increased to, for
example, 45y, the staff concludes that in addition to re-
strictions (1) through (5) in the previous section, an addi-
tional restriction would be needed: that s, the elastic
response spectrum analysis must show that the response
stress contribution at 2 Hz and less is not more than Sy
(See Section 5.1.7.)

Any changes in B-indices in the present Code should be
reviewed 1o determine whether such changes would ad-
versely affect the assurance of functional capability.

With the use of a limit greater than 28y, increased vigi-
lance would be needed 1o provide assurance that such
components as pIping supports, anchors, restraints,
guides, and anchors have sufficient load capacity.
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Fipure 3 Strain at pipe midspan versus input acceleration
Source: Reference 7.
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Source: Reference 8.
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Figure 6 Deformed shape of upper surtace of 103-mm pipe, Test 16
Source: Reference 10.
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Source: References 3 and 11.
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Table 1 Beaney (Refs. 7,8, 9, and 10) Straight Pipe Tests: Materials, Yield Strengths,
Dimensions, Sinusoidal Input Test Frequencies, Pressures, and Test Planes

Pipe
Sy, D,, 1 ) ) 3 P, Test

Rel.  Test Ml MN/m* mm mm mm Hi MN/m* Plane
(#) (b) (c) ) (e) n (g (h) )
() (& 209 254 264 3530 5 0.00 Vv

B ] S 208 254 0.91 3739 ] 0.00 Vv
2 CS 219 254 264 3617 S 0.00 v
3 CS 248 254 6.35 3386 5 0.00 v
4 CS 161 M 4.06 4168 S 0.00 v
§ CS 223 S18 447 5664 § 0.00 Vv

9 1 (8 162 3414 4.06 4166 s 29.2 Vv
2 s 162 M4 4.06 4166 5 29.2 Vv
3 CSs 162 34 4.06 4166 5 20.2 v
4 Cs 208 254 0.1 3734 § 14.3 Vv
s Cs 162 304 4.06 2046 9 29.2 v
6 S 20K 254 0.91 2642 9 14.3 Vv
7 CS 208 254 0.91 2642 9 143 Vv
8 CS 162 404 4.06 2046 9 2.2 Vv

10 | S 162 340 4.06 2046 9.7 0.00 H
2 Cs 162 34 4.06 2046 94 208 H
3 CS 162 3 4.06 4166 48 0.00 H
4 () 162 kLR 4.06 4166 47 29§ H
§ S 195 254 & 556 4K 0.00 H
6 Cs 195 254 264 3556 46 310 H
7 S8 247 254 264 3556 47 0.00 H
8 S8 47 254 2.64 3556 4.6 R2 H
9 58 247 254 2.64 2x91 6.7 38.2 H
10 S8 247 254 2.64 2946 6.5 5§74 H
1 S8 261 78 1.5 6121 §.2 (.00 H
12 5S 261 78 1.5 JOKR 7.5 0.00 H
13 S8 261 78 1.5 3088 7.5 10.3 H
14 58 338 103 1.5 6039 73 0.00 Vv
15 SS 338 103 1.5 5490 51 0.00 Vv
16 SS 338 103 1.5 5490 50 7.2 Vv

(a) Test identification according to references.

(b) €8 = carbon steel; 8§ = Type 316 stainless steel.

(€) Sy = yield strength of pipe material (from references).

(d) Dy, = pipe outside diameter,

(e) 1 = pipe wall thickness.

(N L = pipe span length.

(g) [ = sinusoidal input test frequency.

(h) P = internal pressure in pipe while being tested.

() V= dynamic loading in vertical plane; H = dynamic loading in horizontal plane.

() Straight pipe test of Reference 7.
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Table 2 Beaney (Refs, 7, K, 9, and 10) um?: Test Results Evalusted
in Relation to Elastic Analysis, :r‘”ﬂ Damping

; P a S8y
' Rel.  Test He Mg Bmi k‘:l L=002 (=008 Swiy xls_v
g (a) (b (©) () (e) n n ® )
| 7 (i) . 178.4 42 304 519 2,08 011 0.00
: # ] 5 67.5 36 432 278 111 0.076 0.00
, 2 5 170.0 38 38 103 1.57 0.11 0.00
| 3 5 209.9 30 3.0 3.40 1.36 0.11 0.00
| 4 5 4554 21 24 418 167 0.15 0.00

5 4 1057 2.7 323 248 0.99 0.13 0.00
f 9 ] 5 456.9 1K 235 wm 1.1 0.15 0.67
| 2 5 456.9 U 23,8 - - 0.15 0.67
: 3 5 456.9 A6 238 5.54 2.22 0.15 0.67
| 4 5 67.7 0.8 432 0.62 0.25 0.076 0.65
: 5 9 2820 50 235 4.75 1.90 0.076 0.67
, I 9 417 21 43.2 100 0.40 0.038 0.65
; 7 9 41.7 26 432 ).24 0.50 0.03% 0.65
5 8 9 282.0 48 238 4.5 1.82 0.076 0.67
| 0 97 2418 57 2.8 466 1.86 0.076 0.00
| 2 94 257.5 53 238 4.61 1.54 0.076 0.67
| 3 48 4939 28 23.8 467 1.87 0.153 0.00
| 4 47 515.1 26 235 4.52 1.1 0.153 0.67
! 5 48 190.8 33 .3 467 1.87 0.121 0.00

6 46 207.7 2.7 283 416 1.67 0.121 0.69
| 7 47 199.0 28 A58 3.27 1.31 0.095 0.00
| % 46 207.7 14 358 1.70 0.68 0,005 0.67
| 9 6.7 148.2 44 35K 82 1.53 0.063 0.67
? 10 .8 151.6 5.5 358 4.89 1.95 0,068 1.00
‘ 1 52 1168 37 379 3.46 1.38 0.073 0.00

12 7.5 1323 3k 379 381 1.52 0.080k) 000
. 13 7.8 1323 23 179 243 097 0.080k) 101
: 14 73 1422 53 45.6 2.66 1.06 0.042 0.00
I 15 51 3526 23 486 286 1.14 0.107(k) 000
. 16 S0 3669 19 486 2.46 0.98 0.10%k) 073
1
i
l
e
)
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Table 2 (Continued)

Taasle Notes:
(a) Test wentification according to references.
(b) J = sinusoidal input test frequency.
(€) M/g, = IBGEIN4f L?)
where M = moment at center of pipe span, in.~1b
£ = response acceleration
E = modulus of elasticity, 30,000 ksi used
I = section modulus of pipe cross section, in.
[ = sinusoidal input test frequency, Hz
L = pipe span length, in. . '
(d)  gmi = maximum input acceleration during cach test (from figures in the references).
(e) Sy = yield strength of pipe material (from references).
(N 8 = (Mg )gmi/(202)
where [ = damping factor, 0.02 or 0.08
Z = section modulus of pipe cross section, in.
(g) Sw = stress at center of pipe span due to weight.
(h) Sp = stress due to internal pressure = PD/(21)
where P o= internal pressure
D = pipe mean diameter = D, -1
t = pipe wall thickness
(See Table 1 for values of P, D, and 1.)
(1) Straight pipe test of Reference 7.
(1))  No gm:given in Reference 9 for Test 2.
(k) In Reference 10, Tests 12, 13, 15, and 16, the pipe was filled with water.
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Table 3 Reference 11 Pipe Tests: Limit Moments and Measured Moments

Test Run 5. - Sy, rh,
No. No. Type NPS Sch. Mtl. ksi uSy M) My M My,
(a) (h (€) (d) (e) n

9 6 T 6 40 SS 40.8 0472 420 540 1.29
10 7 T 6 40 S8 408 0278 446 491 1.10
11 6 T 6 10 SS 39.7 0.244 219 143 065
12 6 1 6 40 S8 40.8 0472 420 492 1.17
14 6 T 6 40 [ 41.5 0.464 429 564 1.32
15 10 R 4 40 S8 370 0413 148 189 1.27
16 6 R 4 40 S 49.5 0.309 208 260 1.27
33 -- : b 40 CS 445 0.255 490 532 1.09
34 12 p 6 40 CS 44.5 0.255 450 605 1.23
40 § 4 40 SS 370 0.000 159 202 1.27

(a) T = bxtx6 ANSI B16.9 tee, fixed at both run ends, branch loaded.
R = 4 NPS pipe between 8x4 and 6x4 ANSI B16.9 reducers.
P = straight pipe.
Maximum, loads are due to earthquake-type dynamic input, except for Test 33, during which sinesweep dynamic
input was used.
(b) 88 = stsinless steel, SA312 Type 316; CS = carbon steel, SA106-B.
(¢) Sy = yield strength of material, ksi (from Appendix D of Reference 11).
For tees (no data for pipe), tee data were used.
For reducers, pipe data were used.
For pipe, Sch. 40 pipe data were used.
(d) P = internal pressure; ) = mean diameter of pipe; 1 = nomina! wall thickness of pipe.
(&) My = caiculated limit moment, in~kip, = D2rSy[1-0.75(PD/2uSyR|"'?
(N Mpm = maximum measured dynamic moment, in.-kip (from Appendix B of Reference 11).
For Tests 12 and 14, M, was adjusted by dividing the Reference 11 measured moment by 1.09 to obtain
estimate of measured moment at the failure location.
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Table § Reference 3 Static and Dynamic In-Plane Moment Capacity Tests on Elbows

(See Figure 12 for plot of these data.)

Test Sy, PD, 2, M, DAeSy,
Iden. Mil. ksi ksi in.~kip in.~kip MID?Sy h
(a) (h) (c) (d) (€) N
22(2) (&) 50.0 0 261 + 563.6 (.46 + 0.25
22(8) S S0.0 17.0 347 + 563.6 0.61+ 0.25
22(8) (8 378 0 450 + 626.3 0.72 + 0.41
22(11) Cs 39.6 (i 202 + 446 .4 045+ 0.17
22(15) S8 377 0 206 + 425.0 (.48 4 0.25
22(16) SS 377 0 202 + 425.0 0.48 + 0.25
22(17) SS 356 0 200 + 401.3 0.50 + 0.17
22(18) SS 354 0 381 586.5 0.65 041
22(19) S 46.0 0 202 S18.5 0.39 0.17
22(20) Cs 34.6 0 369 5733 0.64 0.27
23(1) S8 36.3 0 3300 6515 N $1 I
13(1) CS (45) 15.0 260 + 485.1 0.55+ 0.26
13(5) SS (35) 0 166 + 379.6 0.44+ 0.26
13(6) S8 (35) 18.6 313 379.6 0.82 0.26
13(7) S8 35) 0 122 2743 0.44 0.18
13(8) S8 (35) 0 79 2214 0.26 0.14
13(9) SS (35) 0 78+ 106.4 0.73 + 0.40
24(4) S8 (35) 16.5 +/-43.8(g) 475 0.92 0.18
24(%, SS (35) 17.3 +/-45.0(g) 4735 0.95 0.18
(a) Identification according to Table 4 of Reference 3.
(b) €S = carbon steel; 8S = stainless steel.
(€) Sy = yield strength as listed in Reference 3. For References 13 and 24 in Reference 3, yield strengths
were not given. Typical values of 45 ksi for carbon steel and 35 kst for stainless steel were used.
(d) P = internal pressure; D = mean diameter of elbow; t = nominal wall thickness of elbow.
(e¢) From Table 4 of Reference 3, column headed “M,,". A “+ " indicates that the moment capacity was not
reached in the static loading test.
() & = elbow parameter = (R/r®
wheret = elbow wall thickness
R = elbow bend radius
r = elbow mean cross-section radius
(8)  These values were derived from sinusoidal dynamic loading tests.
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Table 6 Reference 11 Pipe Tests: Comparisons with 25y Limit

Pipe 2% Damping 5% Damping

Test/ Sy, s, §, )
Run  Type NPS Sch. Mil, ksi ksi §28y ksi 8§28y SwiSy Sp/Sy

(a) (b) () (d) (e) n (g
9/6 T 6 40 S8 40.8 589 7.2 330 4.0 0.02 0.47
107 T 6 40 S8 40.8 600 74 338 4.1 0.02 0.28
11 T 6 10 S§ 39.7 269 34 178 23 0.04 0.24
126 T 6 40 S8 40.8 737 9.0 401 49 0.02 0.47
4% T 6 40 S 41.5 542 6.5 304 37 0.02 0.46
159 R 4 40 SS 370 787 11 428 5.8 0.06 0.41
16/6 R 4 40 S 40.5 1979 20 1011 10 0.04 0.31
37 P 6 40 (& 445 — — - —— 0.00 0.25
3412 P 6 40 S 44.5 731 8.2 419 4.7 0.01 0.25
40/5 R 4 an S8 370 1335 18 786 11 0.06 0.00
(a) T = 6x6bxh ANSI B16.9 tee, fixed at both run ends, branch loaded.

(b)
(©)

R = 4 NPS pipe between 8x4 and 6x4 ANSI B16.9 reducers.
P = straight pipe.
Maximum loads are due o earthquake-type dynamic input, except for Test 33, during which sinesweep dynamic
input was used.
SS = stainiess steel, SA312 Type 316; CS = carbon steel, SA106-B.
Sy = matenal yield strength (from Appendix D of Reference 11).
For tees (no data for pipe), tee data were used.
For reducers, pipe data were used.
For pipe, Sch. 40 pipe data were used.
From Appendix B of Reference 11, Case 2, BoM/Z wath B, = 1.00. Appendix B states: “Case 2 Actual tested
time history used 2% damping amplified response spectrum + /-15% broadening response spectrum analysis.”
From Appendix B of Reference 11, Case 3, Bo,M/Z with B; = 1.00. Appendix B states: “Case 3 Same as
Case 2 except using 5% damping.”
Sw = stress due to weight = M /Z where My, = moment due to weight.
Sp = stress due (o internal pressure = PD/2t
where P = internal pressure
{2 = pipe mean diameter
t = pipe nominal wall thickness
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Table 7 Reference 11 Elbow (6 NPS, 90°) Tests: Comparisons with 25y Limit

Elbow 2% Damping _5% Damping

Test/ Sy, Test . ¥ S,
Run Sch. Mil, ksi Plane  ksi S§/28y ksi S§/28y SwiSy Sp/Sy

(a) (b) () (d) (e) n ®)
1/8 80 S 40.0 In L 11 547 6.8 0.01 0.27
2/8 80 S 40.0 Out 897 11 501 6.2 0.01 0.27
30 10 SS 340 In 1276 19 752 11 0.04 0.28
477 40 S 478 In 1087 11 648 6.8 0.01 0.24
5/8 40 CS 478 In 1238 13 674 7.0 0.01 0.49
6/8 40 SS 54.2 In 1158 11 634 S8 0.01 0.36
718 40 SS 54.2 In 1392 13 756 7.0 0.01 0.21
8/8 40 SS 54.2 In 1442 13 76 7.2 0.01 0.00
13/10 40 CS 47.0 In 1255 13 679 7.2 0.02 0.24
17/? 40 CS 47.0 Tor — — e —— .02 0.24
19/8 40 SS 54.0 In 1331 12 707 6.5 0.01 0.5,
25/18 10 S8 34.0 In 1628 24 990 15 0.04 0.57
26/? 40 CS 493 In e —— - - 0.01 0.46
30/4 10 S8 34.0 In 620 9.1 356 §.2 0.32 0.28
311l 10 S8 386 In 1391 18 738 9.6 94 0.25
as” 40 CS 423 In ——- -— -— — .08 0.46
37/5 10 SS 340 In 651 9.6 375 55 0.32 0.00
417 40 CS 44.0 In - - ——— e 0.01 0.44
(a)  All except Tests 13 and 17, 9-in. bend radius; Tests 13 and 17, 6-in. bend radius.

()
()
(d)
(e)

@
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Maximum loads are due to earthquake-type dynamic input, except for Test 25, during which dynamic input in

the middle-range frequency was used, and Test 26, during which sinesweep dynamic input was used.
Elbow material: (S = carbon steel, SA106-B; S8 = stainless steel, SA312 Type 316.
Sy = matenial yield strength (from Appendix D of Reference 11).

From Appendix B of Reference 11.

Response spectrum analysis based on 2% damping, + /~15% peak broadening.
Same as (d), except $% damping was used.

Sw = stress due to weight = ByM,,/Z where M,, = moment due to weight at mid-arc of elbow.
Sp = stress due to internal pressure = PD/2t

where P = internal pressure
D = ¢lbow mean diameter
= gibow nominal wall thickness

t



Table 8 Reference 11 Tests oz Other Components: Comparisons with 28y Limit

Pipe 2% Damping 8% Damping
Tes‘/ S.'n sv L]
Run  Type Size Sch, Mitl. ksi ksi S/28y ksi S$/28y SwiSy Sp/Sy
(a) (b) () (d) (€) n (®)

186 RFI  (a) {a) S 534 770 7.2 456 43 0.08 0.24
2077 NZ (a) (a) SS 48.7 770 79 436 4.5 0.08 0.34
36/8 TR 6 40 S 455 902 9.9 610 6.7 0.08 0.42
86 TB 6 40 SS 40.1 1185 15 654 8.2 0.05 0.48
39/4 B 6 40 S8 40.1 1248 16 674 54 0.04 0.00

(a)

(b)
(©)

(d)

(e)
®)

RFT = reinforced (with pad) fabricated tee; 4 NPS, Sch. 40 branch; 8 NPS, Sch. 40 run; pad thickness =
0.322 in.
NZ = nozzle (see Figure 13).
TR = 6x6x6 ANSI B16.9 tee, loaded through run.
TB = 6xbx6b ANSI B16.9 tee, fixed at one run end, branch loaded.
Pipe material: CS = carbon steel, SA106-B; 8§ = stainless steel, SA312 Type 316.
Sy = matenal yield strength (from Appendix D of Reference 11). For Tests 18 and 20, run pipe material yield
strengths.
Moments from Appendix B of Reference 11.
Response spectrum analysis based on 2% damping, + /-15% peak broadening,
See text for conversion of moments 1o stresses.
Same as (d), except 5% damping was used.
Sw = stress due to weight = B;M,/Z where M,, = moment due to weight.
Sp = stress due to internal pressure = PD/2;
where P = internal pressure
D = run pipe mean diameter
t = run pipe nominal wall thickness
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Table 9 Reference 13 and Other Piping System Tests: Comparison with Eiastic Analyses

Test Damping,
Ref. Location System Description Mil. S/2Sy %
(a) (b (¢ ()
13 ETEC System 1, 6 NPS and 3 NP§, Sch. 40 S 16 5
See Figure 15 and Section §
13 ETEC System 2, 6 NPS and 4 NPS, Sch. 40 SS 12 5
See Figure 16 and Section §
14 HEDL 1 NPS, Sch. 40 S8 12 3
See Figure 20
15 ANCO 7 bend, 4 NPS, Sch. 40 S 1.6 2
16 ANCO 8 NPS and 6 NPS, Sch. 40 C8 3 3
No branches
16 ANCO 8 NPS and 6 NPS, Sch. 40 CS - ——
Two 3 NPS, Sch. 40 branches
17 ETEC 3 NPS, Sch. 40 Cs 14 .
One 3 NPS, Sch. 40 branch
17 ETEC 6 NPS, Sch. 40 CS 83 5
One 3 NPS, Sch. 40 branch
18 KWU 4.5-in. outer diameter, 0.165-in. wall thickness S8 2.1 2
(Germany) 2.38-in. outer diameter, 0.114-in. wall branch
19 HDR 18-in.« 10 4.5-in.~outer-diameter pipes SS 24 3
(Germany) D/t = about 15
20 Tadotsu 1/2.5 scale model of ene loop of SS (6.6) (d)
(Japan) PWR primary coolant system

D/t = about 12

(a) ETEC = Energy Technology Engineering Center, Canoga Park, California
HEDL = Hanford Engineering Development Laboratory, Richland, Washington
ANCO = ANCO Engineers, Culver City, California
KWU = Kraftwerk Union, Aktiengesellschaft, Federal Republic of Germany
HDR = Heissdampfreaktor, Kahl/Main, Federal Republic of Germany
Tadotsu = Tadotsu Engineering Laboratory, Tadotsu-cho, Kagawa Prefecture, Japan
(b) C§S = carbon steel pipe material (e.g., Al106-B)
SS = austenitic stainless steel pipe material (e.g., A312 Type 304)
{¢) § = calculated stress usir2 response spectrum analysis with indicated damping, except for Reference 20.
§ for Reference 20 is from a time listory analysis.
Sy = yield strength of piping material.
(d) Time history analysis
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