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ABSTRACT

This six-volume report contains 151 papers out of the 178 that were
presented at the Thirteenth Water Reactor Safety Research Information Meeting
held at the National Bureau of Standards, Gaithersburg, Maryland, during the
week of October 22-25, 1985, The papers are printed in the order of their
presentation in each session and describe progress and results of programs in
nuclear safety research conducted in this country and abroad. Foreign
participation in the meeting included thirty-one different papers presented by
researchers from Japan, Canada and eight European countries, The titles of
the papers and the names of the authors have been updated and may differ from
those that appeared in the final pragram of the meeting.
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Structural Load Combinations

H. Hwang and M, Reich
Brookhaven National Laboaratory

B. El11ingwood
National Bureau of Standards

M. Shinozuka
Columbia University

Abstract

This paper presents the latest results of the program entitled,
"Probability Based Load Combinations For Design of Category I Struc-
tures". In FY 85, a probability-based reliability analysis method
has been developed to evaluate safety of shear wall structures, The
shear walls are analyzed using stick models with beam elements and
may be subjected to dead load, live load and in-plane earthquake,
Both shear and flexure limit states are defined analytically. The
limit state probabilities can be evaluated on the basis of these
Timit states.

Utilizing the reliability analysis method mentioned above, load
combinations for the design of shear wall structures have been es-
tablished. The proposed design criteria are in the load and resis-
tance factor design (LRFD) format., In this study, the resistance
factors for shear and flexure and load factors for dead and live
loads are preassigned, while the load factor for SSE is determined
for a spegificd target limit state probability of 1.0 x 10°° or
1.0 x 1079 during a lifetime of 40 years,

1. INTRODUCTION

The program entitled, “Probability Based Load Combinations for Design of
Category | Structures”, is currently being worked on for the Office of Nuclear
Regulatory Research, U,S. Nuclear Regulatory Commission, The objective of
this program is to develop a probabilistic approach for evaluating safety of
reactor containments and other seismic category [ structures subjected to
multiple static and dynamic loadings. Furthermore, based on this probabi-
listic approach, load combination criteria for the design of Category I struc-
tures will also be established.

This paper presents the latest results of the program, Specifically, the
reliability analysis method for shear wall structures, and the probability-
based load combinations for the design of shear walls recently have been de-

Work performed under the auspices of the U,S., Nuclear Regulatory Commission,



veloped, In the following sections, the shear wall structures and the limit
states used in this study are described first, Then, the probabilistic models
of loads and material strengths are presented. Next, the reliability analysis
method for shear walls is discussed and an example is given to demonstrate the
method. Finally, the probability-based design criteria are presented.

2. SHEAR WALL STRUCTURES ANu LIMIT STATES

Shear walls are used in many Category I structures in nuclear power
plants as the primary system for resisting lateral loads such as earthquakes.
These shear walls usualiy have low height-to-length ratios and exist either as
part of 4 rectangular box or as individual walls, In this study, a low-rise
three-story rectangular shear wall, as shown in Fig, 1, is chosen as a
representative shear wall structure. The shear wall is analyzed using a stick
mode] with beam elements and it may be subjected to dead load, live load and
in-plane horizontal earthquake during its lifetime,

The limit states of a low-rise shear wall include flexure, shear, sliding
and buckling, A typical shear wall in a nuclear plant structure is massive
and low., Thus, buckling failure would be very rare. Resistance to sliding is
provided by aggregate interlock and dowel action of vertical reinforcement and
boundary elements, For a low-rise massive shear wall with proper boundary
elements, sliding failures would also be rare, In this study, therefore,
sliding and buckling failures of shear walls are not considered, The shear
and flexure limit states are defined below.

2.1 Flexure Limit State

The flexure limit state for shear walls is defined analytically according
to ultimate strength analysis of reinforced concrete, It is described as fol-
lows: At any time during the service life of the structure, the state of
structural response is considered to have reached the limit state if a maximum
concrete compressive strain at the extreme fiber of the cross-section is equal
to 0,003, while yielding of rebars is permitted. Based on the above defi-
nition of the limit state, a 1imit state surface can be constructed for a
cross-section with given geometry and rebar arrangement in terms of the axial
force and bending momenrt on a cross-section, A typical flexure limit state
surface, which is approximated by a polygon, is shown in Fig, 2. In this fig-
ure, point "a" is determined from a stress state of unitorm compression,
Points "c" and "c'" are the so-called "balanced points”, at which a concrete
compression strain of 0,003 and a steel tensile strain of f,/Eg are
reached simultaneously, Points "e" and "e'" correspond to zero axial force,
Lines abc and ab'c' in Fig., 2 represent compressi... failure and lines cde «nd
c'd'e' represent tension failure,

The flexure limit state surface represents the flexural capacity of a
shear wall, Since the flexural capacity is calculated using the ultimate
strength analysis of reinforced concrete, the variability of the capacity is
caused primarily by the variations of concrete compressive strength and rebar
yield strength,
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2.2 Shear Limit State

The shear limit state is reached when diagonal cracks form in two
directions; following the formation of the diagonal cracks, either concrete
crushes or rebars yield and fracture. The ultimate shear strength of a shear
wall, vy, expressed in units of force/area, is

wER ey (1)

in which vo and vg are the contributions of concrete and reinforcement to
the unit uitiaate shear strength,

Barda, et al.[2]. conducted tests on eight specimens representing
low-rise shear walls with boundary elements and suggested that for shear walls
with height-to-length ratio hy/2, between 1/4 and 1, v, could be given
by,

h N n
vc-e.aff“;-a.4/?“c<1-!-})+u‘-‘ﬁ;}c-.! ¢ 1.0 (2)
w w w

in which N, is axial force taken as positive in compression and h is the

wall thickness, Barda, et al., also concluded that for shear walls with a
height-to-length ratio of 1/2 and less, the horizontal wall reinforcement,
which is effective for high-rise shear walls, did not contribute to shear
strength. On the other hand, vertical wall reinforcement was effective as
shear reinforcement in shear walls with height-to-length ratio of 1/2 and
less. However, it was less effective as height-to-length ratio approached 1,

Since the effectiveness of the horizontal and vertical reinforcement
varies for diffigjnt height-to-length ratios, the following equation for Vg
is recommended .

vs = (a p, + b o )fy (3)

where pp and p, are horizontal and vertical reinforcement ratio,
respectively.The constants a and b are determined as follows:

h
= 3 ; T" 1/2
w
n "
b = 4 =248 1 12s s (4)
w w
hﬂ
0 : =5 1
. L,
and
a=1-b



Both horizontal and vertical rebars are partially effective outside the given
limits, but Eq. 4 is not sensitive to these limits as long as horizontal and
vert ' cal rebars both are used.

Gergclyfl?l has suggested that a low-rise shear wall would fail by di-
agonal crushing of the concrete if the shear stress is larger than the follow-
ing unit ultimate shear strength:

vy = 0.25 f (5)

However, Eq. 5 does not account for the effects of wall slenderness and rein-
forcement, In this study, the unit ultimate shear strength is taken as the
smaller of those determined from Eqs. 1-4 or Eq. 5. The total ultimate shear
strength V, is computed as

vu.Vuhd (6)

where h is the wall thickness and d is the effective depth, which is taken to
be 0.8 ¢, for rectangular walls, From Eq. 6, a shear limit stace surface

can be constructed for any shear wall cross-section, A typical shear limit
state surface is shown in Fig, 3. In this figure, lines 9 and 12 are governed
by Eqs. 1-4 and lines 10 and 11 are governed by Eq. 5.

From simulation results, E1lingwood(10] suggested that the actual shear
resistance can be treated as

Vg = BV, (7)
where G; s the mean value determined from Eq. 6 using mean values of f¢
and f,. B is a lognormal random variable with unit mean value and
coeff‘ciont of variation of 0,19, In this study, the shear strength obtained
from Eq. 7 is used for the reliability assessment of the shear wall.

3, PROBABILISTIC CHARACTERISTICS OF LOADS AND MATERIAL STRENGTHS

Since the loads involve random and other uncertainties, an appropriate
probabilistic model for each load must be established in order to perform the
reliability analysis.

3.1 Dead Load

Dead load is a static load and acts permanently on a structure, It is
derived mainly from the weights of the structural system, the permanent equip-
ment and attachments such as pipings, HVAC ducts and cable trays, Except for
the attachments, the Yrris ions associated with the weights of stru:ture or
cquipnr? are small, Lil,1 Dead load is assumed to be normally di .tri-
buted.L11]  The mean value is equal to the ff{ign value and the coe ficient
of variation (CoV) is estimated to be 0,07, Permanent equipmen' loads
are tr[r}cf jcparatcly in the pruposed probability-based load combia-
tiOﬂ’. ’ ‘
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3.2 Live Load

Live load in nuclear power plants denotes any temporary load resulting
from human occupancy, movable equipment and other operational or maintenance
conditions., Significant live load might arise from temporary equipment or ma-
terials during maintenance or repair within the plant, Thus, live load is
modeled as a Poisson renewal rectangular pulse process which is defined by the
occurrence rate, mean duration, and the probability distribution of the point-
in-time intensity.

Measurements of live loads in nuclear power plants were unavailable,
Statistical data on live loads were obtained from a limited number of re-
sponses to a questionnaire usef gj part of a consensus estimation survey of
loads in nuclear power plants, 1 The live load data from the consensus
estimation survey were analyzed in Appendix A of Ref, 11, Considering both
PWR and BWR plants, the mean value of the maximum live load to occur in 40
years is 0,81 times the nominal value and its coefficient of variation is
0.37. With a mean duration of three months, several statistics for the point-
in-time {152 load corresponding to different occurrence rates can be ob-
tained,[ In this study, the occurrence rate is taken to be 0.5 per year;
thus, the mean value of the point-in-time live load intensity is 0,36 times
the nominal design value and the coefficient of variation is 0,54, The point-
in-time live load is assumed to have a gamma distribution,

3.3 Earthquake

The seismic hazard at the site of a nuclear power plant is described by a
seismic hazard curve. A seismic hazard curve, 1s a plot of annual exceedance
probability Ga(a) vs. the peak ground acceleration. In this study, the
probability distribution Fa(a) of the annual peak grequ acceleration A is
assumed to be the Type Il extreme value distributionl?J,

1 - Gp(a) = Fa(a) = exp [-(a/u)=2] (8)

where a and y are two porametfr to be determined, The value of a for the
U.S. is estimated to be 2.7.L14) The parameter , is computed based on this
a=value and the assumption that the annual“probabilit{ 85 exceeding the safe
shutdown earthquake at the site is 4 x 10 per year, 1 The hazard

curve used in this study compares well with six out of the eight curves with
50 perctnt Sﬁnfidence for eight specific plant sites in the Eastern United
States,L3,1

In addition to the mean duration of an earthquake, the lower and upper
bounds of peak ground acceleration are required in the analysis, The lower
bound, ag, indicates the minimum peak ground acceleration for the ground
shaking to be considered as an earthquake, a, is assumed to be 0,05 gy, The
upper bound, apax, represents the largest earthquake possible at a site,
However, the state-of-the-art in seismology can not precisely determine the
value of apay. The effects of different values of ap,y on the load fac-
tors are reported in Ref, 14, In this study, apayx 15 chosen to be Zassg.




The ground acceleration, on the condition that an earthquake occurs, is
fdealized as a segment of a zero-mean stationary Gaussian process, described
in the frequency domain by a Kanai-Tajimi power spectral densitng].

1+ 4cg(w/n )2

gg'” °n - (“/”9) =9 4;9(u/ug)

where the parameter S, is a random variable which represents the intensity

of an earthquake. The distribution of S, can be determined as shown in

Ref, 20, Parameters and gg are the dominant ground frequency and the
critical damping, respéctively, which depend on the site soil conditions. For
rock and deep cohesionless soil conditions, wy is taken to be 8« rad/sec and
5: radfg’c. respectively, tg 1s taken to be 0.6 for both soil condi-

tions.

3.4 Material Properties

In order to perform a reliability analysis of a shear wall structure, it
is necessary to determine the actual material properties. In this study, the
material strengths are random, while other properties are assumed to be deter-
ministic,

A. Concrete
The density of concrete ’t saken to be 150 1b/ft?, Young's modulus is

computed according to »CI codel5) and Poisson's ratio for concrete is 0.2,
The concrete compressive strength, fc, is "’%’[f 50 be normally distributed
with LoV of U,14 and a mean value at 1 year, f¢L10J

fé = 1219 + 1,02 fen (psi) (10)
in which fi, = specified compressive strength of concrete at 28 days. For
example, if f., is specified as 4000 psi, the mean value of concrete com-
pressive strength is 5299 psi,

B. Reinforcing Bars

The yield strength f, of ASTM A 615 Grade 60 deformed bars is assuined
to harr a ;gqnormcl distribution with a mean value of 71,0 ksi and CoV of
0.11,L10,171" young's modulus and Poisson's ratio are taken to be 29,0 x 10
pst and 0.3, respectively,

4, RELIABILITY ANALYSIS METHODOLOGY

The reliability analysis methodology for shear walls is presented in
Ref, 21, It follows the same approach as described in Ref, 20, The limit
state probability, P¢ ¢ is defined as the probability that the structural
response will reach the 1imit state “s" during the lifetime. In this study,



the shear wall is considered to be subjected to three loads, i.e., dead load
(D), live load (L) and earthquake (E). Thus, the wall is subjected to at
least one of the following mutually exclusive load combinations in its
lifetime: D, D+L, D+E and D+L+E., With the assumption that the limit state
probability under D and D+L is zero, the limit state probability Pf ¢ can be
expressed as

. p(D*+E) (D+L+E)
Pf.s Pf.s " Pf,s (11)

(q)
The limit state probability for a load combination g, 1.e., Pf g, can
be computed approximately by

P9 = T a(q) P{Y) (12)

in which T is the lifetime of the structure, taken as 40 years. A(g) is the
occurrence rate of the load combination (q) and is determined by formulas

in Ref. 20. The conditional limit state probability given the occurrence of
the load combination (q), 1.e., P&Q&, is the probability that the combined
load effects exceed the structural resistance., The technique to compute
PA9¢ is shown in Ref. 21,

The fragility, Pg, is defined as the conditional limit state probabili-
ty with respect to a limit state "s", given a peak ground acceleration, The
evaluation of the fragility is also shown in Ref, 21,

4,1 1llustrative Application

A rectangular shear wall, as shown in Fig, 1, is subjected to dead load
and earthquake during its lifetime, The height of the shear wall is 75 feet,
the width is 125 feet and the thickness is 15 inches. Three floors are sup-
ported on the wall at 25, 50 and 75 feet above the ground. It fis assumed that
the superimposed dead load on each floor is 16 Kip/ft and the safe shutdown
earthquake (SSE) for design of the wall is taken to be 0.32 g. The specified
concrete compressive strength is 5000 psi and yield strength of the reinforc-
ing bar is 60,000 psi. The wall is designed according to the proposed Load
combination criteria as shown in Section 5.5. The required horizontal and
vertical reinforcement ratios are determined to be 0,00236 and 0,00523,
respectively.

The probabilistic characteristics of loads and material strengths de-
scribed in Section 3 are summarized in Tables 1 and 2, respectively. The lim-
it states for flexure and shear as defined in Section 2 are reached at the
base of the shear wall, In this study, the variations of structural resis-
tance and dead lfri are included in the analysis using a Latin hypercube sam-
pling technigue, 1 The sample size is chosen to be ten; thus, ten values
of f¢, fy, D and B, are chosen according to their distributions, and each
value ha{ equal probability, Table 3 gives the ten sets of the Latin hyper-
cube samples and the corresponding conditional 1imit state probabilities for
flexure and shear limit states i.e.,PLDdE)and HO4E), The average values of
these ten conditional 1imit state probabilities are 2,52 x 10~} and 4,10
x 10-10, For a lifetime of 40 years, the flexurc and shear limit state
probabilities are 6,06 x 10-11 and 9.86 x 10-10, respectively,
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For the shear limit state, the fragility of the shear wall, which is
defined as the conditional limit state probabilicy given a peak ground

acceleration, is also evaluated,

and plotted in Fig, 4,
Table 1.

Probabilistic Models for Loads.

The fragility data are tabulated in Table 4

Load

~ Mode!

Dead Load (D)

Time Invariant I
Normal Distribution With D = 1,0 D, and
CoV(D) = 0.07, Dy = 16 Kip/ft per each floor

Earthquake (E)

Seismic Hazard Follows a Type Il Distribution
1 - Gp(a) = exp[-(a/u)"2); a = 2.7, u = 0,01765
1+ ag2(w/w,)?

Rlol s & —eehegnge gy

1 - (u/ug) I©+ ‘Cg(ﬂ/ug)

where wy = S5v rad/sec, &g = 0.6
a, = 0.059. Amax * 0.6‘9
Occurrence rate, Ag = 0,0601 per year

Mean duration, uqg = 20 seconds

Table 2. Probabilistic Model for Material Strength,

Maverial Strength

“Model

fe

Normal Distribution

fe = 1,219 + 1,02 f{,

fen = 5000 psi, f& = 6319 psi
CoV(fe) = 0.14

Lognormal Distribution
fy = 71000 pst (fyn = 60,000 nsi)
CoV(fy) = 0.11

11
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Fig. 4. Fragility Curve (Shear).
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5.1 Load Combiration Format

The load and resistance factor design (LRFD) format{18] has been
selecffd fgs this study. This format has been adopted in 385era1 specifica-
tionst1,4 and the Standard Review Plan, Section 3.8.4,[ The LRFD
format is simple enough to be used in routine design while offering sufficient
flexibility to achieve consistent reliabilities in various design situations,
If three loads, i.e,, dead load, live load and earthquake are considered to
act on the shear walls during a reference period, the load combinations in the
LRFD format are:

1.2D0 +1.,0L + YESE R

ss € %Ry (13)
where
D = load effact due to design dead load
L = load effect due to design live load
Ess = load effect due to safe shutdown earthquake (SSE)
ves = load factor for safe shutdown earth juake
¢i = resistance factor for the i-th limit state under consideration
Ry = nominal structural resistance for the i-th limit state under

consideration

It is assumed that design loads and nominal structural resistance are de-
fined as in current standards., The load and resistance factors are determined
S0 as to achieve the desired reliability. However, in this study the dead
load factor, live load factor and resistance factors are preset to simplify
the optimization. The mean value of tho dead load is approximately equal to
its nominal value and its variability is quite small, A dead load factor of
1,2 (or 0.9 when the dead load has a stablizing effect) has ?eaa found to be
more than adequate to account for uncertainty in dead load, L1,

Furthermore, experience with the treatment of live load as a companion load in
conventional structures has shown that it is reasonable to preassigf t?Y live
load factor of 1,0 (o~ zero if live load has a stabilizing effect),.8,11]

The dead and live load factors in Egs. e? and 14 are the same as those
appearing in the A58 load requirements, ] With a few trials, it was found
that if the resistance factor for shear, $y, 15 set to be 0,85 and the
resistance factor for compression or compression with flexure, #ms 15 set to
be 0,65, they will produce approximately the same optimum values of the load
factor ygs., Hence, in this study, these resistance factors, which are

similar to those specified in ACI Standard 349, are adopted,

5.2 Representative Shear Wall Structures

An important requirement for codified structura) design is that all the
structures designed according to a code should meet the code performance ob-
Jectives which are expressed in probabilistic terms, In order to test if this
requirement is satisfied, four representative (sample) scructures are selected
for evaluating the design criteria. In this study, representative shear wall
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structures are determined from examining existing shear walls in U,S. nuclear
power plants. A low-rise three-story rectangular shear wall, as shown in

Fig., 1, is chosen as a representative shear wall structure, The shear wall
may be subjected to dead load, live load and in-plane earthquake forces, The
ranges of the design parameters such as height-to-length ratio, material
strengths, and design loads are determined and one, two or four representative
values are selected to represent the range of each design parameter, Then the
Latin hypercube sampling technique is « >d to identify sample shear walls
using these representative design value Four sample shear walls thus
identified are shown in Table 5, With the design parameters in Table 5 speci-
fied, the remaining design parameters, which still need to be determined, are
the wall thickness and the reinforcement,

Table 5, Representative Shear Wall Structures,

Design Parameters Sample 1 Sample 2 Sample 3 Sample 4
Height (ft) 75 75 75 75
Width (ft) 75 125 100 150
Concrete Compressive
Strength (psi) 4000 5000 5000 4000

Rebar Yield Strength

(pst) 60,000 60,000 60,000 60,000
Superimposed Dead

Load (Kip/ft) 16 16 16 16
Live Load (Kip/ft) 12 8 12 8
SSE (g) 0.17 0,32 0.25 0.50
Soil Rock Deep Deep Rock

Cohesionless Cohesionless

Earthquake Duration
(sec) 10 20 10 20

5.3 Design nf Shear Walls

Each representative shear wall shown in Table 5 has to be designed ac-
cording to the proposed load combinations with trial load and resistance fac-

16



torc, specified design loads, and nominal resistance. The shear strength de-
termmned from Eq. 6 is proportional to the wall thickness, It is known that
the shear limit state probability of a shear wall with larger wall thickness
is less than that of a shear wall with smaller thickness, even through both
shear walls are designed according to the same criteria, Thus, for the design
of shear wall structures, the wall thickness cannot be assigned arbitrarily,
Utilizing the nominal shear strength expression for shear walls in the ACI
code and a horizontal wall reinforcement ratio of 00,0025, the following ex-
pression is used in this study to determine the appropriate wall thickness.

v N
u _ u
ECER.D
h )7?'—-———!———- (15)
3.3 "’ 0'0025fyn
where
h = thickness of a shear wall
Vy = factored shear force at a cross-section
Ny = factored axial force at a cross-section
¢y = resistance factor for shear
ty = total length of a shear wall
4 = effective length of a shear wall, d = 0.8 g, for rectangular wall
fcn = nominal concrete compressive strength

nominal yield strength of reinforcement

Once the wall thickness is determined, the remaining design parameter,
which needs to be determined, is the required wall reinforcement., For the
structural analysis of the shear wall, a beam element mode! is used. In this
study, 3 beam elements are used to model each story; thus, a shear wall is
represented by a beam model with 10 nodes. The mass used in the model s cal-
culated from the mean values of dead and live loads, as specified in Section
3. The axial force, which results from dead load with or without live load,
is obtained from static analysis, The shear and moment due to earthquake are
obta‘ned from response spectrum analysis. The horizontal response spectrum
used in this aﬁudy is the design spectrum specified in the Regulatory Guide
(R.G.) 1.60,[ The damping ratio is tt;’” to be 7 percent of critica' for
the SSE, as specified in the R.G, 1,61, The axial force, shear and
moment thus obtained are combined using the proposed load combinations, 1.e.,
Eqs. 13 and 14, with the trial load factors,

The nominal resistance of the shear wall is computed using the formula
specified in the current ACI code., The minimum wall reinforcement can be de-
termined such that the factored nominal resistance will be larger than the
factored load effect. In practice, the designers usually provide reinforce-
ment larger than the minimum requirement, In this study, however, the minimum
rebar area will be used in design and reliability assessments, The represen-
gat:ve shear walls designed by the procedure described above are shown in

able 6,
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Table 6. Required Wall Thickness and Reinforcement Ratios (D+L+Egs).

Sample YES h (in) Pm o ®n
B 8 0,00623 0,00148 0.00148
1.2 8 0,00793 0.00213 0,00213
1 1.3 8 0,009%7 0.00278 0.00271
1.4 9 0,00947 0,00266 0.00262
1.5 10 0,00926 0.00257 0.,00256
1.1 13 0.,00265 0.,0025%6 0.00256
b® 15 0,00284 0,00235 0.0023%
2 1.3 16 0,00315 0.00257 0,00256
1.4 18 0,00331 0.00241 0.00241
1.5 20 0.00334 0.00230 0.00230
1.1 10 0.00480 0.,00278 0,0027%
1.2 12 0.00459 0.00232 0.00232
3 1.3 13 0.00508 0.00245 0,00245
1.4 14 0,00534 0.0025%6 0,00256
1.8 15 0.00564 0.00267 0,00265
1.1 25 0,00230 0.00256 0,00256
1.2 28 0,00255 0,00260 0.00260
4 1.3 32 0,00270 0.0025%0 0.00250
1.4 36 0,00277 0.00245 0,00245
1.5 40 0.00284 0.00243 0.00243

NOTE: 1. Pm is vertical reinforcement ratio required by flexure,

2. o and b, are horizontal and vertical reinforcement -atios,
respectively required by shear.
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5.4 Determination of Load Factors

The load and resistance factors are determined to be consistent with a
specified target limit state probability for each limit state. The selection
of a target limit state probability should consider many factors, e.g., the
characteristics of the limit states, the consequence of failure, and the risk
evaluation and damage cost. Hence, the target reliability may not necessarily
be the same for different limit states, It is anticipated that the target
limit state probability will be set by the regulatory authority and/or the
code committee,

Once a target limit state probability Pg 1 is specified, the load and
resistance factors are determined such that the limit state probabilities of
the sample shear walls are sutficiently close to the target limit state proba-
bility. The closeness is measured by an objective function defined as fol-
lows:

N
avio) = I w (10g Py - log Py (16)

where N is the total number of representative shear wall structures, Py 4 1s
the limit state probability computed for the i-th sample structure, wy rep-
resents a weight factor for the i-th sample structure, In the Latin hypercube
sampling technique, it is assumed that each sample in Table 5 is equally rep-
resentative, and thus, wi = 1.0, The optimum values of the load and resis-
tance factors are then derived by minimizing the objective function Q.

The limit state probabilities of the shear walls shown in Table & under
the three loads in 40 years, are shown in Table 7, It is to be noticed that
the limit state probability for shear is calculated on the basis of the re-
quired shear reinforcement without including the reinforcement required for
flexure, Similarly, the 1imit state probability for flexure is computed with-
out considering the shear reinforcement, Using these limit state probabili-
ties, the objective function Q can be computed for several values of Ygg
and P¢ 1. Figure 5 shows parabolic curves plgtted through these values of
the objective function, For Pg 1 = 1,0 x 10® per 40 years, the optimum
values of Ygg are 1,366 and 1.411 for shear and flexure limit states, re-
spectively. For Pg 1 = 1.0 x 10°° per 40 years, the optimum values of
Ygs are 1,214 and 1.267 for shear and flexure limit states, respectively,
Hence, Ygg is recommended as 1.4 or 1,2 corresponding to the specific
target limit state probability mentioned above,
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Table 7. Limit State Probabilities (D+L+Egs).
Limit
Sample State Ygg=l.l Yes*1.2 VES'I.3 7[5'1'4 vgg*led
: Flexure | 3.349 -4 | 1,240 -4 | 4,670 -5 1.315 -5 3,930 -6
Shear 3,312 -4 | 1.829 -4 | 9.847 -5 4,249 -5 1.681 -5
" Flexure | 5.452 -5 | 9.453 -6 | 2,041 -6 2,586 -7 4,507 -8
Shear 2,002 -5 | 3,087 -6 | 7.162 -7 9.165 -8 1.076 -8
. Flexure | 3.483 -5 | 6,607 -6 | 9,835 -7 1.862 -7 2.779 -8
Shear 4,302 -5 | 6,414 -6 | 1.507 -6 3.327 <7 6.842 -8
. Flexure | 7.968 -4 | 2,195 -4 | 4,635 -5 1,105 -5 2,511 -6
Shear 1.021 -4 | 2,736 -5 | 5.466 -6 1.028 -6 1.870 -7

5.5 Proposed Load Combination Design Criteria

If the target limit state

years (equivalent to 2.5 x 10~
for design of the shear walls subjected to dead load, live load and earthquake

8"

obability is selected as 1.0 x 10°" per 40
per year), the proposed load combinations

during the service 1ife are as follows:

1,20 + 1,0L + 1.4 Egs

0.90

- l.‘ ESS

} L TLY

(17)

The resistance factor for shear, %, is 0,85 and the resistance factor for
The determination
of the nominal design values for loads and nominal resistance follows current

compression or compression with flexure, %5, is 0,65,

practice,
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The proposed loae janbinations are similar to those specified in ANSI
Standard A58.1-1982.L1] The proposed load factor for earthquake in this

study is 1.4 instead of 1.5 in the A58 standard. However, the definition of
earthquake is quite d’'/ierent from the design earthquake in the A58 Standard.
In general, the safe shutdown earthquake specified for nuclear structures is
much stronger than that specified for conventional structures. Another dif-
ference appears in the resistance factor for shear, In this study, the resis-
tance factor for shear is rocon-endrg 50 be 0,85, while 0,70 was recommended
for use with the A55 load criteria,Ll®) [n this connection, however, it
should be noted that the mean shear capacity of low-rise walls, as described
by Eqs. 1-4, is much higher with respect to the nominal shear capacity speci-
fied h{ Ai654-5] than is the mean shear capacity of slender walls and

b.mo 8.

Reference 15 compared two shear wall structures designed using the pro-
posed design criteria and the current ACI-349 code. The results with respect
to shear limit state are shown in Tables 8 and 9, This comparison revealed
that the proposed design criteria, based on the target limit state probability
of 1.0 x 10~® per 40 years, are more stringent than those specified in
AC 1‘3‘9.

Table 8, Shear Walls Designed With ACI and Proposed Criteria,

Thickness
Sample Design Criteria (in) ’n i
2 ACI 9 0,00263 0,00264
Proposed 15 0,00236 0,00236
4 ACIl 18 0,00271 0,00271
Proposed 30 0.00245 0.00245

Table 9. Relfability Assessments of Shear Walls,

Design Limit

Criteria State Sample 2 Sample 4
ACI Shear 1.644 -4 3.614 -4

Proposed Shear 1,453 -} 1.385 -6




6. CONCLUDING REMARKS

A reliability analysis method for shear walls has been developed, In
this method, the shear wall is modelled by beam elements, The limit state for
flexure is defined according to ultimate strength analysis for combined axial
forces and bending moments, The shear 1imit state is established from test
results. At present, three loads, i.e.,, dead load, live load and in-plane
earthquake, are considered in the reliability analysis, The randomness and
other uncertainties of the structural resistance are included in the relia-
bility analysis using a Latin hypercube sampling technique., Based on the
above information, the limit state probabilities of a shear wall can be com-
puted for flexure and shear limit states. This reliability analysis method
can be used to evaluate the reliability level of existing shear walls and to
derive fragility curves of shear walls for PRA studies.

Utilizing the reliability analysis method described above, load combina-
tion criteria for the design of shear wall structures have also been es-
tablished, The proposed design criteria are in the load and resistance factor
design (LRFD) format, The load factor for SSE is dcgeruincd for a target
1imit state probadbilities of 1.0 x 10°6 or 1.0 x 10°3 during a lifetime of
40 years. The proposed load combinations according to P¢ 1 = 1,0 «x 10-6
per 40 years are summarized in Section 5.5, It is clear that the use of such
criteria would entail no major change in the way that routine structural de-
sign calculations are performed, However, in contrast teo existing design pro-
ccduresi the proposed criteria are risk-consistent and have a well-established
rationale,

On the basis of the data used in this study, shear walls designed by cur-
rent ACI-349 for earthquake loading , but without tornado loads, may not be
adequate for the reliability level specified, This may be because the target
limit state probability is too small or because of other assumptions made in
our analysis, However, it may be due to the fact that the code committee does
not consider the whole range of seismic hazard, If the ay,, is larger than
two times the SSE value, the difference will be even greater, We believe that
this problem should be given proper attention, However, this does not
necessarily imply that the current shear walls used in the nuclear plants are
unsafe, Since shear walls are designed to resist tornado-borne missiles, they
are more massive than would be required to resist only earthquake loadings,
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STANDARD PROBLEMS FOR STRUCTURAL COMPUTER CODES
A.J. Philippacopoulos, C.A, Miller and C.J. Costantino

Brookhaven National Laboratory
Upton, New York 11973

ABSTRACT

Various numerical approaches with different degrees of approximations
have been developed and utilized for the evaluation of the structural
response of nuclear containments and other Class | nuclear structures.
These approaches however, inherently rely on various degrees of
approximations in order to simplify the mathematical equations associated
with the analysis methods. Thus, they may not necessarily represent the
actual response behavior of the structure in question., This is esp-:ially
true for operating or accident conditions that involve seismic and dynamic
Toads. Under this program BNL is investigating the ranges of validity of
the analytical methods used to predict the behavior of nuclear safety
related structures under accidental and extreme environmental loadings.

During FY 85, the investigations were concentrated on special problems
that can significantly influence the outcome of the sofl structure
interaction evaluation process. Specially, limitations and applicability
of the standard interactfon methods when dealing with 1ift-off, layering
and water table effects, were investigated. This paper describes the work
and the results obtained during FY 85 from the studies on 1ift-off,
layering and water-table effects in sofl-structure interaction,

1. INTRODUCTION

This paper describes work performed at Brookhaven National Laboratory
(BNL) on the program “Standard Problems for Structural Computer Codes" (FIN
No, A-3242) during FY 85, The work reported here is concerned with three
tasks related to the sofl-structure interaction area. There tasks are: a)
Tift-off effects, b) layering effects and c) water table effects, The
overall objective of these tasks 1s to evaluate these effects for nuclear
plant structures and utilize experimental data, when available, to quartify
the uncertainties which exist in the mathematical models.

In the 1ift-off area, the capability of tne SIM code which was
developed at BNL was extended in order to treat tne 1ift-off process.
Mathematical laws pertaining to the structure-foundation interface were
developed to account for local nonlinearities associated with the 1ift-off
phenomenon, The SIMQUAKE experiment was utilized to compare analytical

" predictions with the SIM code versus recorded data. Furthermore, the

Work performed under the auspices of the U.5, Nuclear Regulatory
Commissinn,
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conditions under which lift-off can occur in nuclear plant structures were
investigated.

The influence of the foundation layering on the response of struc-
ture-foundation system was studied. Several foundation configurations were
used with different geometrical and wave propagation characteristics in
order to quantify the effect on the system transfer functions. Based on
the numerical data generated for the system transfer functions, a method
was developed which gives an approximation to the layering problem. The
procedure was applied to a set of foundation configurations in order to
demonstrate its applicability and limitations,

Water table effects were studied for nuclear facilities located on
sites characterized by high water tables, In conventional 551 evaluations
the foundation impedances are computed without taking into account the
effect of the water table. The influence of the latter on the foundation
impedances studied using a version of the SLAM code. A capability of
treating the water phase in SSI evaluations was developed and incorporated
into the SLAM computer program. Numerical results for foundation
impedances were obtained with the without the presence of water in the
foundation,

Details pertaining to the 1ift-off, layering and water table studies
are described in the following sections.

2. LIFT-OFF EFFECTS

A study was performed to evaluate the extent to which lift-off
(separation of foundation and soil) may be important in evaluating the
seismic response of nuclear power plant structures, The standard lumped
parameter analysis method was modified hy representing the lumped soil/
structure interaction horizontal and rocking springs and dampers with
disturbed (over the foundation area) springs and dampers are then modified
so that they can only transmit compressive stresses, Additfonal inter-
action damping is included to account for the impact which occurs when a
portion of the foundation which has separated comes back into contact with
the soil.,

The validity of the model is evaluated by comparing predictions made
with it to data measured during the SIMQUAKE Il experiment. The
predictions were found to correlate quite well with the measured data
except for some discrepancies at the higher frequency (>10 cps) range,
This discrepancy was attributed to the relatively crude mode] used impact
effects,

Data is presented which identify the peak accumlation required to
cause 11ft-off, For parameters typical of nuclear power plant structures
1ift-off was found to occur when the peak accelerations are in the range of
0.3 = 0,6 G's, Studies were then performed to evaluate the consequence of
neglecting 11ft-off when it occurs. A typical result is shown as Fig. 1.
Spectra were compiled for the rocking motions both including and neglecting
11ft-off. This was done for three inputs having peak accelerations of
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1.33, 1.67, and 2 times that required to cause lift-off, The ratio of the
spectral values fncluding 11ft-off to that neglecting lift-off is shown as
Fig. 1. It may be seen that the spectra including 1ift-of f effects are
significantly higher (by a factor of 3 when the peak acceleration is 2
times that required to cause lift-off) than those neglecting lift-off,

3. LAYERING EFFECTS

Analytical and numerical methods are avallable today for the
evaluation of the dynamic stiffness of foundations resting on the uniform
and the layered halfspace. It is desirable, however, to have simplified
methods which can give a resonable approximation to the foundation
stiffness. The latter, are very important in the computation of the
seismic response of building-foundation systems. Approximate methods for
deriving foundation impedance functions can be used in preliminary design
as well as for checking the overall results from corputer codes. Such
approximations have been proposed for the uniform haifspace and the case of
sofl stratum on rigid base, It {s generally more difficult to derive
simple approximations for impedance functions associated with layered
profiles, This is due to the fact that the wave propagation is dispersive
in this case. Thus the speed of the propagation depends on the wavelength,

Under this program, a simplified procedure to evaluate the response of
structures resting on layered foundations was developed. This procedure s
hased on an equivalent radiation damping which was evaluated for different
foundation configurations, Comprehensive data to demonstrate the applica-
bility and accuracy of the method were generated. Response comparisons
between the simplified method and a vigorous method were made for massless
foundation, foundation with mass and finally for flexible structures,

Fig. 2 shows typical comparison of the harmonic response of a foundation
for which the radius 1s equal to the layer depth, The ratio of the S-wave
speed between the layer material and the material of the halfspace 15 equa)
to 0.3, It can be seen, that the response obtained by the approximate
method is in very good agreement with the rigorously computed response.

Furthermore, the application of the method in computing the transient
response due to earthquake inputs was investigated. In these investi-
gations the free-field motion was represented by a synthetic acceleration
time history, The accuracy was examined at the floor spectra level, Fig.
3 shows a comparison between approximate and rigorously computed floor
spectral curves for 2% equipment damping. The agreement is very good.
Similiar results were obtained for a set of different foundation systems,

4, WATER TABLE EFFECTS
One aspect of the soll-structure interaction process which has not
generally been included in the soll=structure interaction process is the

fmpact of ground water (or pore water) on the response of typical nuclear
power plant facilities located at soll sites where the ground water table
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is reasonably close to the structural foundations., There are very good
reasons for the current state of affairs, however, not the least of which
is the difficulty of incorporating this aspect into the 551 analysis,

At one extreme of the problem at which soil - 4 75 approach the
fatlure strain condition, the analysis typically f. uses on the potential
fatlure under the structure, and the development of liquefaction conditions
in the soil. The current state of the art in this area is to a great
extent based upon on empirical methods of analysis. The difficuities in
this area stem primarily from a lack of knowledge of sofl constitutive data
at large strains,

At the small strain end of the spectrum, the analytic approaches that
can be used to study the impact of pore water are more tenable, and in fact
a relatively long history, extending back some 40 years, 1s available to
guide the development., To be sure, difficulties stil] exist in this area,
and these again are primarily associated with constitutive properties of
real soils. However, with the availability of computer power, realistic
problems can be investigated to allow engineers to assess the potentia)
impact as sefsmic structural analysis,

The objective of this phase of the study was to generate a finite
element computer program to treat the seismic response of a soll«structure
system in which a typical linear structure is situated near the surface of
the ground., The soil 1s represented as a linear medium in which all
potential nonlinearities are at most lumped into an equivalent hysteretic
damping modulus. Mowever the soll pores 1s saturated with compressible
fluld (water) to some depth close to the structure (Fig, 4), A numerical
finite element mode! 1s developed to treat this two-phased linear media,
this mode! being based upon the analytic developments extending back to the
work of Biot, In keeping with typical SS1 analyses, in order to make the
finfte element approach yield reasonable results, a comparable two-phase
transmitting boundary formulation was developed to adequately take care of
relative damping effects,

The code was developed nd made operational with several parameter
variations performed to assess impact of pore water on response, A typical
result 1s shown in Fig, 5, In which a comparison of frequency dependent
interactive coefficients (stiffness and damping) 1s presented for vertical
motions of a rigid footing of half-width A, As may be moted, the pore
water has a major impact on the character and magnitude of these
coefficients, with effective radiation damping increasing from the dry to
the fully satuarated case,
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STEEL CONTAINMENT BUCKLING

T. A. Butler and W. £. Baker
Los Alamos National Laboratory
Los Alamos, New Mexico

ABSTRACT

Two aspects of buckling of a free-standing nuclear steel containment
building were investigated in a combined experimental and analytical
program. In the first part of the study, the response of a scale
mode! of a containment bullding to dynamic base excitation is investi-
gated. A simple harmonic signal was used for preliminary studies
followed by experiments with scaled earthquake s'ignals as the excita-
tion source. The experiments and accompanying analyses indicate

that the scale mode) response to earthquake-type excitations 1s very
complex and that current analytical methods may require a dynamic
capacity reduction factor to be incorporated. The second part of the
study quantified the effects of framing at large penetrations on the
static buckling capacity of scale model containments. Results show
1ittle effect from the framing for the scale models constructed from
the polycarbonate, Lexan. Wowever, additiona)l studies with a mode)
constructed of the prototypic stee)l material are suggested.

I. INTRODUCTION

The Steel Containment Buckling program being conducted at the Los Alamos
National Laboratory is directed at investigating varfous aspects of reactor
containment fatlure induced by buck)ling of the steel containm t shell, This
buckling can arise from an instability in the shell when loading conditions
lead to excessive membrane stresses. Fallure mechanisms that can be caused by
buckling of the shell include material splitting or tearing, seal fallure at
penetrations, and shell puncture from nearby hard points. The program focuses
upon dynamic loading conditions such as those that arise from a Loss-of-
Cooling Accident (LOCA) or from an earthquake, however, the program also deals
with certain static loading conditions and geometries that have been identified
by the NRC as being appropriate computer code bench mark problems.

The research focus s on five areas: (1) effects of the ASME Area Replace
ment Method for reinforcing penetrations, (2) establishing bench mark static
load experiments for computer code verification, (3) investigation of knuckle
region buckling for torispherical shallow dome geometries under internal pres-
sure, (4) evaluation of design and analysis procedures used for buckling under
time-dependent loadings (dynamic buckling), and (5) evaluation of the effect
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of penetration framing on shell buckling capacity. The first three oi these

areas have previously been investigated [1-5] and will not be reported here.

This paper focuses on the research involved with dynamic buckling and the ef -
fects of penetration framing.

The study of bncklin? under the influence of time dependent loadings is still
in progress. A preliminary test series has been completed using a scale mode)
Lexan cylinder excited by scaled earthquake and harmonic signals or an electro-
dynamic shaker. The occurrence of bucking was determined during the tests by
audibility and during posttest analysis by highspeed video, strain gage sig-
nals, and accelerations of the top of the test specimen. The tests were anal-
yeed using a freezing-in-time method with standard modal analysis techniques
and an experimentally derived buckling interaction curve.

In the penetration framing study four Lexan cylinders mode ! 1ing containment
structures were used to study the effects of different framing designs around
large penetrations on the buckling capacity of containments. Two of the cyl-
inders had equipment hatch-type penetrations and two had personnel airlock-type
penetrations. Both types of cylirders were loaded with axial loads and shear
loads as framing was incrementally added. Analysis with numerical models 1s
being used to determine how containments with prototypic containment materials
would respond under the loads being studied.

I1. DYNAMIC BUCKLING STuDY

The goal of this work is to assess the current (and past) design and analysis
procedures for predicting buckling of steel containment vessels under time-
dependent loadings. 1In particular, in this phase of the work the freezing-
in-time method is evaluated. For this analysis method, time dependent stresses
are calculated w.th a structural dynamic computer code or Lhe stresses are
derived from equivalent static loads and then, in either case, are assumed to
be static (frozen in time) during performance of bifurcation buckling analyses.
Implicit in this procedure is the assumption that the stress fleld, which
causes the buckling, changes 1ittle during the time that it takes the struc-
ture to deform into the buckled configuration.

A, Test Model

The cylinder used for the experimental studies was constructed from the poly-
carbonate, Lexan and was supported with aluminum end rings (Fig. 1). The
geometry of the cylinder was designed to provide similarity of essential fea-
tures with stee!l nuclear containment structur:s. The size and spacing of the
ring stiffeners were based upon the requirements of ASME Code Case N 284 (6)
for prevention of both ring and global buckling under typical design loadings
for nuclear containments. For the tests described in this paper, additional
mass was added to the top ring to separate the frequency of the fundamental
response mode from the lowest shell frequencies.
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Fig. 1. Detalls of Lexan model used for dynamic buckling =xperiments.

The polycarbonate material, Lexan, used for constructing the cylinder and stif-
fening rings has two characteristics that make 1t particularly convenient for
dynamic buckling tests; models may be fabricated using a convenient solvent
bonding technique and the material remains elastic throughout a test invelving
reasonable post-buckling deformations. Therefore, the mode! may be subjected
to buckling deformations many times without substantial change in the response
of either the buckling load or the buckled mode shape.

Before the mode! was mounted on the shake table a modal survey was performed
to determine i1ts dynamic characteristics. During this modal survey several
shel)l modes were identified and compared with analytical results obtained with
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the BOSOR-1V computer code. As can be seen from the results shown in Fig. 2,
the analytical results are quite close to the test results. Also shown on the
figure are analytical frequencies for mode shapes other Lhan pure shell modes
The fundamental beam bending/shear mode frequency is 43.6 Hz, which compares
closely with the freguency indicated for this mode during the transient tests
described below. The test model was purposely designed so that this mode's
frequency would be well separated from the lowest shell modes. In a prototypic
containment this frequency could be close to the lowest shell frequencies (see
Fig. 3) and, as discussed below, more interaction between the fundamental beam
bending/shear mode and the shell modes could be expected. Based upon data from
the modal survey and transient tests discussed below, the damping of the cyl-
inder structure is approximately one per cent of critical.

B. Buckling Criteria
Preliminary to the dynamic tests, a series of static tests were performed on

the cylinder to establish its buckling strength. Both axial compression and
bending tests were conducted. The results of these tests along with the
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for dynamic buckling experiments,
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buckling interaction diagram that is discussed in detail in Ref. 7 were used
to define the static buckling criterion for the freezing-in-time analysis.

The static axial compression tests were conducted with a 200 kN (55 kip) servo-
hydraulic testing machine. Rubber cushions were placed between the thick end
plates, which provided the load path from the testing machine to the cylinder,
and the aluminum end rings of the cylinder to obtain a uniform load distribu-
tion around the cylinder. Axisymmetric loading was used and five tests were
performed with the cylinder at different angular positions relative to the end
plates. The average load at general collapse, 4092 N (920 1b), {s approxi-
mately 71 percent of the classical buckling load for an unstiffened y!inder

of this geometry.

The bending tests were conducted by clamping the lower end ring to a rigid
test fixture and applying a load along a diameter at the top ring. In essence,
the shell acted as a short cantilevered beam with a luad at the end giving a
constant shear distribution along the length of the sheil. As with the axial
tests, considerable care was given to ensure minimal deviation from an ideal
stress distribution at the clamped end. ODuring the tests, as the load was
slowly applied, visible, but stable, shear buckles formed before general col-
lapse at the peak load. For a series of nine tests the average buckling load
was 1770 N (397 1b).

C. vibration Test Results

The vibration tests were conducted on a single-axis, horizontal shake table
that was controlled with a digital control system. Included in the data taken
during each test were the three components of input acceleration recorded with
accelerometers mounted on the lower ring of the cylinder, three components of
output acceleration recorded from accelerometers mounted on the cylinder's
upper ring, and four strain measurements. Two of the strain gages were ori
ented vertically at the “"toe” of the cylinder where buckling from compressive
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stresses was judged most likely to occur. These gages were centered between
the lower end ring and the first ring stiffener, one being on the inside and
the other on the outside. The other two strain gages were on the side of the
cylinder, 90 degrees from the first set of gages and centered in the bay Just
below the center ring stiffener. As with the first pair, the two gages were
back-to-back, one inside and the other outside. The orientation of the gages
on the shell was 60 degrees from the axial direction.

In addition to recording time histories of these ten transducers, photogranhic
coverage of each test was otained with two high-speed, video cameras. An
equivalent framing speed of 1000 frames per second was used. These records
permitted visual identification of when buckling occurred in the areas covered
on the cylinder. One of the cameras was oriented toward the toe of the cylin-
der just above the bottom aluminum ring. The other was orfented to show shear
buckling on the cylinder at a location approximately 45 degrees to the direc-
tion of excitation.

In the first set of tests the excitation was sinusoidal in nature. the objec
tive of these tests was to use the simplest possible transient excitation so
that the response would be relatively easy to analyze and the various buckling
phenomena could be well understood before more complex earthquake -type tran-
sients are studied.

The desired acceleration transient for each test had forty cycles of a sine
wave at a given frequency that increased linearly in amplitude from zero to a
predetermined peak in 40 cycles. The peak acceleration was held for one addi -
tional cycle foilowed by ten cycles of linearly decreasing amplitude to zero
acceleration. This particular transient was selected to reduce the chance of
failing the cylinder by restricting the number of cycles of buckling that the
cylinder could experience during any one test. For a given test, frequency
and the peak acceleration were selected and then the peak acceleration was
increased during successive tests unti) buckling was detected. The decreasing
amplitude tai)l on the transient was necessary to avoid the introduction of a
*shut -down* transient, which could cause a severe transient at the end of each
test. The harmonic tests were performed at frequencies from 10 Wz to B0 Wz in
increments of 10 Wz,

Several different criteria were used to determine when buckling occurred in
the cylinder for each of the tests. Some of these were more o’foct!vo within
certain frequency ranges; however, by using all the criteria, the point at
which buckling occurred for each frequency considered was reasonably well
fdentified. Only at one frequency, B0 Mz, were we unable to buckle the cylin-
der because of a lack of shaker table capability. A summary of test results
is shown in Fig. 4. The first, and most consistent, method for identification
of buckling is labeled “top acceleration® in the figure. For this method,
measured acceleration of the top ring of the cylinder in the direction of pri-
mary excitation was used along with the mass of the top ring to determine
buckling with an equivalent static criterion. When this acceleration first
reached a level that the equivalent static load acting on the ring was equal
to the static buckling load (1770 N (397 b)) the cylinder was considersd to
have buckled. The buckling acceleration was then identified it the same point
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in time from the accelerometer located at the base of the cy!inder and oriented
in the direction of excitation. This method of identifying buckling is an
experimental freezing-in-time technique.

A second criterion, based solely on the acceleration response verified the
first criterion for frequencies above 43.6 Hz (the frequency of the lowest
beam mode). The vertical acceleration response of the top ring of the mode!
initially increases linearly, as would be expected from the prescribed input
acceleration. Then at a particular point in time, a high frequency response
component appears and the response becomes nonlinear, as indicated by the peak
response for each cycle. Again, the buckling acceleration is fdentified from
the base input at the appropriate point in time. Results using this criterion
are within 5 percent of the first criterion. Another, similar, method for
fdentifying buckling involves comparing the top acceleration in the horizonta)
direction with the calculated acceleration. The calculated response does not
include buckling effects, so, by comparing the two signals and determining
when the experimenta! response deviates significantly from the analytical,
buckling can be identified. For certain tests, this criterion for identifying
buckling again gives results close to the equivalent static criterion.

Buckling was also identified for all except the 20 and B0 Wz tests using the
recorded video signals. For each of the tests, the videc was analyzed frame
by frame near the initiation of buckling and the time at which buckling oc-
curred was identified. From Fig. 4 it can be seen that, except for the 70 Wz
case, this criterion results in buckling accelerations that are very close to
those for the other criteria already discussed. The fina) criterion used for
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Fig. 4. Required base acceleration to buckle Lexan cylinder as a
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fdentifying buckling invoived audibility. When buckling occurred the cylinder
produced an audible popping sound. While each test was being performed two of
the experimenters were positioned near the shake table and listened for this
characteristic sound. Because the tests were short in duration, the point in
time at which the sound occurred could not be identified. It could only be
determined that buckling either did or did not occur for each test. There-
fore, this criterion results in the wide range of results shown by the bars in
Fig. 4.

The BOSOR-1V computer code was modified to calculate modal stresses and these,
along with the frequencies, generalized masses, and mode shapes were used in a
separate computer code that integrates the uncoupled equations of motion in
modal coordinates. The moda! response values are then used to predict the
stress in the cylinder at each location for each point in time. These stresses
are normalized with the critical buckling stress determined in the static tests
discussed above. A postprocessor is then used to plot the maximum normalized
stresses at specified points on the shell and these are compared with the
buckling interaction curve discussed in detail in Ref. 7. When any of the
computed stress values are outside of the interaction curve, buckling can be
expected. The sequence described here is a freezing-in-time technique and was
used to analyze all of the tests.

The numerica) mode! was used to analyze response of the cylinder to the har-
monic excitation at each frequency considered in the test series and, in
addition, at the fundamental frequency of the cylinder (43.6 Hz). Results of
these calculations are shown in Fig. 4, along with the experimental results.
The computed buckling acceleration levels are consistently below the exper|
mental data. The primary explanation for this difference is the fact that the
computational buckling criterion when compared with the particular static
buckling interaction curve used here, should probably use an integrated stress
level over a characteristic area rather than point values. The characteristic
area has not yet been determined but should probably be related somehow to the
buckling wave length for the cylinder.

Two different signals were used to develop the earthquake type transient excl-
tation. Thess were based on normalized accelerations from the east-west motion
o1 the 1965 Olympia, WA earthquake and the north-south motion of the 1933 Long
Beach, CA earthquake. Response spectra of these two earthquake transients
using | per cent damping are shown in Figs. 5 and 6. The signals were scaled
in time and amplitude to be appropriate for excitation of the 1/50th scale
mode| Lexan cylinder. Consecutive tests were performed with each of the
transients, with each test having a higher maximum acceleration level until
buck1ing could be definitely identified through audibiiity.

Table | presents results for several of the tests performed in this series.
Before discussing the buckling of the test mode!, some general comments should
be made concerning the response of the model to the two different earthquakes.
The amplification of the input base acceleration to the model top ring is
approximately 2.5 for the Olympia signal whereas the amplification is two to
three times that value for the Long Beach signal. This difference in response
can be explained by referring to the response spectra presented in Figs. 5 and




6 and realizing that, before buckling occurs, the top ring at the end of the
very light Lexan shell responds to this type of input as a !inear single -
degree -of -freedom system with a natural frequency equal to the fundamenta!l
beam bending/shear modal frequency (43.6 Mz).

Buckling was identified in much the same way as for the harmonic tests de-
scribed above except that we did not use video records. The primary method
for determining whether buckling occurred for a given test was to analyze the
bending strain measured with the strain gage pair located approximately halfway
up the cylinder wall. 1f the shell does not buckle and there are no initial
imperfections in the shell, the bending strain at this location should remain
small because none of the shell modes with harmonics greater than one are
theoretically excited. There are obviously small imperfections in the shel)
s0 this bending strain is expected to remain small but have a finite value
throughout each of the transients. Compar~, for instance, the three signals
shown in Fig. 7. The top signal is the berding strain from Test 17 where
buckling was indicated by every other measire, both from experimental data and
by analysis. It shows significant bending strain being introduced at
approximately 0.25 s into the transient. The middle signal is from Test 18
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where it is believed that buckling did not occur. The lower signal is from
Test 19, a test for which there is no other indication that buckling did occur.

Based on this comparison, however, we would say that buckling did occur for
this test.

A second measure for the occurrence of buckling is to analyze the vertical
acceleration of the top ring in the frequency domain. 1f buckling occurs,
higher shell harmonics should be excited and the vertical response of the ring
should show significant energy at frequencies other than the fundamental system
frequency (43.6 Hz). The power spectral density of the vertical acceleration
of the top ring during Test 9 is shown in Fig. 8. Note the expected peak at
approximately 43.6 Wz and the larger peak at 140 Wz. The higher of the two
frequecies coincides with the shell vibration frequency for n=9 (see Fig. 2).
when the shell was statically buckled, it buckled into the n=9 harmonic so
this is a frequency that we would expect to see excited when buckling occurs.
Figure 9 shows the power spectral density for the top ring vertical accelera-
tion for Test 18, where buckling did not occur. Using this measure, bu kling
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TABLE 1
SUMMARY Or RESULTS FOR DYNAMIC BUCKLING FROM EARTHQUAKE TRANSIENTS

ek - Buckling Indicated By
Horizontal Horizontal
Test Mccoloration  Tep Bing bondiog  Wertical  Static . (Freseias-
MNo. Earthquake IR . ia's) Audibility Strain  Acceleration _ load  _in-time)
7 Olympia 4.15 10.92 No Yes Yes No Yes
8 Olympia 4.53 11.95% Possible Yes Yes No Yes
9 Olympia 5.06 12.12 Possible Yes Yes No Yes
" Long Beach 3.67 27.60 Yes Yes Yes Yes Yes
8 Long Beach 2.23 14.74 Possible No No Yes Yes
19 Long Beach 2.36 21.90 Possible Yes No Yes Yes

did not occur for Test 19, which has a power spectral density for this accel-
eration signal that is very similar to the one for Test 18.

The most accurate method for experimentally identifying buckling for the har-
monic tests was the equivalent static load method where buckling was assumed
to occur when the acceleration of the top ring mass was high enough that its
weight multiplied by its horizontal acceleration in g's exceeded the load re-
quired to buckle the cylinder during static tests. This method indizates that
when the horizontal acceleration of the top ring exceeds 14.3 g's, the snell
should buckle. As can be observed from the data in Table I, this measure is
not appropriate for both of the earthquake transients. For the Long Beach
signals the method may be acceptable. However, use of this method for the
Olympia signals would be nonconservative. Here, the buckling load calculated
from the measured response acceleration is approximately 75 per cent of the
required static load. The reason for this lower required buckling load is
probably that shell harmonics are excited and introduce what amounts to addi-
tional imperfections in the Lexan cylinder, thus lowering the required buckling
load.

An important point is that the equivaleni static load method being considered
here is, in essence, . freezing-in-time technique. The fact that the method
does not accurately predict buckling does not necessarily mean that any
freezing-in-time technique is not acceptable because it is conceivable, but
unlikely, that some analysis techniques could account for the excitation of
higher harmonics and the imperfections that they introduce. Another important
aspect of the problem is that, in the test model, the frequency of the funda-
mental response mode is far removed from the lowest shell frequencies.

47



Tes=t |7 Meguang =tram st 19 Hetwhing Stisan

* e Y e P pans LT T
‘ nan WO g oen b Uty

mirostramn
L1

Mo roetre
& ve

L1} LB L] o o e L2 i . (L] L L1 e (1] e ‘2 “ L
tinvw sev sl e e o

Fest 18 bendhing ~tsan
S s (L T 1)
! e LC R RLEH

Fig. 7. Bending strain in Lexan shell at height L/2 and 90° from
direction of excitation for different levels of Long Beach 1933

earthquake.

In the prototypic containment the fundamental frequency is very near to the
lowest shell frequencies (see Fig. 3). In addition, the presence of a pene-
tration structure that has significant mass, such as a personnel airlock, in-
troduces the possibility for other important vibration modes with frequencies
in the range of interest.

The analytical freezing-in-time technique being used for this study predicts
that the shell buckles for all of the six cases listed in the Table 1. As
described above in the discussion of response to harmonic base excitation,
this method is quite conservative because of the manner in which the stresses
in the shell are treated when compared with the buckling interaction curve.

LI11. PENETRATION FRAMING EVALUATION

The objective of the penetration framing study is to develop a set of guide-
lines that can be used in evaluating the effect of framing on overall
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on Lexan model for Test 9 (Olympia 1965).

containment vessel structural stability. Framing is normally added to a con-
tainment structure when one or more circumferential stiffening rings are in-
terrupted by a large penetration such as an equipment hatch or a personnel
airlock. The purpose of the framing is to carry loads in the circumferential
stiffeners around the penetration with as little disturbance of the load path
as possible. Presence of the framing can affect the buckling capacity of the
containment for several reasons; one is that it can introduce additional stress
concentrations and another is that the added mass can atfect dynamic response
characteristics of the containment. Results of a previous study [3) using
steel models indicated that framing could possibly lower buckling capacity,
particularly when the buckling is characterized by plastic collapse. Altering
the dynamic response characteristics can lead to increased membrane compressive

stresses under certain loading conditions and can also introduce dynamic im-
perfections.

In the work reported here we evaluate the effects of framing only in a static
sense. Later work in our dynamic buckling program is oriented toward deter-
mining the effect of added mass associated with penetrations on the buckling
response of containments loaded dynamically.
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A. Test Models

For this study, four Lexan models were fibricated with large penetrations.

The test models were similar to the mode] described above for the dynamic study
(see Fig. 1) except that penetrations were introduced. Two of the models had
the equipment hatch-type penetration shown in Fig. 10 and two had the personnel
airlock-type hatch shown in Fig. 11. Before any framing was added, doublers
and collars that satisfy the ASME Area Replacement Method were bonded to the
Lexan cylinders. The design of the penetrations is nominally patterned after
those described in Ref. 8 for the containments designated Units 6 and 7 in

that report.

During fabrication all comgonents that were to be bonded to the cylinder, such
as doublers, stiffening rings, and framing members, were preformed to the ap-
propriate cylindrical radius using a heat treatment process. This preforming
minimized any distortion of the cylinder or introduction of prestresses that
could affect the buckling capacity. The resulting models were of high quality
with the required load to buckle with axisymmetric, axial loading ranging from
85 to 96 per cent of the classical value for an unpenetrated cylinder of the
same diametes.
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B. Test Procedure

Each of the four models were tested with three types of loads: an axial center
load, an axial load eccentric to the center at one half the radius and located
above the penetration, and a shear load oriented along the diameter of the
cylinder acting on the top ring of the model. For each model framing was in-
crementally added during one of the last two load types to determine its
effect on the buckling capacity. In addition, each mode! was tested before
any framing was added and after the final framing was added for the other two
load types. The method for loading the models was the same as described above
for determining the buckling capacity of the mode)l that was loaded dynamically.
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Fig. 10. Schematic of models that represent containments with
equipment hatch-type penetrations.

During the test series where framing was added incrementally the sequence that
it was attached to the models is shown in Figs. 10 and 11. Two of the models,
designated E1 and P2, had framing added until they were in the "Full +* con-
figuration. Additional framing beyond the nominal condition was not added for
the other two models, designated E2 and P1, so that these models could be used
for further dynamic buckling studies.
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C. Experimental Results

Results of the buckling experiments for each of the four models are shown in
Figs. 12-15. The data presented in each of the plots are normalized to the
results of the first buckling test for that model for the particular load case
considered and, in the case of the R/2 eccentric load and the shear load, with
the load applied on the side of the model opposite the penetration. For in-
stance, for the shear load case every load on the plot is normalized to the
buckling load with the shear load applied at a position 180 degrees to the
penetration so that the penetration would have a minimal effect on the buckling
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capacity. For both axial load cases, center and R/2 eccentric, several tests
were performed with the model oriented in an inverted position, that is, with
the penetration located at the top of the model. For the particular loading
hardware used for these tests, buckling was more likely to occur near the pen-
etration with the mode!l in this orientation, making the test data more mean-
ingful in determining the effects of the penetration and additional framing.

Data from all of the tests indicate that, for these particular models (small
imperfections) and this particular material (Lexan), the addition of framing
near penetrations has little effect on the models buckling capacity. The
largest difference is an increase in capacity of about 10 per cent for model
E2 with a shear load. Some of the observed small decreases in buckling
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capacity must be viewed in light of a general trend for the buckling capacity
of a given model to decrease during repeated tests with short time periods

(less than an hour) between tests. Note an apparent decrease in the buckling
capacity of model E1 with the addition of framing for the R/2 eccentric axial



load. 1In this case all of the tests from the *"Partial" framed conditicn
through the Full framed condition were performed on the same day. The lower
two data points for the "Full +* condition were also obtained on the same day.
The upper two points for the *"Full +* framing condition, neglecting the two
tests in the inverted configuration, were obtained after the model had not
been tested for several days. The highest of these two points is higher than
any other point for any framing condition.

Three of the four models were loaded in shear with the load located 90 degrees
from the penetration. The resulting data are indicated with solid squares in
the plots. This particular orientation locates the penetration in the region
where stable shear buckles first form during the shear tests rather than near
the toe where the axial compressive stress is tne maximum. Results seem to
indicate that the mode! orientation has little effect on the buckling load,
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Fig. 13. Normalized buckling loads for model E-2.
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which, in turn, further suggests that neither the penetration or the framing
significantiy affect the buckling capacity of the Lexan models.

Another point that can be made from Figs. 12-15 is that the penetrations
reinforced in accordance with the ASME Area Replacement Method do not lower
the duckling capacity of the models. This conclusion is in accordance with
the work previously performed with steel models and reported in Refs. 1 and
2. For the central axial load case, this fact is indicated by the buckling
load being near to the classical value for unpenetrated cylinders. For the
other load cases it is supported by the fact that the 180 degree orientation
agrees quite closely with the no framing case.

D. Analysis Results
A finite element mode! (FEM) of the Lexan models with the equipment hatch-
type penetration was developed using the ABAQUS computer code [9]. The model

was represented with 198 shell elements and 196 beam elements. The stiffening
rings and framing, represented with beam elements, were offset from the center
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line of the she!l elements using multipoint constraints. Linear material
properties were used for the Lexan and the ends of the cylinder were fixed
from rotating. The lower end was also fixed from translating and the upper
end was forced to remain circular in a plane that could rotate and, in the
case of the shear load, translate.

Several studies were performed with the FEM representing the different framing
configurations that were studied experimentally. In all of our studies, the
material was assumed to remain linear and bifurcation buckling solutions were
obtained. Only the more important of the analytical studies will be reported
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Fig. 15. Normalized buckling loads for model P2.

here. These include analysis of buckling response for the R/2 eccentric axial
load and the shear load with no framing and with nominal framing. Since the
top load plate was not included in the model, the load distribution for the
R/2 eccentric load case was developed using strain data from the bench mark
studies (3] and an assumed cos (©) varifation of the load magnitude. For the
shear load cases, the FEM was loaded with a concentrated load on the top ring
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above the penetration, which accurately represents the actual loading condition
for the experiments.

Results of the FEM analysis are shown in Figs. 16 and 17 for the R/2 eccentric
and shear load cases. For the R/2 eccentric load case the addition of framing
up to the nominal framing state lowers the computed buckling load by approxi-
mately 15 per cent. The buckled shape without framing is similar to the ex
perimental buckled shape with general buckling over the front half and lower
portion of the cylinder. When the framing is added the buckling becomes local-
ized above the penetration. For the shear load case the addition of framing
raises the buckling load by approximately 15 per cent. The cylinder buckles
near the base next to the penetration without framing. When framing is added
the buckle is forced upward to the top of the framing and penetration.

E. Uiscussion

Results of the FEM analysis, in terms of buckling load are not out of line
with the experimental results. Even though the experimental results do not
show the magnitude of change that the FEM analysis does, the buckling load
seems to decrease slightly for the R/2 eccentric case with the addition of

it R/2 eccentric load
without framing
buckling load is
4604N (1035 1b)

+ 4+
.

1! R/2 eccentric load
e with framing
buckling load fis

: 3959N (890 1b)

L<}4 o gme mas

Fig. 16. Finite element model results for equipment hatch-type
penetration with and without framing for R/2 eccentric
load.
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Fig. 17. Finite element mode! results for equipmenl hatch-type
penetration with and without framing for shear load.

framing up to nominal for both models E1 and E2 and to increase slightly for
the shear load case for both models.

Some caution must be used in extapolating the results cf either the experi-
mental results or the FEM results to the prototype. First, the material Lexan
used for the experiments behaves somewhat differently than the prototypic
material, A516 Grade 70 stec]l. The Lexan remains nominally linear for all of
the loads used for our buckling studies. There is, however, some question
about the effect of short-term creep of the material during loading. For
instance, we obtained slightly different buckling loads depending on the
loading time used for the tests. The prototypic steel material, unlike the
Lexan, may exceed its elastic limit for some of the locad ag conditions
studied, depending on the capacity reduction factor for the prototype. For
the R/2 eccentric load, the maximum stress in the Lexan cylinder just prior to
buckling is estimated to be 3.86 MPa (560 psi). This translates [10] to a
stress level of 331 Mpa (48000 psi) for the prototype, which is below the nor-
mal elastic limit of 379 MPa (55000 psi). The difference in capacity reduction
factor between the Lexan models and the prototype would make the maximum ex-
pected stress level in the prototype before buckling even less. On the other
hand, for the shear load, which probably gives a stress field like that which
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could be expected during an actual earthquake, the maximum expected stress
level when bifurcation buckling is expected in the prototype, not accounting
for differences in the capacity reduction factors betweem Lexan and steel cyl-
inders, would be approximately 1014 MPa (147000 psi). Depending on the ca-
pacity reduction factor for the prototype, the prototypic material may or may
not yield before it buckles. If the material does yield significantly before
buckling, the response would be expected to be similar to that seen in the
bench mark studies [3] where a steel with a rather low elastic limit of ap-
proximately 193 MPa (28000 psi) was used.

Based on the Lexan model tests, the FEM analysis, and the previous bench mark
experiments [3], we can reach severa! conclusions relative to the effect of
framing on the buckling capacity of a penetrated containment. First, a pen-
:ntration that does not interrupt more than two circumferential stiffeners and
is reinforced according to the ASME Area Replacement Method does not signifi-
cantly lower the buckling capacity of the containment. Second, if the capacity
reduction factor for the containment is such that the containment material
membrane stress stays in the linear range, except for local stresses, the
buckling capacity should not change significantly (less than 15 per cent).
Third, if the containment material does not remain in the linear range, stress
limits, as defined by the ASME Code, will govern the containment design. Sev-
eral questions remain, the most significant having to do with how the response
of the prototype compares with that of the Lexan models, particularly in terms
of the capacity reduction factor. We will learn more about the capacity re-
duction factor in our dynemic tests but at least one or two additional static
tests need to be performed using a steel model with material properties close
to the prototypic material and with imperfections representative of the proto-
typic containment.

IV. CONCLUSIONS

A ring stiffened, axisymmetric, Lexan cylinder was submitted to two types of
dynamic excitation to provide data for evaluating current analysis methods for
predicting load levels at which steel containments could buckle. One of the
excitation types, a single-frequency, harmonic signal was used to study the
phenomena associated with buckling of a ring-stiffened shell loaded dynami-
cally. The other excitation type consisted of scaled earthquake signals.
Tests using the harmonic-type excitation showed that, for this type of excita-
tion, buckling can be predicted rather accurately given that an appropriate
static buckling criterion exists for the types of forces with which the shell
is loaded. This indicates that a freezing-in-time analysis could give an ac-
curate prediction for the excitation levels that would cause the shell to
buckle dynamically. Prediction of shell buckling with earthquake-type dynamic
loads is much more difficult. Results from the tests reported here indicate
that for some earthquake signals shell modes with more than one circumferential
wave may be excited and become important in predicting the buckling response
of the shell. Since these higher harmonics are not normally included in
freezing-in-time analyses, the technique needs more evaluation before it is
used without a conservative dynamic capacity reduction factor.
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Another part of the Los Alaros program for evaluating buckling of steel con-
tainments involved determining the effects of f-aming at large penetrations in
the containment shell. Two penetration types were studied experimentally with
four Lexan models. Results of these experiments and a finite element analysis
of one of the penetration geometries indicates that the framing has little
effect on the buckling capacity of the penetrated containment. The experiments
indicated a change in buckling capacity of less than 10 per cent and analysis
indicated a change of less than 15 per cent. The framing increased buckling
capacity for shear types of loads and decreased the loads required to buckle
the models for an axial compression load type. Extrapolation of the results

to the prototype indicates that for certain load combinations, the prototypic
material may experience considerable plastic yielding before the bifurcation
buckling loads are reached, thus causing failure through plastic collapse
rather than linear bifurcation buckling. Additional tests need to be performed
on a mode! constructed using field fabrication techniques with a steel that

has material properties close to those normally used for steel containments to
determine how the results reported here relate to typical steel containment
buildings.
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PIPING RESEA~CH OVERVIEW
DAN GUZY, MSEB/DET/RES

Introduction

The USNRC Pipina Review Committee was formed in 1983, at the request of the
USNRC Executive Director for Operations., Its charter was to perform a compre-
hensive review of NRC requirements in the area of nuclear power plant piping.
The Piping Review Committee completed its mission in 1985, with the publication
of the five volumes of NUREG 1061 (References 1 through 5). These reports
present recommendations for both regulatory changes and for needed research,

The Piping Review Committee's research recommendations are now being
implemented through a combination of projects sponsored by industry and the
NRC's Office of Nuclear Regulatory Research (RES). The division of tasks
within RES is such that those addressing pipe cracking and pipe break will be
managed by the Materials En%ieneering Branch and those dealing with the dynamic
load design of piping will managed by the Mechanical/Structural Engineering
Branch. This paper will outline the research activities in the latter
category. Recommendations from Volumes 2 and 4 of NUREG 1061 form the basis
for doing the work discussed below.

Dynamic Load Capacity and Failure Modes of Piping

The Piping Review Committee recognized the potential benefits from more realis-
tically identifying failure mechanisms and improving acceptance criteria for
the dynamic loading of piping. Inertial loadings from dynamic events such as
earthquakes are time-varying and have limited durations and energy content,
These now, however, are evaluated like gravity and other sustained piping
loads. ASME Code requirements for the oynamic load design of piping assume
that plastic collapse is the dominant failure mode but, recent analytical
studies (Reference 6) indicate that some combination of ratcheting and fatigue
is more likely to occure. Limited testing has also hown the onset of dynamic
ratcheting in piping;: however, actual failure data is so scarce that appro-
priate de.ign rule changes can not be made at this time. [f it can be demon-
strated conclusively that fatigue/ratcheting is the principal dynamic faflure
mode, then significant changes can be made with regards to how the ASME Code
sets limits on inertial stresses. This would dramatically change the nature of
piping system design and could in turn reduce the number of snubbers used in
nuclear power plants,

To address this issue, the NRC and EPR! are cooperating jointly in the Piping
and Fitting Reliability Research Program. The objectives of this program are
to clearly determine the likely dynamic failure modes of piping systems, to
fdentify procedures to predict failure (and margins), and to provide a basis
for changing ASME Code rules, if appropriate. This program consists of dynamic
capacity testing of piping at the system, component, and specimen levels, plus
analyses needed in support of test planning and the development of recommenda-
tions for criteria changes. Seismic, BWR hydrodynamic, and water hammer load-
ings will be addressed in the program.

The joint EPRI/NRC program began in the Spring of 1985, and will take
approximately 3 years to complete. General Electric of San Jose is the main
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contractor and performs the overall management, coordination and integration of
the program, General Electric is working with consultants and the testing
sub-contractors to develop test matrices, configurations, and data acquisition
procedures. EPRI and the NRC approve program planning and review results as
they develop.

A matrix of forty piping component tests is being conducted at ANCO Engineers.
The objective is to systematically obtain dynamic failure data for components
under severe (but characteristic) seismic, hydrodynamic, and water hammer load-
ings. Elbows, tees, reducers, support connections, nozzles and lugs will be
tested. The test specimens will consist of both carbon and stainless steel 6"
NPS piping components (with various schedules) under different internal pres-
sures. The seismic and hydrodynamic test set-ups have the componerts attached
to shakers at one end and weights at the other end (see Figure 1).

Three different 6" piping systems will also be tested to failure under
simulated earthquake, hydrodynamic, and water hammer loadings. These pressured
systems will use components compatible with those above and will also have
piping supports at the 4 or 5 load input points. The tests will be repeated at
least once to give two (or more) tests per load-type. Piping system testing
under the joint EPRI/NRC program will not begin until next year, but a related
NRC-sponsored test is now underway at ETEC (FIN B3052). The objectives of this
test are to demonstrate the feasibility of failing a representative piping
system (see Figure 2) under a high earthquake-like load, and to provide infor-
mation and insights needed in the test planning of the main EPRI/NRC program.

The basic phenomena of fatigue ratcheting will be studied at General Electric
of Schenectady using laboratory specimens. Since at the present time there is
no standard laboratory test specimen which addresses this failure behavior,
specimen designs need to be developed. Both uniaxial and bending loads will be
applied. The influence of different material and temperatures will be studied.
The outcome of this task will be the basis for evaluating ratchet effects under
dynamic fatigue for ASME Code pipe materials.

The results of the three types of tests discussed above will be analyzed and
synthesized to form the basis of failure criteria for the combined static and
dynamic loading of nuclear piping components. These criteria will be
des‘gn-oriented and applicable for ASME Class 1, 2, and 3 piping. Analytical
studies will be made to develop and justify the alternative piping design
rules. It 1is intended that a strong liason be maintained with the NRC
licensing staff, the PVRC, and the ASME Section III Code body which ultimately
makes the rule changes.

The EPRI/NRC program outlined above is directed primarily at evaluating and
improving piping design rules. Additional work will be sponsored later by the
NRC to use the failure information obtained to validate or improve seismic risk
piping fragility models.

The piping design rules of Section III of the ASME Code do not explicitly ad-
dress pipe cracking. While the EPRI/NRC tests will not include flawed piping,
the NRC Degraded Piping Program will perform seismic tests on relatively short
pipe specimens with known crack sizes. The results of these two programs will
be studied together later, Data about the capacity of flawed piping needs to
be evaluated along with data concerning the nonlinear response behavior of
piping systems at high input levels to give an integrated assessment of failure,
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Pipe Damping

The newly developed PVRC pipe damping criteria (Fig. 3 and Ref. 7) will have
the greatest immediate impact on seismic piping design and the reduction of
snubber use. The NRC supported the PVRC effort through staff participation,
and through pipe damping research at INEL (Refs, 8 and 9) and the Stiff vs.
Flexible Piping Research Program at LLNL (Refs. 10 and 11). The PVRC damping
criteria has been adopted by the ASME as Code Case N-411. This code case
should sggn be formally endorsed by the NRC thrcugh Revision 24 of Regulatory
Guide 1.84,

Although being a significant departure from the pipe damping criteria of Regu-
latory Guide 1.61, the NRC's endorsement of Code Case N-411 carries some re-
strictions. Firstly, the code case provides no guidance for modal response
frequencies above the seismic range (i.e., above 33 H_). The pipe damping pro-
gram at INEL (FIN A6316) is now addressing this and should provide criteria re-
commendations next year for modal response in the hydrodynamic load range (33
to 100 H ) . What high frequency pipe damping data exists in INEL's world data
base ha¥ been evaluated, and the ongoing test program has been extended to
include high frequency input. INEL will complete testing this Fall and later
provide the conclusions from their study of parameters influencing pipe damping
values. Important initial findings are the general confirmation of the PVRC's
criteria and the identification of support configuration as a dominant factor.

Another Timitation of the NRC's endorsement of Code Case N-411 is that its use
for time-history analyses has not been accepted. Since a multiple-support
input time history analysis using the code case damping criteria will
essentially be a "best-estimate" prediction of the pipin? response itself, it
needs to be clearly shown that some conservatisms would remain the design
process. One approach being considered would quantify the conservatisms in the
Standard Review Plan's criteria for evaluating soil and building response,
using piping response as a figure of measure. This would be similar to a
previous LLNL/SMA study (Ref. 12), but the new pipe damping criteria would be
used instead of the constant 2% value assumed before. Other ways to address
the problem could account for failure margins and nonlinear effects above the
SSE response level to show that best-estimate design analysis produce adeguate
overall conservatisms, Although further planning decisions need to be made, it
is hoped that an NRC research project to evaluate damping criteria for
time-history analysis will be performed within a year.

The combined use of Code Case N-41] with other proposed piping criteria changes
may need to be evaluated as the new criteria is adopted. The effect of using
the Independent Support Motion Method in conjunction with new damping criteria
is an example of this and is discussed below.

Piping Response Predictions Methods

Through the Mechanical Piping Benchmark Project, BNL developed the basis for
acceptance of the Independent Support Motion (ISM) method (Ref. 13). This
method provides an alternative to enveloping spectra when more than one floor
spectra is specified for a piping system. Although the ISM method was endorsed
(with modification) by the Piping Review Committee, the Committee recommended
that further research be conducted to better account for structural phase
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correlation. Research addressing the treatment of closely spaced modes and
high frequency modes in spectrum methods was also recommended.

BNL will begin research in these areas next year, following the current effort
(FIN A3287) to assess the impact of PVRC damping used in conjunction with the
ISM method. The present task involves redoing the spectra and time-history
analyses presented in Reference 13, using the new damping criteria throughout
instead of uniform damping values. Preliminary results indicate a significant
loss of relative conservatism (i.e., lower ratios of spectra method response
predictions to time-histcery predictions)when the PVRC damping criteria is used
in conjunction with the [SM method.

The Piping Review Committee recommended that studies be made to develop pseu-
do-linear estimation methods and design procedures to account for inelastic
piping response. It is hoped that the end product of this would be a method-
ology simple enough for routine design evaluations. The Nonlinear Piping
Response Prediction Project at HEDL (FIN D1611) is now assessing nonlinear
response prediction techniques having differing degrees of accuracy (and
complexity). Pretest response and failure predictions of the ETEC pipe test
mentioned previously will be made by HEDL using NONPIPE (a nonlinear piping
code) along with candidate simpler techniques such as inelastic spectra, a
"dynamic margins" approach, and seismic PRA fragility estimation methods. Post
test assessments will be made of the various results with the hope that a
simple design-oriented method could be endorsed.

The NRC Piping Review Committee also recommended that further studies be con-
ducted to more completely assess the uncertainties in seismic piping response,
and to evaluate the feasability of improving the way Regulatory Guide 1.122 now
specifies the development of spectra used in piping design. These studies will
be performed in a two-phased project at LLNL, "Assessment and Improvement of
Spectrum-Broadening Procedures Used in Piping Design" (FIN AD453). Phase 1 is
underway and consists of the gatrsrin? and synthesis of information on response
frequency uncertainties (for both nuclear structures and piping). A state-
of-the-art summary will be made concerning what has been done to date in this
area. All related NRC-sponsored work be considered along with outside
research. An assessment of the adequacy of the +15% peak broadening range
specified by Regulatory Guide 1.122 will be made.

Phase 2 of this LLNL project will be based to some extent on the results of
Phase 1. The objective of Phase 2 is to develop and justify a probabilisti-
cally-based procedure for “simple” in-structure spectra that realistically
account for the maximum energy ¢ design earthquake can transmit. A goal would
be to establish the batis for "flattened and broadened" spectra that could
replace those now specified by Regulatory Guide 1.122. The extreme of this
would be a completely level spectrum that would facilitate the use of static
analyses for piping inertial load:, and thus greatly reduce the complexity of
current design practice,

Nozzle Design Guidance

The need for improved design guidance on nozzle flexibility and allowable loads
was recognized by the Piping Review Committee. This improved guidance will
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both help reduce the number of seismic supports used in current design
practice, and will provide a more realistic basis for evaluating nozzle loads
in future, more flexible, piping system designs. Both nozzle and support load
criteria become limiting in piping design as seismic restraints are removed.

ORNL (FIN B0474) is developing improved design guidance for vessel nozzles and
piping branch connections in typical Class 1, 2, and 3 nuclear power plant
piping systems. Particular attention will be given to the interaction effects
at the vessel-piping (and piping-piping) juncture, including the effects of
nozzle flexibility on calculated bending and thrust loads under both static and
dynamic conditions. Design methods used to prevent plastic collapse and fa-
tigue failure will be addressed through an assessment of current primary, and
secondary load stress indices and stress limits based on recently developed
theoretical data (shell theory and finite element solutions) and existing ex-
perimental results., Of particular importance are the recent recommendations
from WRC Bulletin 297 (Ref. 14). ORNL will develop recommendated improvements
to ASME Code design rules for vessel nozzles and piping. These will be
reviewed by the ASME and the NRC., This project is currently underway and
should be completed in 1986.
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PIPE DAMPING!

A. G. Ware
EGAG Idaho, Inc.
Idaho National Engineering Laboratory (INEL)

Studies are being conducted at the Idaho National Engineering
Laboratory to determine whether an increase in the damping values
used in seismic structural analyses of nuclear piping systems
is justified. Increasing the allowable damping would allow fewer
piping supports which could lead to safer, more reliable, and
less costly piping systems. Test data from available literature
were examined to determine the important parameters contributing
to piping system damping, and each was investigated in separate-
effects tests. From the combined results a world pipe damping
data bank was established and multiple regression analyses performed
to assess the relative contributions of the various parameters.
The program is being extended to determine damping applicable
to higher frequency ?33 to 100 Hz) fluid-induced loadings. The
goals of the program are to establish a methodology for predicting
piping system damping and to recommend revised guidelines for
the damping values to be included in analyses.

INTRODUCTION

One of the parameters which the structural analyst routinely uses in
the dynamic seismic analysis of nuclear power plant piping systems is the
structural damping. The damping values are prescribed for the analyst,
according to the pipe size and the earthquake level, in Regulatory Guide
(RG) 1.61 [1] issued by the U.S. Atomic Energy Commission (AEC), predecessor
of the present U.S. Nuclear Regulatory Commission (NRC). At the time of
issue of RG 1.61 (1973), the AEC had gathered the best available experimental
data on piping system damping values and the opinions of leading expe-ts
in the field to establish a set of values which would be easy for the analyst
to use and which would be conservative. These values (1 to 3% of critical
damping) are generally conservative in that piping system motions are over-
predicted so that the resulting calculated stresses are high enough to ensure
the system is adequately supported for seismic motions.

1 work supported by the U.S. Nuclear Regulatory Commission, Office of Nuclear
Regulatory Research, under Interagency Agreement DOE 40-550-75 with the
U.S. Department of Energy.
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Over the years since the issue of RG 1.61, nuclear power plant piping
has been designed as relatively stiff systems, employing many seismic
supports, to keep the combined stresses due to earthquakes plus other loads
below allowable values. These stiff systems are unduly restrained from
thermal growth, leading to a greater susceptibility to thermal cracking
of the pipe wall due to fatigue. In addition, many systems are supported
by snubbers which resist sudden high acceleration seismic motions, but which
allow slow thermal movements without resistance. These snubbers are sometimes
unreliable, are costly to purchase and install, and require a maintenance
program throughout their plant life.

It has been widely recognized that piping systems have a great deal
of design margin for dynamic loads. Therefore, a program has been developed
by EGSG Idaho, Inc. and the NRC to examine damping values and determine
the possibility of revising the present guidelines to reflect current "best
estimate" values.

A majority of tests used to establish damping values have been conducted
on actual power plant piping systems or on laboratory models of these systems.
These systems were fairly complicated and many variables were present which
could tend to mask the nature of the damping in the system. In addition,
the primary purpose of most of these ilests was not to determine the system
damping; thus the values of the various parameters needed to assess the
contribution of each were not recorded. The scatter in the data 1is
considerable, due to a great extent to the fact that low amplitudes of
vibration were used in the tests,

INEL PROGRAM

The pipe damping study program developed at the INEL is directed towards
establishing best-estimate values for use in dynamic structural analyses.
In order to accomplish this, the available literature on piping system damping
was reviewed, the parameters influencing damping were identified, and a
program of laboratory separate-effects tests is being carried out. Gaining
insights into the physical phenomena causing energy dissipation 1is a
significant step in acquiring the ability to predict damping for a particular
set of piping system parameters. This in turn will allow new guidelines
to be recommended which will have a solid tec.nical basis.

The INEL program began by examining the damping data available in the
published literature [2]. The amount of test data was sparse, there was
a great deal of scatter in the results, and significant parameters required
to assess the factors influencing damping often were not reported. However,
by a qualitative evaluation of the data, the following parameters were
identified as being most highly correlated with damping [3]:

Supports
Amplitude

Modal Frequency
Insulation.

W N -
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Subsequently, a test program was developed to examine each of these parameters
in more detail. In addition, other potential effects such as pipe size,
geometry, pressure, type of excitation, and method of damping calculation
are being investigated. The first tests conducted at the INEL were straight
sections of 3-inch and 8-inch pipe, approximately 33 feet in length. From
these tests, important insights were obtained with respect to the influznce
of pipe supports and amplitude [4]. In a follow-up test a 5-inch pipe with
four elbows is being tested to obtain additional information on the identi ied
parameters. Cooperative testing with other organizations has alsc bLeen
undertaken [5].

The damping test results collected to date have been placed in a world-
wide data bank at the INEL. To store as much relevant information as possible
and to encourage researchers to record and report the values of parameters
which would be of interest to users of the data bank, a standardized form
has been developed. This form has been distributed globally to the leading
researchers in the field, and their resulting contributions are being
cataloged into the data bank. Using this data, multiple regression analyses
have been performed in an attempt to quantify the parametric effects. Unfor-
tunately, due primarily to the data scatter and the lack of information
on several relevant parameters, only frequency was identified as highly
ccrrelated with damping. Both frequency and damping are generally reported
for a test and thus the data for these two variables was the most extensive.
The regression analysis showed frequency was inversely proportional to
damping, especially below 20 Hz. When damping was removed as a variable
and replaced by mode number, the regression analysis showed damping was
also inversely related to mode number. In addition the damping increased
as the piping system length to number of supports ratio decreased. Based
partially on the results of a previous regression analyses, a Task Group
on Damping of the Pressure Vessel Research Committee (PVRC) recommended
the revised damping shown in Figure 1 as an interim position. This curve
has been adopted for ad hoc use by the NRC and has been approved as Code
Case N-411 of the ASME Boiler and Pressure Vessel Code. The INEL regression
analyses used a more extensive data base that was available at the time
of the original PVRC recommendations, and confirmed the results of the
original PVRC analysis.

PARAMETERS INFLUENCING DAMPING

Based on the literature survey, separate-effects tests, the regression
analyses, and fintuition, the mechanisms for energy dissipation have been
evaluated and explanations for the test results have been developed. A
low damping level is inherent in any piping system due tc a small material
damping and dispersion of energy (radiation damping) through the supports
to the environment. This accounts for perhaps less than 1% of critical
damping., More major contributions to energy dissipation are the interaction
of the supports with the piping through friction and impacting, through
material hysteresis damping in the pipe at higher amplitudes (and possibly
also in the supnorts), and through friction bLetween the pipe and its
insulation. Each of these effects will be discussed individually.
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Supports/Modal Frequency

The regression analyses and visual inspection of the data sets showed
that in many (but not all) cases, the damping and modal frequency were
inversely proportional. Figure 2 is a curve of a typical data set with
this relation. This relation has been questioned by several piping system
experts as having no physical basis. Indeed modal frequency itself is not
a parameter which can dissipate energy such as can friction, radiation,
or impacting; but is merely a function of the geometry and materia! of the
piping system. It is, however, generally measured and reported with each
damping value which accounts for its abundance in the data base. In order
to assist in resolving this guestion, the test results from other parameters
were examined.

From tests of various types of supports [4], two basic types of energy
dissipation are apparent. The first is friction such as between the springs
and their housings in spring hangers or in the internal mechanisms of constant
force hangers. This friction manifests itself at small strain amplitudes
as shown in Figure 3 which is indicative of Coulomb (dry) friction. At
higher strain levels the damping becomes fairly constant. The second energy
dissipation mechanism of supports is impacting such as occurs in snubbers
(both in internal gaps and in connections), rigid struts, and rod hangers.
At low amplitudes the weight of the pipe keeps it from exercising the gap
in the rod hanger. Once lift-off occurs impact damping takes place within
the eye of the rod. At low amplitudes the size of the gap and the relative
magnitudes of the gap and the motion within the gap affect damping. Overall,
these effects lead to a wide variety of possibilities than can occur at
low vibration levels and can change with only a slight pertubation of
vibration amplitude. This accounts for much of the scatter in the data,
especially the very low strain level data in which hammer taps are the source
of the vibration. This makes damping almost impossible to predict at Tow
amplitudes and extrapolation of this data to higher amplitudes is cautioned.
However, this does not present as much of a problem as first imagined, since
the designer is really looking for damping at OBE and SSE levels, not at
very small stress levels.

The INEL tests also proved the relationship of the modes and the energy
dissipating supports was an fimportant factor in determining piping system
damping. Those modes which interact directly with a support causing
frictional or impact energy losses result in high damping. For example,
for a straight section of pipe supported only at the ends, the damping was
calculated to be less than 1% of critical. When a rod hanger was added
at the center, the two lowest modes were an antisymmetric mode in which
each half of the pipe pivoted about the rod hanger, and a symmetric mode
in which both halves moved in the same direction. In the antisymmetric
mode there was minimal interaction between the pipe and the rod hanger;
however, for the symmetric mode there was considerable impacting in the
eye of the rod. Damping increased to approximately 5% of critical for the
second (symmetric) mode but remained less than 1% for the first mode. When
a large bolt was used between the pipe clamg and the eye of the rod hanger,
eliminating the clearance, the damping returned to less than 1% of critical
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for the symmetric mode. When the amplitude was increased, the impacting
and damping were also increased for the symmetric mode with a gap while
damping still remained unchanged for the antisymmetric mode. These phenomcna
help explain the frequency effect. Now although this experiment consisted
of a contrived laboratory piping geometry where the mode/suppart relation
was such that the demping was smaller in the lower mode due to impacting
in the gap, this is not generally the case in nuclear plant piping systems.
In a typical geometry, the lower modes of a piping system have a greater
probability of interacting with energy dissipating supports than the higher
modes in which most of the motion occurs away from supports. Furthermore,
the displacements are higher for the lower modes causing greater friction
and impacting losses. Thus the regression analysis finding that, in general,
damping is inversely proportional to modal frequency is really a manifestation
of pipe-support interaction. There will of course be a few cases in which
the geometry of the system is such that the lower modes' relation to the
supports does not promote increased energy dissipation. This explains why
in some cases researchers have not observed a frequency effect,

Amp1itude

The discussion on supports/frequency above explained the variations
in damping that could occur at low strain amplitudes and why this type
behavior would be difficult to predict. However, once strain levels rise
above 100 to 200 ue, the damping trend becomes easier to characterize. From
the 100/200 ue to 800/1000 ue range the damping is fairly constant and i<
induced primarily by the supports. At the upper end of this range a threshold
is reached in which damping increases with increasing strain amplitude.
This threshold coincides approximately with the end of the proportional
strain range (Hookes law applies) where the beginning of plastic action
begins. Data in the high strain plastic range is sparse since the test
usually renders the pipe unsuitable for further use. Obviously, only
laboratory tests have been conducted at high strains,

Figure 4 shows the damping trend at high strain amplitudes. These
tests were all of straight piping sections with no typical supports. Thus
only material damping is present. [If supports were added, even greater
damping might be present from the impact effects and material hysteresis
in the supports themselves. An important point to note is that from above
a threshold strain, damping increases almost linearly to 10-12% of critical
at 2000 we which is often quoted as the yield strain of a material. From
the data it appears that at large strains, the damping will increase to
a considerable value. Consequently, the forces required to make the pipe
deform further must become very large, and a resonance buifldup of amplitude
is severly inhibited. It is thus doubtful that pipe failure could occur
due to inertial bending caused by seismic excitation. Now, the basic
characteristic of an ASME Boiler and Pressure Vessel Code primary stress
fs that it is not self-limiting, whereas the increased damping at large
strain amplitudes limits the inertia bending stresses in pipe sections.
Therefore, the plastic stresses caused by low cycle seismic effects might
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in this sense be considered ASME secondary stresses. Of course the stress
amplitude range and fatigue usage remain important, and line-mounted equipment
such as valves must be adequately supported.

More high strain data is needed to fill in the gaps in knowledge of
damping behavior in this region. Of particular importance is the effect
bends/elbows and/or supports would have on high strain damping. One such
test on a 5-inch system is presently being conducted at the INEL.

Insulation

Insulation produces two effects on the piping system. It adds mass
and it dissipates energy by slippage against the piping. Intuitively, the
larger the mass of insulation, the greater the frictional force resisting
dynamic slippage between the pipe and insulation and thus higher energy
dissipation. A few studies have been conducted in Japan and Germany which
have concluded that insulation increases damping. By far the most
comprehensive program evaluating the effect of insulation on damping has
been by the Westinghouse Hanford Energy Development Laboratory (HEDL) which
has focused on LMFBR type insulation. The typical LMFBR insulation ratio
(IR), which is the weight of the insulation divided by the total weight
of the piping system, is much larger than for light water reactor (LWR)
piping systems. The HEDL study concluded that damping increased with
increasing IR. A comparison of damping test results for uninsulated and
insulated (IR=0.07 calcium silicate) conditions on a 5-inch piping system
is currently being conducted at the INEL.

CONCLUSION

A program of testing and data evaluation is being carried out at the
INEL to wunderstand the physical nature of piping system damping and to
recommend changes to current allowable values use in dynamic analyses. To
most accurately predict piping system damping would require a computer code
which would account for the piping geometry, location and type of supports,
interaction of each mode with supports, and strain amplitude. This would
be an interactive process which would be too complicated and costly to fully
carry out at present. A simpler method is required. The PVRC curve in
Figure 1 1s a first step in removing some of the conservatism in piping
analysis. The frequency effect of this curve takes into account the increased
interaction with supports at the lower modes. With the knowledge gained
to date, a better model which contains more parameters that influence piping
system damping will be able to be proposed through the INEL program. With
continued research, each subsequent iteration of the model can possibly
produce more accurate prediction methods.
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BNL PIPING RESEARCH

P, Bezler, M, Subudhi, and Y.K, Wang and S, Shteyngart
Brookhaven National Laboaratory

Abstract

Brookhaven National Laboratory (BNL) has assisted in the devel-
opment of methods to evaluate the analysis methods used by industry
to qualify nuclear power piping., Through FY 1985 these efforts were
conducted under the Mechanical Piping Benchmarks project while cur-
rent and future efforts will Le performed under the Combination
Procedures for Piping project. Under these projects BNL has devel-
oped analytical benchmark problems for piping systems evaluated
using uniform or independent support motion response spectrum meth-
ods, investigated the adequacy and limitations of linear piping
analysis methods by comparison to test results and evaluated and
developed criteria for new and alternate methods of analysis, A
summary description of the status of these efforts is provided,

1. INTRODUCTION

The Structural Analysis Division of the Department of Nuclear Eneryy at
the Brookhaven National Laboratory (BNL) has and continues to perform various
research tasks relating to piping analysis for the U,S. Nuclear Regulatory
Commission (USNRC), Until the current period the BNL efforts were funded
under the Mechanical Piping Benchmarks Project monitored by J, 0'Brien of the
USNRC. The current and future efforts are funded under the project entitled,
“Combination Procedures for Piping Response Spectra Analysis monitored by
D. Guzy of the USNRC,

The BNL research efforts may be broadly characterized into three areas;
the development of benchmark problems and solutions suitable for the
verification of applicant piping analysis methods, the investigation of the
adequacy of linear analysis methods by the comparison of analysis and test
results for piping (Physical Benchmarking) and the evaluation of new and
alternate methods for the dynamic analysis of piping systems, At present, the
benchmarking efforts, both analytical and physical, have ceased, each having
satisfied the funded project goals under the Mechanical Piping Benchmarks
project, The investigation of new and alternate analysis methods continues
:ﬂ?:r the second project, A summary description of the three research areas

ollows,

Work performed under the auspices of the U.S. Muclear Regulatory Commission,
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2. PHYSICAL BENCHMARK PROBLEMS

The benchmark problems and solutions developed to verify applicant piping
analysis methods are published in the Piping Benchmark Problems Report Series
[1,2]. Although it was anticipated that there would be five volumes in the
report series, only the first two volumes have been issued to date, In the
current period the second volume [2] of the series entitled, "Piping Benchmark
Problems, Dynamic Analysis, Independent Support Motion, Response Spectrum
Method", was issued, In the report, four benchmark problems and solutions
developed for verifying the adequacy of computer proyrams used for the dynamic
analysis and design of elastic piping systems by the independent support
motion (ISM), response spectrum method are presented, The dynamic loading is
represented by distinct sets of support excitation spectra assumed to be
induced by non-uniform excitation in three spatial directions, Complete input
descriptions for each problem are provided and the solutions include predicted
natural frequencies, participation factors, nodal displacements and element
forces for independent support excitation and also for uniform envelope
spectrum excitation, Solutions to the associated anchor point pseudo-static
displacements are not included,

All solu.ions were developed using the finite element code PSAFEZ [3].
In each solution combination over group contributions was performed first,
followed by SRSS interspatial combination, followed by SRSS intermodal
combination without the consideration of closely spaced frequencies, For the
ISM solutions both absolute and SRS5 combination between support group
contributions were considered where a support group was defined as all
supports exhibiting the same motion, Figure 1 shows the finite element grid
for the third benchmark problem which involved 54 pipe elements and four
distinct support groups.

3, Physical Benchmarks

The basic premise of the physical benchmarking effort is that the
relative accuracy of computational methods can be gauged by the direct
comparison of physical test results to the analytical predictions of those
results, In the effort a total of six evaluations were performed involving
simple and complex laboratory tested systems and actual power plant systems
tested in situ, In all cases the evaluations were performed after the test
programs, conducted by others, were completed, Each evaluation, except one,
was performed blind with only the measured inputs provided at the time of
analysis and the measured response data made available for comparison after
the analyses were complete, After evaluation no attempts to improve the
results with refined analyses was undertaken,

A description of each of the piping systems evaluated, with a summary of
the key results, is provided in Table 1, Detailed descriptions of each
evaluation are provided in References 4-7 while examples of typical results
are shown in Figures 2-4 and Table 2,



A sketch of the Main Pipeline [7] 1s shown in Figure 2, The system was
totally supported and excitad by actuators located at positions S1 through
S4. For the test simulated the actuators imposed nearly in phase, seismic
Tike excitation of the system ‘n the X coordinate direction, The measured and
computed natural frequencies for the system are shown in Table 2, A review of
this data indicates that the corre:pondence was ygood and this level of
agreement for frequencies was typica' in the evaluations, An example of good
agreement between the predicted and measured acceleration response for an
interior point is shown in Figure 3. The figure shows predicted and measured
time history traces of the acceleration in the X coordinate direction of a
point in the vicinity of the valve. An example of poor ayreement between
predicted and measured response is shown in Figure 4, These are the
accelerations in the I coordinate direction of a point located on the
uppermost horizontal run, Good agreement for responses in the direction of
excitation X direction, and poor ayreement for respunses in the unexcited
directions was typical for this evaluations, The poor correspondence for the
unexcited directions was attributed to the failure to monitor and therefore
simulate in the analysis the input motions in the directions orthogonal to the
actuators,

In summary, the linear analysis methods were found to provide reasonable
estimates of system response. The estimates for system natural frequencies
were good while the estimates for displacements and accelerations ranged from
poor to good, For a near linear system and using conservative estimates for
system damping good correlation of response traces and acceptable estimates of
response peaks can be expected, Using realistic estimates of uniform system
damping large underestimates of peak response components were observed and
deviations of 100% or greater should be expected,

4, Alternate Analysis Methods

Standard practice to qualify piping for dynamic events is to perform a
response spectrum analysis of the system assuming uniform excitation of all
supports to the envelope spectrum level coupled with a conservative estiamte
of the additional responses associated with differential support point
movement [B], For systems subjected to multiple independent support motions a
modified response spectrum procedure which allows the use of separate response
spectra for each support group seems more appropriate, To assist the USNRC in
its evaluation of the [ndependent Support Motion (ISM) response spectrum
method BNL undertook an evaluation of [SM methods and the associated
computation of anchor movement (pseudo-static) response, The evaluation was
performed under the Mechanical Pipiny Benchmarks project and involved a
consideration of systems exhibiting uniform damping only, An extension of the
evaluation for systems exhibiting frequency dependent (PVRC) damping is
currently being performed under the project monitored by 0, Guzy.

To predict the dynamic component of response a response spectrum method
which allows the use of independent spectra sets for each support or group of
supports was evaluated, [n this method a response parameter Is predicted as a
function of each support group for each mode and each direction of excitation,
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To obtain the total dynamic response a combination over groups, modes and
directions must be performed, In tms evaluation the square root of the sum
of the squares (SRSS) combination over directions and SRSS combination with
clustering for~ closely spaced modes were accepted for the combination over
directions and modes, For the combination over groups algebraic (methods 1
and 2), SRSS (Methods 3-8) and absolute (methods 9-14) combination were
considered, Further all sequences of performing these combinations were
considered, In all fourteen different combination strategies, methods 1-14
were evaluated for the computation of the dynamic component of response,

To predict the SAM component of response five procedures were evaluated,
Four of these were based on the use of absolute peak support displacement
data, These methods differed in the manner in which the supports were grouped
to account for the unknown phasing between supports, The grouping assumptions
considered were random phasing (method 2), grouping by ylobal direction
(method 3), grouping by attachuent point (method 4) and grouping by elevation
(method 5), Within each group support effects were summed algebraically,
Between groups both SRSS and absolute summation were considered, The
remaining method evaluated (method 1) was based on sampling the support point
displacement time history records. Since in this method support point phasing
information is retained, no grouping assumptions were made,

To compute the total component of rcsponse, both SRSS and absolute
combination between the dynamic and SAM components were considered, The
response parameters computed included pipe displacements, accelerations,
support forces and resultant moments, At each stage the predicted response
estimates were compared to response estimates developed using [SM time history
methods which were assumed to represent the true response, The relative
approach of each predicted value to the time history result was expressed as a
deyree of exceedance given by Predicted-TH/TH (TH = time history).

The evaluations were performed for five different piping-structure
problems, The salient characteristics for each problem are summarized in
Table 3. To provide a statistical basis tu the study the evaluations for two
of the problems, the AFW model and the RHR model, were performed for
thirty-three different seismic events, For these the time history results
were provided by an alternate NRC contractor,

All study results are summarized in tabular form, Each table lists the
time history estimate as well as the response estimate for each calculational
option and parameter studied, For the two problems involving thirty-three
seismic events the pertinent results are summarized in figvre form, Figures 3
and 4 show these results for resultant moments in the RMHR problem, Figure 3
corresponds to the dynamic component while Figure 4 corresponds to the SAM
component, Each figure shows the mean (data point) + one standard deviation
(1ine extent) for the parameter over the thirty-three seismic events, The
figures show the results only for those elements which establish the lower
bound of degree of exceedance (define the minimum level of conservatism), A
comprehensive presentation of the results is provided in Reference 9,
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At the completion of the study the following recommendations were
advanced: |

Dynamic Component of Response

The independent support motion response spectrum method should be certified as
acceptable for the evaluation of the dynamic comconent of response,

SRSS combination between support group contributions should be adopted in the
independent support motion response spectrum analysis,

Pseudo-Static Component of Response
For displacements, pipe moments and support forces:

| Method 5 (grouping by elevations) with absolute combination between groups
| should be used for preliminary design,

Method 4 (grouping by attachmenrt points) with absolute combination between
groups should be used for final design,

For accelerations:

Absolute combination between support groups should be adopted,

SRSS combination between the dynamic and static components of the response
should be adopted,

As mentioned, BNL is currently extending the evaluation of [SM methods to
consider the effect of PVRC damping. Pending tasks also include the
evaluation of proposed modal combination methods accounting for closely spaced
modes, frequency dependent effects and an investigation of the impact of
correlation between inputs on the covbination rules recommended for the [SM
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Table 1

Physical Benchmark Evaluations

System System Uescription Input Excitation Comments and Results
Z Bena Planar configuration of 4" Laboratory tested with Results good except in
pipe supported from and 1ngependent seismic ex- vicinity of central actuator,
excited Dy three hydraulic citations of each actua- Poor results here attributed
actuators tor to existence of a clearance
gap at central actuator
Indian Point  Segment of boiler feed sys- In situ, snap back test Results poor. Correlation
Kigid Strut tem of shutdown Indian Pt, good for maximum responses,
Configuration Unit 1 power plant, 8 in, poor everywhere else, Poor
sch 80 pipe approx. 10U ft, results attributed to the ap-
long supported with rigia proximations used to model
struts supports
MUK -URL Recirculation loop of shut- In situ explosive, 5 Kg Results poor. Correlation
Pipiny down Helssdampfreactor, blast 1n near field good for peak responses,
450 and 350 mm piping with Poor results attributed to
two pumps and four val ves the use of linear analysis
methods to model a system with
strongly nonlinear support
elements
t xtendea . Bena configuration Laboratory tested with Results fair., Estimates of
1 Bena redesigned to eliminate Independent seismic displacements good. Estimates

all clearance gaps

excitations of each
actuator

of accelerations ranyed from
good to poor.






TABLE 2
Predicted and Measured Natural Frequencies for Main Pipeline,

Mode Predicted Measured
No. Mz Mz
1 4.45 4.62
2 7.24 7.11
3 9.08 9.16
4 11,45 11.66
5 13.79 13,54
6 18.01 1.n
7 18,77 18,53
8 20.46 23,94
9 25.21 25.87

10 26,72 28,06
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PIPE RUPTURES IN BWR PLANTS*
G. Holman, T. Lo, and C, K. Chou

Lawrence Livermore National Laboratory
University of California
P. O. Box 808, Livermore, California 94550

ABSTRACT

The U. S. Nuclear Regulatory Commission is reevaluating current design
eriteria for light water reactor plants that require postulation of a double-
ended guillotine break (DEGB) in reactor coolant piping. In support of this
reevaluation, the Lawrence Livermore National Laboratory has estimated
the probability of oceurrence of a DEGB, and has assessed the effect that
earthquakes have on DEGB. The results of prior LLNL evaluations
indicated that the probability of DEGB is very low in PWR reactor coolant
loop piping, suggesting that reactor coolant loop DEGB could be eliminated
as a basis for plant design. This report describes a probabilistic evaluation
of recirculation, main steam, and feedwater piping in boiling water reactor
plants. As in the earlier PWR evaluations, two causes of pipe break are
considered: pipe fracture due to the growth of cracks at welded joints
("direet” DEGB) and pipe rupture caused by the seismically-induced failure
of heavy component supports ("indirect” DEGB). The probability of direet
DEGB was estimated using a probabilistic fracture mechanies model. The
probability of indirect DEGB was estimated by convolving seismie hazard
and heavy component support fragility. Two additional factors not
applicable to PWR reactor coolant loop piping - intergranular stress
corrosion eracking and pipe support fragility — were considered in the BWR
study. The results of this study indicate that the probability of DEGB is
very low for all three piping systems, except for recirculation piping when
IGSCC is a factor in which ease IGSCC dominates the probability of
failure.

1. Introduction

The Lawrence Livermore National Laboratory (LLNL), through its Nuclear Systems
Safety Program, has formed probabilistic reliability analyses of PWR and BWR
reactor coolant piping for the NRC Office of Nuclear Regulatory Research. Specifically,
LLNL has estimated the probability of a double-ended guillotine break (DEGB) in the
reactor coolant loop ?lplng of PWR plants, and in the main steam, feedwater, and
recirculation piping of BWR plants. For these piping systems, the results of these
investigations provide NRC with one technical basis on which to:

(1) reevaluate the current general design requirement that DEGB be assumed in the
design of nueclear power plant structures, systems, and components against the
effects of postulated pipe breaks.

* "This work was supported by the United States Nuclear Regulatory Commission under
a Memorandum of Understanding with the United States Department of Energy.”
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(2) determine if the earthquake could induce the DEGE and thus reevaluate the current
design requirement that pipe break loads be combined with those resulting from a
safety shutdown earthquake (SSE).

(3) make licensing decisions concerning the replacement, upgrading, or redesign of
piping systems, or addressing such issues as the need for pipe whip restraints on
reactor coolant piping.

In estimating the probability of DEGB, LLNL considers two causes of pipe break;
pipe fracture due to the growth of cracks at welded joints ("direet” DEGHB) and pipe
rupture indirectly caused by the seismically-induced failure of eritieal supports or
equipment ("indirect" DEGB).

Although these investigations have been limited to the speecific piping systems
mentioned earlier, the techniques used to assess piping reliability are sufficiently general
that they could be conveniently applied to other piping systems with little or no
modification.

2. General Approach

Generic evaluations of reactor coolant loop piping have been completed for PWR
nuclear steam supply systems manufactured by Westinghouse, Combustion Engineering,
and Babeoek & Wileox. In these evaluations, LLNL performed the following:

(1) estimated the probability of direct DEGB taking into account such contributing
factors as the initial size (depth and length) of pre-existing fabrication flaws, pipe
stresses due to normal operation and sudden extreme loads (such as earthquakes),
the erack growth characteristies of pipe materials, and the capability to detect
eracks or to detect a leak if a crack were to penetrate the pipe wall. To
accomplish this LLNL developed a probabilistic fracture mechanies model using
Monte Carlo simulation teehniques, implemented in the PRAISE (Piping Reliability
Analysis Ineluding Seismic Events) computer code.

(2) estimated the probability of indireet DEGB by identifying eritical supports or
equipment whose failure could result in pipe break, determining the seismie
"fragility” (relationship between seismie response and probability of failure) of
each, and then combining this result with the probability that an earthquake occurs
produecing a certain level of excitation ("seismie hazard”

(3) for both causes of Dl(m;r.foﬂmd sensitivity studies to identify key parameters
affecting the probability of pipe break.

(4) for both causes of DEGB, performed uncertainty studies to quantify how
:nownuu in input data affect the uncertainty in the final estimated probability
pipe break.

The results of these evaluations consistently indicated that twmy of a DEGB in
PWR reactor coolant loop piping is extremely small, about 10" events per reactor-year

from indirect eauvses, and less than 10710 guenty per renctor-year from direet causes. It
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was also found that thermal stresses dominated the probability of direct DEGH, and that
earthquakes contributed only negligibly. These results suggest that the DEGHB
require nent -~ and with it related design issues such as coupling of DEGHE and SSE loads,
asymmetrie blowdov and the need to install pipe whip restraints -~ warrants a
reevaluation for PWR reactor coolant loop piping. Details of these investigations have
been extensively documents elsewhere (1,2,3,4 and will not be discussed here except as
they relate to the BWR study.

The objectives and approach of the BWR study have been essentially the same
except that different dominant failure mechanisms were added., LLNL has so far limited
its investigation to Mark | plants, which have recireulation piping particularly suseeptible
to the effects of intergranular stress corrosion cracking (IGSCC), A detailed pilot study
based on the Brunswick plant operated by Carolina Power & Light has bee: completed,
the results of which will be discussed here, as well as preliminary evaluations of certain
other Mark | plants,

3. Guillotine B Crack Growth

The probability of "direet” DEGB in reactor coolant piptr; I8 estimated using a
probabilistie fracture mechanies model implemented in the PRAISE computer code and
its associated pre- and post-procescing routines, Detalls of this model have been
?;lmnud elsewhere (58] and will not be repeated here, but ean be summarized as

For a given weld joint in a piping system, the leak or break probability is estimated
using a Monte Carlo simulation technique. Each replication of the simulation - and a
typieal simulation may inelude many thousand replieations -~ begins with a pre-existing
flaw having initial length and depth randomly selected from appropriate distributions.
These distributions in turn relate the pro' ibility of erack existence. Fatigue ersck
growth is then caleulated using a Paris growth model, to which are applied stresses
associated with normal operating conditions and postulated seismic events, The
influence of sueh factors as non-destructive examination (NDE) and leak detection is also
considered through the inclusion of appropriate statistioal distributions (e.g., probability
of erack non-detection as a funetion of erack size). Leak occurs when a erack grows
through the pipe wall, break when fallure criteria based on net section stress (for
austenitic materials) or tearing modulus (for carbon steels) are exceeded,

Completing all replieations for a given weld joint and tabulating those cracks that
cnuse fallure yields the fallure prooabi It! as & funetion of time at that weld, If only
pre-existing eracks are considerad, then "stratified sampling” ean be applied to assure
that initial erack samples are selected only from those sizes that ean potentially eause
pipe break. Through this technique, very low fallure probabilities (less than one in &
million) ean be reliably estimated from only a few thousand replications of the Monte
Carlo simulation,

After the failure probabilities at all weld joints in & piping system have been
estimated, a "systems analysis” combines these results with the non-conditional erack
existence probability (a funetion of total volume, of weld material) and seilsmic hazard
(whieh relates the oceurrence rates of earthquakes as a function of peak ground
accaleration) to obtain the non-conditional probabilities of leak and DEGH,
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This was the basic approach followed in our evaluations of PWR reactor coolant
loop piping. Two additional factors, however, make the evaluation of BWR reactor
coolant piping, particularly recirculation loop plply. more complex. The first of these is
the potential effect that failure of "intermediate” pipe supports and supports for light
loop ecom s (e.g., recirculation pumps) could have on the probability of direct
DEGB. second s int nular stress corrosion eracking (IGSCC), 1GSCC may
affect not only the growth of pre-existing eracks but also cause new cracks to initiate
after plant operation has begun, which must be considered in addition to pre-existing
fabrication flaws,

F DEGH P

The potential effeet of intermediate support failure on estimating the probability
of direct DEGH is two-fold:

(1)  support failure would redistribute .'pmod stresses at weld joints, in turn affecting
erack growth rates as well as the failure criteria used to define when pipe break
oceurs.

(2) mecounting for stress redistribution would require an individual "RAISE evaluation
for each t fallure scenario, dramatically increasing the ¢ putational effort
involved. For example, even if only four supports were addressed, sixteen separate
FRAISE runs would be required to cover all possible combinations and permutations

of support failure.

Reactor coolant loops in PWR plants typieally have small length-to-diameter ratios and,
because of their stiffness, are supported solely by the major loop components (reactor
pressure vessel, reacto coolant pumps, and steam generators); therelore, no additional
supports are needed. However, recirculation loop piping in BWR plants is longer and
smaller-diameter (typieally 12 to 26 inches), and requires additional support from sprint-
or constant-load hangers. This piping may also have numerous snubbers to reduce
stresses (n the event that an earthquake occurs. Each recireulation loop at Brunswick,
for sxample, has & snubber pair each on the inlet and outlet lines, as well as a snubber
tripiet at the top and at the bottom of the recireulation pump.

Our evaluations of indireet DEGH (i.e., support reliability) in PWR reactor coolant
loop ptplry were based on the sssumption that failure of a heavy component (e.g., steam
generator) support conditionally led to pipe break. This assumption was as
conservative (in reality a pipe would likely experience severe inelastie armation
before actually breaking) but nevertheless resulted in very low DEGE probabilities. To
have assumed that failure of a snubber or a constant-load support would similarly esuse &
DEGH in BWR recirculation piping would have been unreasonably conservative; t ore,
a more detailed approaeh had to be developed to investigate the effect of support failure
on the probability of direet DEGHE,

We first divided the recireulation loop snubbers into four groups (inlet line, outlet
top and bottom of the recireulation pump) and estimated the seismie "fragility”
(probability of failure as a funetion of seismie response) of eachy the fallure of spring or
constant-load hangers was not eonsidered because seismie losds on these support types
would be very low eompared to those on the snubbers. We then identified each possible
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combination of support failure, including that in which no failure at all occurred, and
ormed a stress analysis for each to determine how stresses were redistributed,
inally, using modified versions of the standard pre- and post-processing routines for
PIAJI. we performed sensitivity ealculations to determine the effeet of support failure
on DEGB probability. These routines are normally used respectively to develop the
stratified umpun! space used by PRAISE (see Ref. 5 for details) and to perform the
"systems analysis" described above, and execute much faster than PRAISE itself.
Improved computational efficiency comes at the expense of accuracy in the probabilistie
results; however, because we were addressing only relative effects in these sensitivity
ealeulations, we concluded that the simplified analyses were suf ficient for our purposes,

Using the ie seismie hazard curves that we had developed as part of our
evaluation of PWR plants east of the Roeky Mountains, we investigated the effect that
seismically-induced snubber failure had on the probability of direct DEGB. Our generic
hazard curves relate the probability of cecurrence of peak ground accelerations up to
five times that of the SSE at a given plant site (0.16g at Brunswick). In our sensitivity
study, we truncated these curves at maximum values of PGA ng from one to five
times the SSE, and then estimated the probability of direet DEGH for each. The results
of these sensitivity ealculations indieated the following:

o based on the generic hazara curves, snubber failure has a negligible effect on the
probability of direct DEGB if the hazard curves are truncated at twice the SSE or
less. Above this level, the effect of snubber failure is non-negligible; however, the
extremely low frequency of earthquakes greater than the SSE keeps the overall
failure probability low.

o for this particular snubber design, "failure” occurs when a relief valve
stubber funetion is recovered when the load drops off. Permanent fallure of the
snubber would occur only at mueh higher loads, implying that the earthquake levels
above are conservative,

From the results of this sensitivity study we concluded that failure of intermediate
supports could be neglected in our later detailed PRAISE evaluations.

Stress C >

Recireulation piping in older BWR plants, particularly those plants charscterized by
the General Electrie Mark | containment design, has been found in recent years to be
susceptible to intergranular stress corrosion mclm;’.‘ Stress corramion eracking ocecurs
in stainless steel piping (in this ecase, Type ) when the dual conditions of
"sensitization” -~ material properties conducive to IGSCC that result from mla!'d
exposure to high temperatures during welding -~ and applied loads are met, 1GSCC s
important not only as it affeets the growth of existing eracks, but more so because it
causes new oracks to initiate after plant operation has begun.

Earlier versions of PRAISE included the effeet IGSCC on pre-existing eracks
through a sinple relationship between growth rate and the stress intensity factor at the
erack front; oraek initiation was not modeled at all. This model was applied in our
PWR evaluations because operating experience has indicated that 1GSCC [s not a problem
in PWR reactor coolant loop piping.
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As part of our BWR study we developed an advanced IGSCC model for the PRAISE
code. This model is semi-empirical in nature, and is based on experimental and field daia
compiled from several sources. Using probabilistic techniques, the model aJdresses the
ollowing IGSCC phenomena:

WM including the effeets of environnent, applied loads, and material
.e., sensitization). Crack loeation, 'ima of initiation, and veloeity upon

initiation are all defined by appropriate distrivutions based on experimental data.

—

o wm including effeets of environment, applied loads, and material
ype.
o Because our earlier evaluations were based on pre-existing flaws
' onte Carlo replication included one crack only. Inelusion of erack
initiation requires that multiple cracks be considered during each replication.
o 1i Treating multiple eracks requires that their potential unng:oimo
ified in tion

be considered. This is done miz.unnp eriteria spec
X1 of the ASME Boiler and Pressure Vessel Code.

o m Steady-state pipe loads due to welding residual stresses are
an tion to fatigne loads.

Crack growth rates and times-to-initiation are correlated against "damage parameters”
which consolidate the separate influences of several individual parameters. These
inelude:

o environment, specifically coolant temperature and dissolved oxygen eontent.

o M, including both constant and variable loads to scvount for steady-
state operation and plant loading or unloading, respectively.

©  material sensitization.

Figures | and 2 show, respectively, times-to-initiation and erack growth rates for Type
304 stainless steel. The solid curved lines in Fig. 2 show erack growth rates predicted Ly
the earlier 1GSCC model in PRAISE for concentrations of 0.2 ppm (typiesl during

nt operation) and 8 ppm (typieal during startup) the relatively elose agreement
mplies that the earlier model gave remsonable crack growth rates despite its much
simpler approach,

The damage parameters in the current model were based on the results of both
constant-load (CL) and constant extension rate (CERT) [GSCC tests, Many other factors
were considered during initial model development, but were later excluded from
consideration either because they were judged to be of secondary influence for 30488, or
because sultable operating data was not availanle to exercise them in n plant-speeific
evaluation. Although the present model was developed for Type 304 stainless steel, the
correlation scheme is sufficiently generie that it oan be adapted for other naterials, We
are in fact eurrently rodifying the model to inelude Type J16NG stainless steel, in order
to eompare the reliability of piping fabrieated from thin [GSCC-resisiant material with
that of Type 304 piping.
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Residual stresses are treated as a random variable in the Monte Carlo simulation.
Distributions of residual stress as a function of distance from the inner pipe wall were
developed from experimental data for three categories of nominal pipe diameter. For
large lines (20 to 26 inches), residual stresses took the form of a damped cosine through
the wall as based on data collected by General Eleetrie and Argonne National Laboratory
(see Fig. 3). The nominal tensile stress at the inner pipe wall is about 40 ksi. For
intermediate-diameter (10 to 20 inches) and small-diameter (less than 10 inches) lines, a

linear distribution was assumed through the pipe wall with respective inside wall stresses
of 9.3 ksi and 24.4 ksi.

The model was benchmarked by comparing predicted leak rates under nominal BWR
applied load conditions against actual leak and erack indication data made available to us
by the NRC Office of Nuclear Reactor Regulation (NRR). During benchmarking we
quickly ascertained that residual stress was the parameter most influencing the predicted
leak rates, and we therefore opted to "tune" the model on this basis. A variety of
schemes were considered before we settled on adjusting the stress mugnitude (using a
multiplication factor) to bring the model into agreement with the field data. Figures 4
and 5, respectively, compare predicted leak rates and number of NDE indications greater
than 10 and 50 percent of wall thickness with the corresponding field data for various
adjustment factors. As these figures show, surprisingly large reduction factors had to be
applied to bring the model into line with the field data, suggesting that fastors other
than residual stress may be more influential than we first coneluded.

Probability of Direct DEGH

We applied this model in a pilot study to estimate probabilities of leak and DEGH
for the Brunswick BWR plant. During development of the IGSCC model, we found that
its complexity greatly increased computer tine requirements for its execution. Two
factors were predominantly responsible for this:

] if only pre-existing eracks are considered (as was the case in our PWR evaluations),
each Monte Carlo replication tracks the growth of a single erack. Because the
IGSCC model includes craek initiation, up to 40 eracks per replication (depending
on pipe size) are possible.

0 because multiple cracks are allowed during each replication, the possibility of
erack linking cannot be disregarded. Since all eracks must be tracked throughout
the entire caleulation, regardless of size, stratified sampling eannot be used. This
inereases the number of replications required to generate a reliable Monte Carlo
probability.

For example, the assessment of one PWR reactor coolant loop (typieally about 15 welds),
ineluding the systems analysis, had required about one CPU hour of computer time (on a
CDC 7600 machine) based on 10,000 replications. By comparison, the eurrent model
requires up to three hours of CPU time to generate a DEGB probability for one weld

Because older recirculation loops may have up to 60 welds, it was clearly
impractical to ealeulate weld-by-weld DEGH probabilities. Instead, we grouped the
welds in the Brunswiek recirculation piping, taking those welds with the highest applied
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loads in each group. We then estimated the leak and DEGB probabilities at each of these
representative welds and performed a systems analysis assuming that these leak and
DEGB probabilities applied to all welds in the respective group. These weld-by-weld
probabilities and the resultant system probabilities are presented in Table 1 for both leak
and DEGB. These results apply to the existing recirculation piping at Brunswick. A
replacement configuration, fabricated from Type 316NG and including fewer welds
(eliminating, for example, the recirculation pump bypass piping), has been proposed for
the Brunswick plant. For purposes of comparison, Table 1 includes the number of
replacement welds in each pipe group.

Table 2 and 3 present, respectively, probabilities of DEGB and leak for both
configurations of recirculation piping without IGSCC, as well as for one feedwater and
two main steam lines. The two main steam lines "A" and "B" differ slightly in length, and
are mirror images of the "C" and "D" lines, which were not evaluated separately. These
tables show that in the absence of IGSCC, leak and break probabilities are both on the
same order as those for PWR reactor coolant loop piping. Furthermore, if IGSCC is not a
factor, thermal fatigue is the primary cause of direct DEGB. As for PWR reactor
coolant loop piping, earthquakes contribute only negligibly to the probability of direct
DEGB.

4. Double-Ended Guillotine Break Indirectly Induced by Earthquakes

if earthquakes and DEGB are considered as purely random events, the probability of
their simultaneous occurrence is negligibly low. However, if an earthquake could cause
DEGB, then the probability of simultaneous occurrence would be significantly higher.
Our study of direct DEGB concluded that earthquakes were not a significant contributor
to this failure mode. However, another way in which DEGB could oceur would be for an
earthquake to ceuse the failure of component supports or other equipment whose failure
in turn would cause a reactor coolant pipe to break. Evaluating the probability of
indirect DEGB involves the following four steps:

(1) identify "ecritical" components whose fuilure could induce a DEGB. For each
component, estimate the conservatism and the uncertainty in the calculated
structural responses for various loading conditions, such as dead weight, thermal
expansion, pressure, and seismic loads. In our PWR evaluations, we identified as
eritical components the reactor pressure vessel supports, the steam generator
supports, and the reactor coolant pump supports. A BWR, of course, has no steam
generators and the failure of coolant pump supports was considered as part of the
direct DEGB evaluation. Therefore, the only ecritical components that we
considered in our Brunswick indirect DEGB evaluation were those making up the
reactor support structure.

(2) for each critical component, develop a fragility description for each failure mode.
The fragility of a component may be based on several factors (see Table 4). Each
fragility desecription relates the probability of structura! failure conditioned on the
occurrence of an earthquake of given peak ground acceleration.

(3) ecaleulate the overall "plant level” fragility to account for all significant failure
modes and the associated fragility descriptions.
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(4) calculate the non-conditional probability of indirect DEGE by convolving the plant
level fragility with an appropriate description of seismic hazard. Seismie hazard
relates the probability of occurrence of an earthquake exceeding a given level of
peak ground acceleration.

Typical deseriptions of seisimic hazard are shown in FF. 5. For Brunswick, we found that
the probability of indirect DEGB was about 2x§0' events per reactor-year, with a
90th-percentile value (confidence limit) of 5x107' per reactor year. It was found that
the star stabilizer at the top of the RPV, which restrains the RPV against lateral motion
in the event of an earthquake, was the prir.ary contributor to failure.

5. Summary and Discussion

We have completed a pilot evaluation of leak and DEGB probability in the
recirculation, main steam, and feedwater piping of the Brunswick Mark | BWR plant.
Although we have followed the same general approach for BWR plants as we did for PWR
plants, two additional factors have required consideration in our direct DEGB evaluation:

o the potential failure of intermediate pipe supports and supports for light loop
components (PWR reactor coolant loop piping is supported solely by loop
components).

o intergranular stress corrosion eracking (IGSCC) in recirculation loop piping.

Support Failure

Failure of intermediate pipe supports (e.g., hangers, snubbers) would redistribute
the applied stresses at weld joints and therefore change crack growth rates. We
developed a method of incorporating support fragility into the probabilistic fracture
mechanics evaluation, and used it to investigate the effect of support failure on the
probability of direct DEGB for our reference "pilot” plant. After identifying support
failure scenarios, we calculated the pipe stresses for each. We then performed
sensitivity analyses which indicated that the prgbability of DEGB due to hanger and
snubber failure was about the same (about 107" events per reactor year) as that of
indirect DEGB due to the failure of the reactor pressure vessel support structure. We
concluded that we could neglect support failure in our subsequent direet DEGB
evaluations.

Intergranular Stress Corrosion Cracking

To evaluate the effect of intergranular stress corrosion cracking on the probability
of DEGB in BWR recirculation piping, we incorporated an advanced IGSCC model into
our PRAISE computer code. This model probabilistically simulates crack initiation
(number, time, location, velocity) and the growth of initiated and pre-existing cracks.
Unlike our earlier PWR evaluations, in which each replication of the Monte Carlo
simulation only considered a single pre-existing crack, the IGSCC evaluations allow the
simultaneous growth and potential linkage of multiple cracks. Crack growth rates and
times-to-initiation are based on experimental data correlated against "damage
parameters" which consolidate the effects of coolant environment (temperature and
dissolved oxygen content), material type (including the effect of weld sensitization on
time-to-initiation), applied loads, and residual stress. The constitutive relationships that
define the damage parameters are generic in form, but contain terms which vary
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according to the particular material being considered. The specific features of this
model were seiected for Type 304 stainless steel. A large number of IGSCC-related
factors other than those eventually included in the model were also considered and
excluded from consideration,

Applying this model in our Brunswick pilot study, we estimated the leak and DEGB
probabilities in the present recirculation piping (both loops combined) to be about 0.68/py
and 9.0:10"/py, respectively, when IGSCC is present. Note that these results imply
about one leak for each plant-year of operation. Field observations, however, indicate
that the actual occurrence rate is closer to one in every ten plant-years of operations,
leading us to conclude that our predicted leak probabilities are between one and two
orders of magnitude high. We cannot, of course, similarly compare our DEGB results
against field observations, but our extensive past evaluations of PWR primary coolant
piping have consistently indicated that plant-to-plant variations in DEGB probability
follow the same general trend as those in the leak probability. Therefore, we believe
that the DEGB probabilities estimated for the Brunswick recirculation loop piping are
similarly high when IGSCC is taken into account.

In our PWR evaluations, order-of-magnitude variations in DEGB probability were
not of particular concern to us because even after extensive sensitivity and uncertainty
studies, the results were still extremely low. For example, that the best-estimate
probabilit; of direct DEGB in Westinghouse plants east of the Rocky Mountains was
about 107 2 ovents per plant year, with a 90th-percentile "upper bound" about two orders
of magnitude higher. Despite this difference, the basic regulatory implication -- that
direct DEGB is an extremely w\likely event -- remains unchanged. By contrast, however,
the difference between a 107%/py and a lo'slpy DEGB probability has a potentially far
more serious effect on how the safety of BWR recirculation loop piping is perceived. We
therefore believe it essential to take a second look at the basic premises of our IGSCC
model to better distinguish real physical behavior from modeling conservatisms. This
work is currently in progress, with expected completion in mid-1986.

From our evaluations to date we can conclude that IGSCC clearly dominates the
probability of direct DEGB in recirculation piping fabricated from Type 304 stainless
steel. Residual stresses appear to be the dominate factor influencing the number of
cracks initiated and, to a lesser degree, their growth rates. Probabilitie: of direct DEGB
in the main steam and feedwater piping are similar to those estimated for PWR reactor
coolant loop piping. Thermal stresses dominate the probability of direct DEGB:
earthquakes contribute only negligibly. In the absence of IGSCC, these results also hold
true for recirculation piping. This result implies that if .GSCC can be satisfactorily
mitigated (for example through use of IGSCC-resistant materials), then reactor coolant
piping DEGB could be eliminated as a design basis for BWR plants as is currently being
done through rulemaking actions related to PWR reactor coolant loop pining.

108



HS

2.

3.

4.

5.

REFERENCES
G. Holman, "Nouble-Ended Breaks in Reactor Primary Piping", Lawrence Livermore
Nationsl Lahoratory, Report UCRL-91731 (October 1984). Presented at the 12th

Water Reator Safety Research Information Meeting, Gaithersburg, Maryland,
October 22-26, 1984.

Probability of Pipe Failure in the Reactor Coolant L of Westiggf_ugime PWR
Plant Eummce Livermore National Laboratory, Report CID-19988,

NUREG/CR-3660, Vols. 1-4 (1984).

Probability of Pipe Failure in the Reactor Coolant L of Combustions

%@nmié PW% ?lants, Lawrence Livermore National Laboratory, Report UCRL-
3 00, - 6 y VO[S. 1-3 (198‘)'

Probability of Pipe Failure in the Reactor Coolant L of Babcock & Wilcox PWR

Plant fuwrence Livermore National Laboratory, Report UCRI-53644,

NUREG/CR-4290, Vols. 1-2 (1985).
D. Harris, et al., Probabilistic Fracture Mechanies Models Developed for Pi

Reliability Assessment in t _Water Reactors, Lawrence Livermore Natio
Laboratory, Report UCRL-15490, NUREG/CR-2301 (April 1982).

T. Lo, et al., "Failure Probability of PWR Reactor Coolant Loop Piping," Lawrence
Livermore National Laboratory, Report UCRL-86249 (February 1984).

109



Table 1. Probability of direct DEGB, Brunswick recirculation piping
(current loop configuration)

-

Weld Group Diameter  Welds/ l..oopl PlLeakl 2 PIDEGB) 2
(in)
Suction 26 10(11) 5.3e-6 1.3e-6
(5.3e-3) (1.3e-5)
Discharge 26 6 (5) 9.0e-4 5.0e-5
(5.4e-3) (3.0e-4)
Header 20 £(2) 3.2¢-3 5.0e-6
(1.6e-2) (2.5e-5)
Riser 12 20 (12) 1.2e-2 4.0e-6
(2.3e-1) (8.0e-5)
Bypass 3 10 (0) 8.9e-3 3.0e-6
(8.8e-2) (3.0e-5)
Total, both loops (with IGSCC) 102 6.8e-1/py 9.0e-4/py
Total, both loops (w/0 IGSCC) 102 3.6e-7/py 7.7e-12/py
Notes:

(1) Value in parentheses is number of welds in proposed replacement configuration.

(2) Events per weld-year. Value in parentheses is events per plant-year for weld grouo
considered.
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Table 2. Probability of direct DEGB, no IGSCC (events/py)

Confidence limit

Piping System

10% 50% 90%
Recirculation (current) 1.3e-16 1.8e-13 2.5e-10
Recirculation (proposed) n/a 3.8e-12 n/a
Main Steam "A" 5.0e~15 2.5e-13 1.5e~10
Main Steam "B" n/a 1.6e-12 n/a
Feedwater l.1e-14 1.3e~12 1.5e-9
Table 3. Probability of leak, no IGSCC (events/py)

Confidence limit

Piping System

10% 50% 90%
Recirculation (current) 1.5¢-8 1.0e-6 1.0e-5
Recirculation (proposed) n/a 1.8e-7 n/a
Main Steam "A" 8.3e-9 8.8e-8 l.le=5
Main Steam "B" n/a 7.0e-8 n/a
Feedwater 4.3e-9 5.0e-7 2.5e-5
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Table 4. Parameters considered in developing component fragilities

Structural Response

(=}

Ground spectrum used for design
o Structural damping

o Site characteristics (rock or soil, shear wave velocity, thicknesses of different
strata)

o Fundamental frequency of internal structure if uncoupled analysis was performed

o Interface spectra for NSSS points of connection to s.cucture if uncoupled analysis
was performed

o Input ground spectra resulting from synthetic time history applied to structural
model

NSSS Response

o Method of analysis (time history or response spectrum, ete.)
o Modeling of NSSS and structure (coupled or uncoupled)

0 NSSS system damping

o NSSS fundamental frequency or frequency range

o If uncoupled analysis was performed, whether envelope or multi-support spectra
were used
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Fig. 2. IGSCC crack growth rate as a function of damage parameter, steady-state

operation. The solid lines represent crack growth rates predicted by the
earlier IGSCC model in PRAISE.
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Fig. 4.  Comparison of leak probabilities derived from field data with leak probabilities
estimated by PRAISE for various values of residual stress adjustment factor.
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Comparison of crack indications derived from field data with PRAISE results

for various values of residual stress adjustment factor.
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DISCLAIMER

This document was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor the University of
California nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or usefulness
of any information, apparatus, product, or process disclosed, or represents that its use
would not infringe privately owned rights. Reference herein to any specific commercial
produets, process, or service by trade name, trademark, manufacturer, or otherwise, does
not necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or the University of California. The views and opinions of
authors expressed herein do not necessarily state or reflect those of the United States
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Valve Performance Testing
N. M. Jeanmougin
Energy Technology Engineering Center

ABSTRACT

The Valve Performance Test Program addresses current requirements
for testing of pressure isolation valves (PIVs) in water reactors.
The program is aimed at evaluating the existing leak rate limits for
PIVs and the Section XI correlation for extrapolating leak rates
between the test and operating conditions., The use of acoustic
emission monitoring will be evaluated as an alternative method for
assessing the sealing capability of these valves. In addition,
motor operator signature testing will be evaluated as a method for
assessing gate valve operability, Currently three check valves,
ranging in size from a nominal four inch diameter to twelve inch
diameter, are being tested. No significant valve deterioration has
resulted from a program of life cycling the valves. Future efforts
will focus on loosened internals testing of the check valves and
life cycle testing of the gate valves.

PRESSURE ISOLATION VALVES: REGULATORY REQUIREMENTS

Pressure isolation valves (PIVs) isolate the high pressure primary reactor
coolant system {rom any connected lower pressure piping systems. PIVs must be
periodically leak tested in accordance with Section XI of the ASME Boiler &
Pressure Vessel Code. The acceptable leak rate across the PIVs is defined in
the technical specification for each light water plant. Until recently, the
technical specifications for most plants set the maximum leak rate for each
PIV as one gallon per minute (gpm), with the exception of Event V valves. The
Committee to Review Generic Requirements has recently approved a change which
would allow a leakage rate of one half gpm per irch of nominal valve size, but
no more than five gpm on any valve, Leakage through PIVs is monitored anrd
limited for two safety reasons, First, the overall leak rate from the high
pressure system to the low pressure system must not exceed the low pressure
system's pressure relief and radiological processing capabilities, Second,
leak rates are monitored to detect imminent failure of the valves to serve as
a pressure barrier.

The monitoring of leak rate trends, as called for in the ASME Code, is
expected to provide an indication of accelerated valve deterioration,
Therefore, leak rate trends should provide an assurance of valve performance
which is at least as reliable as the flat one gpm leak rate allowance.

Modification of the allowable leak rate for individual PIVs will not effect
the plant technical specification for overall allowable leakage from the
reactor coolant system, This will ensure that the plant pressure relief and
radiological processing systems will not be overtaxed.
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The NRC had a study prepared by EGG on lecak test requirements for PIV'-.1 As
part of this study, a survey was conducted of nine plants to obtain
information about actual in-plant experience with leak rate testing of PIVs.
It was concluded that allowable leak rate criteria, such as the criteria
described above based on nominal valve size, should be adopted. The study
also indicated that current utility practice is to conduct PIV leak tests at
reduced pressure and to extra;olate to leak rates at normal operating pressure
(2235 psig) using the correlation given in Section XI of the ASME Code. This
correlation is based on a ratio of the differential pressure across the valve
during normal operation to the differential pressure across the valve during
the leak tes: raised to the one half power. Analysis of the survey data
indicated that this correlation might be erroneous. In November of 1983, NRC
requested proposals for a Valve Performance Test Program to "validate the
theoretical work performed during the survey of the nine utilities, to
evaluate the effectiveness of valve leakage as an indicator of valve
degradation, and to examine other valve parameters and their effects on valve
operability."”

VALVE PERFORMANCE TEST PROGRAM

The objectives of the Valve Performance Test Program, currently being
conducted at the Energy Technology Engineering Center (ETEC) are to:

1. Provide recommendations regarding the present technical
specification allowable leak rates, and the ASME Code
Section XI method for correlating leak rates at test and
operating pressure differentials,

2. Evaluate the use of valve leakage as an indicator of
valve degradation,

3. Evaluate motor signature monitoring as a means of
assessing valve operability, including stroke timing,
packing tightness, and torque switch settings.

4, Evaluate acoustic emission techniques for detecting,
quantifying, and trending valve leakage.

Test Articles

In order to meet these objectives, ETEC purchased six test artir.es--three
check valves and three gate valves, The valves are typical of those used in
IWRs for the purpose of primary system pressure isolation. All six valves
were purchased from utilities who had obtained them for nuclear units which
were cancelled subsequent to valve fabrication or from units which had surplus
valves, The majority of the valves are ASME Section III, Class 1 valves. The
Class 2 valves are of the same design as the Class | valves and thus are
equally representative, The Class 2 valves, however, do not have the same
quality assurance/verification documentation as Class | valves. A description
of the individual test articales is given below:
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1. 4-in. 1512 1b, swing check valve, buttweld ends, 316 SS body, ASME
Section I[IT, Class 1, manufactured by Nuclear Valve Division, Borg-
Warner Corp.

2. 12-in. 1512 1b, swing check valve, buttweld ends, 316 SS body, ASME
Section III, Class 1, manufactured by Nuclear Valve Division, Borg-
Warner Corp.

3. 6-in, 1500 1b, swing check valve, buttweld ends, 304 SS body, ASME
section III, Class 2, manufactured by Atwood & Morrill Co.

4. 4-in. 1525 1b, gate valve, buttweld ends, 316 SS body, flexible
disc, electric motor operated (Limitorque). ASME Section III, Class
2, manufactured by Westinghouse (W-EMD),

5. 10-in. 1525 1b, gate valve, buttweld ends, 316 SS body, flexible
wedge disc, electric motor operated (Limitorque). ASME Section III,
Class 1, manufactured by Westinghouse (W-EMD),

6. 4-in, 1600 1b, gate valve, buttweld ends, 316 SS body, double disc~
parallel seat, electic motor :E;r.tod (Limitorque), ASME Section
III, Class 1, manufactured by Industries, W-K-M Valve Division,
Model M-I-OPG POW-R-SEAL.

All valves are new and unused, and were stored, packaged, and shipped 1in
accordance with ANSI/ASME N45.2,2 requirements., All drawing, manuals, and
quality records avilable to the utilities for each valve were included as part
of the valve order,

Check Valve Testing: Original Program Plan

The method of degrading the test article valves to be representative of PIVs
in LWRs is a key issue for the Valve Performance Program. A program of dry
and wet cycling of the valves to simulate the cycling, and thus the valve seat
wear, that an average PIV undergoes during its life was developed. A survey
of nine nuclear power plants was made to identify how many cycles a PIV would
see in an average plant application., Ten dry cycles and two hundred wet
cycles were determined to be reasonable., A series of leak tests were planned
to measure valve leakage prior to the start of the test program, following the
ten dry cycles, after the first fifty wet cycles, and following completion of
the wet cycling. This approach was developed to gain information on the
effectiveness of valve leakage as an indication of valve degradation., The
leak tests would be conducted at a variety of temperature and pressure
conditions, as specified in Table 1, These data would be used to evaluate the
Section XI correlation for extrapolating leak rates at test conditions to leak
ra.es at nominal plant operating conditions.

Another mechanism which .as been identified as a mejor cause of check valve
failure is loosened internals. This condition results when the nut which
secures the disc to the clapper becomes loose, see Figure 1. This condition
could be caused by the stud impacting the valve bely during cycling. A
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| Table 1: Leak Text Matrix

| Tdent TnTet T Tnlet P OutTet P
| No. (F) (psig) (psig)
‘ 1 AmD 50 Atm
, 2 Anb 150 Atm
' 3 ATh 250 Atm
| a Anb 350 Atm
. Amb 700 Atm
6 Amb 1100 Atm
, 7 Anb 2250 Atm
|
\ 8 300 2250 2200
‘ 9 300 2250 1550
10 300 2250 1150
‘ 1 450 2250 2200
| 12 450 2250 1550
| 13 450 2250 1150
14 550 2250 2200
‘ 15 550 2250 1550
16 550 2250 1150
17 550 2250 1092
18 550 2250 1046
10 550 2250 1000
20 550 2250 1150
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FIGURE 1. TYPICAL CHECK VALVE INTERNALS
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portion of the program is devoted specifically to examining the effect of
loosened internals. That is, whether valve leak rate tests are effective in
detecting this form of check valve degradation. The loosened internals tests
originally were to be performed only on the four inch check valve.

Check Valve Test Results to Date

The four inch check valve has been subjected to ten dry cycles, fifty wet
cycles (conducted at 250 F and 2250 psid), and one hundred and fifty
additional wet cycles. Leak tests at various temperature and pressure
conditions were conducted with the valve in the as-received condition and
following each period of valve cycling. The baseline leak tests showed very
small leak rates, on the order of 10E-5 1b/sec., Following the dry cycles the
valve exhibited no measureable leak rate, perhaps indicating that the valve
seating surfaces had "worn in", After wet cycling the valve leak rate was
again in the measureable region, but was still very low, on the orcger of 10E-5
1b/sec. At these very low leak rates, there was no meaningful correlation
between leak rate and either differential pressure or temperature. The only
discernible effect of differential pressure was seen at low differential
pressures. The leak rate was highest at these conl.itions indicating that the
low differential pressures did not provide enough force to properly seat the
valve,

The six inch check valve was leak tested in the as-received condition, dry
cycled ten times and again leak tested, The results were similar to the four
inch check valve tests., The six inch valve had a very small leak rate in the
as-received condition and the leak rate following the dry cycling was not
measureable.

The twelve inch check valve was not cycled, but baseline leak tests were
conducted. The leak rates for the twelve inch valve in the as-received
condition were roughly the same as they were for the four and six inch valves,
on the order of 10E-6 1b/sec., Thus, the leak rate across each of the three
valvo:v in the as-received condition met typical technical specfications for
new PIVs,

Based on the four and six inch check valve testing described above, ETEC, with
the approval of the NRC, decided to modify the plan for check valve testing.
Life cycling of the valves was not causing significant degradation of the
valve seat, Although this is an interesting result, .t was decided that the
test program objectives could be better met by investigating the effect of
other check valve degradation mechanisms, The first mechanism which was
examined was erosion or wire drawing caused by flashing across the PIV., The
survey of utilities indicated that some PIVs are installed in locations where
the pressure and temperature conditions would result in flashing across the
valve for extended periods of time, Average conditions for these valves was
determined to be approximately 1500 psid at 550 F. The ETEC test facility was
then put into a hot shutdown mode and these conditions were established across
all three check valves for a two month period. The facility was not staffed
with operators during this time but periodic leak test measurements vere made,




A power loss was experienced at the facility during this time resulting in a
loss of pressure differential across the valves, after the pressure
differential was re-established, the leak rate across the four inch valve was
noted to have suddenly increased, to approximately one liter per hour (10E-3
1b/sec). Although this leak rate is orders of magnitude greater than the
previously measured leak rates, it is still much lower than the one gpm
currently allowed for most PIVs. As the increase in leak rate occur suddenly
after the valves were cycled due to the loss of the differential pressure, the
increase may be due to impurities lodged between the seating surfaces, The
leak rate across the four inch valve has been roughly constant throughout the
long term flashing test., No increase in leak rate across the six or twelve
inch check valves has been measured since the start of the long term flashing
test. This portion of the program is now being concluded.

Acoustic Emission Monitoring

Acoustic emission data was gathered during the valve cycling, during the leak
tests, and it is now being gathered on the four inch check valve during the
long term flashing test. To maximize the benefit of the acoustic emission (AE)
moritoring, AE equipment supplied by Argonne National Lab (ANL), Oak Ridge
National Lab (ORNL), and the Naval Ship Research & Development Center are
being used in addition to the ETEC equipment,

The Naval Ship Research & Development Center equipment is portable equipment
which must be manuvally operated, therefore it has not been used as extensively
as the other equipment, The ANL, ORNl,, and ETEC equipment each consist of two
sensors, one mounted on the valve body and one mounted on the upstream piping.
These sensors are read automatically by the facility Data Acquisition System.

Future Check Valve Testing

The 1life cycling and erosion testing of the check valves conducted during
fiscal year 1985 has produced minimal valve damage. The seating surface
damage which would be expected to result from erosion and wear is not the type
of damage likely to produce imminent accelerated deterioration or poasible
failure of the check valves, However, loosened internals could result in
possible failure of the check valve to operate or to adequately isolate the
primary coolant system; and loosened internals has been identified as a major
check valve failure mechanism. Therefore, fiscal year 1986 check valve
testing will focus on loosened internals testing., The loosened internals
portion of the Valve Performance Test Program is being enlarged to encompass
at least two of the check valve test articles rather than simply the four inch
valve,

The loosened internals testing will consist of breaking the weld between the
nut and the stud identified in Figure 1. The nut will then be backed off a
specified number of rotations and locked in place with a backing nut, If
there 1is inadequate room for a backing nut, the nut will be tack welded in
place, The valve will be cycled five times and leak tests will be conducted.
The process of cycling and leak testing will be repeated twice. The goal of
the additional cycles and leak tests is to determine whether a check valve
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with loosened internals seats in a repeatable manner.

The sequence of tasks described above will be done for three different
loosened conditions for each check valve. The nut will be backed off as far
as possible for the third loosened condition.

The check valves installed in mary LWRs, and the check valves used in this
test program, are self-centering. It is possible that the leak rate across
these valves may not significantly increase even though the integrity of the
valve internals is compromised. Therefore, the acoustic emission equipment
will be monitored during the valve cycling as well as during the leak tests.
The AE equipment supplied by ETEC will be read justed to monitor the signal
frequencies which occur during valve cycling. This will enable evaluation of
the feasiblity of using techniques, other than valve leak rate monitoring, to
detect valve degradation.

Gate Valve Testing

The gate valves will be tested following the completion of the check valve
testing. The gate va.ve program will consist of a series of dry and wet
cycling interspersed with leak rate testing at various temperature and
pressure conditions. This program is identical to the program originally
plannad for the check vaives. The gate valve seating surfaces should substain
more damage during cycling because their operators provide a higher seating
force., Wear damage of this type has beeﬁzidentified by ORNL as a major cause
of valve leakage in motor operated valves,” As a part of their work on nuclear
power plant aging, ORNL made a study of motor-operated valve failures. This
study showed that the primary reported failure mode was a failure to change
position caused by problems with the motor operator. Most of the reported
failures of the valves themselves were failures to pass the required leak rate
tests, Wear or foreign material on the valve seat were identified as the
ma jor causes of the leakage.

The acoustic emission ejuipment described for the check valve testing will
also be used during the gate valve leak rate testing. In addition, motor
operator signature tests will be conducted. ETEC is working with ORNL in
defining the motor operator signature tests., Current plans call for the motor
operator signature tests to be conductad on a four inch gate valve and the ten
inch gate valve. The following parameters will be monitored:

1. Stem velocity

2, Stem strain

3. Vibration

4, Motor current

5. Torque switch angular position
6., Torque sutich open/close status
7. Limit switch open/close status

The instrumentation will be installed and the valves stem packing gland nuts

will be adjusted to manufacturer's specifications at the beginning of the life
cycling/leak rate testing program. Upon completion of the life cycle testing,
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the stem packing gland nuts will be loosened and later tightened specified
amounts beyond the manufacturer's specifications. The valves will be cycled
at various temperatures and differential pressures at each condition,

The purpose of the motor operator signature tests is to identify methods of
surveillance which are effective in detecting significant aging and service

wear effects and detericration of valve operability prior to loss of safety
function,

Conclusions & Recommendations

It is too early in the program to form firm conclusions or recommendations
with regard to the objectives of the Valve Performance Program. However some
conclusions and some interesting areas which may deserve further investigation
can be discerned based on the data gathered to date,

l. The utilities should be careful to ensure that they conduct leak rate
testing at differential pressures which are adequate to ensure the valve
is seated, Leak rate testing which is conducted at very low differential
pressures will tend to give overly conservative results and may result in
the utility performing unnecessary maintenance,

2. Life cycling of check valves, in the absence of other degradation
mechanisms, did not result in significant degradation of the valve
seating surface.

3. Flashing, or wire drawing, across the check valves appears to have
resulted in damage to the four inch check valve seating surface, The
type and degree of damage will be determined during post-test visual
examination,

4. Additional testing to identify the conditions and mechanisms which cause
valve degradation would increase the understanding of what types of
surveillance or inservice testing are effective in identifying imminent
accelerated valve deterioration or possible valve failure,
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ABSTRACT

With the use of different size scale models, the Seismic Category
1 Structures Program has demonstrated consistent results for measured
values of stiffness at working loads. Furthermore, the values are
well below the theoretical stiffnesses calculated from an uncracked
strength-of -materials approach. The scale model structures, which
are also models of each other, have demorstrated scalability between
models. The current effort is to demonstrate that the use of micro-
concrete and other modeling effects do not introduce significant dis-
tortions that could drastically change conclusions regarding proto-
type behavior for these very stiff, shear-dominated structures.
Working closely with the technical review group (TRG) for this pro-
gram, structures have been designed and tests have been planned that
will help to resolve issues surrounding the use of microconcrete
scale models.

INTRODUCTION

The Seismic Category 1 Structures Program is being carried out at the Los
Alamos National Laboratory under sponsorship of the U.S. NRC, Office of Nuclear
Regulatory Research, and has the objective of investigating the structural
dynamic response of Seismic Category I reinforced concrete sturctures (exclu-
sive of containment) that are subjected to seismic loads beyond their design
basis.

Specific program objectives are as follows:

1. Develop experimental data for determining the sensitivity of structura)
behavior (acceleration, displacement, frequency, structural stiffness,
etc.), in the elastic and inelastic ranges, of noncontainment Category |
structures to variations in configuration and earthquake loading.

2. ldentify the sensitivity of floor response spectra changes to the varia-
tions selected in No. 1.

3. Develop a way of representing damping in the inelastic range. Demonstrate
how this representation of damping changes when going from the elastic
through the ineclastic ranges, relating the sensitivity of these changes to
the variations selected in No. 1.
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Develop experimental data to verify ductility factors used in conjunction
with deterministic and probabilistic analyses.

Develop experimental data that will enable others to validate computer
programs used to predict the behavior of noncontainment Category I struc-
tures in the elastic and inelastic ranges.

The predominate feature of the typical structure under investigation is that
shear rather than flexure is dominant, that is the ratio of displacement values
calculated from terms identified with shear deformation to the values contrib-
uted from bending deformation is one or greater; thus these buildings are
called "shear wall" structures.

Results from the Seismic Category 1 Structures Program through the end of
FYB4 (September 1984) were described at this conference last year.! This
paper will describe current program emphasis to determine the credibility of
previous
experimental work and future program direction.

STIFFNESS DIFFERENCE AND SCALABILITY ISSUE

The experimental program plan was developed with the foreknowledge that
scale model testing of reinforced concrete structures is a somewhat controver-
sial issue in the U.S. civil engineering community, particularly when the
structures are loaded into the inelastic range. The similitude requirements
for our models were carefully considered and discussed in detall in Ref. 2.
The experimental plan incorporated both static and seismic testing-to-failure
of scale mode)l Category 1 box-like structures as well as tests on isolated
shear walls. The isolated shear wall tests were carried out first; they were
then followed by static and seismic tests on one and two-story box-1ike struc-
tures. To verify that the scaling relationships could be used to translate
test results to different models and prototypical structures, two 1/30-scale
and one 1/10-scale models of a two-story Diesel Generator Building structure
were seismically tested. The first 1/30-scale mode]l structure was tested to
aid in the development of the test program for the 1/10-scale structure. After
the 1/10-scale model tests, the second 1/30-scale model was tested in a manner
similar to the 1/10-scale model.

Fig. 1 compares data taken from tests on a 1/30-scale model Diesel Gener
ator Building (3D0-12-2) and one 1/10-scale model (CERL No. 2). When the meas-
ured first-mode frequency is normalized by the frequency scale factor, Ng,
and the peak acceleration 15 normalized by the acceleration scale factor, Ny,
the data can al)l be plotted on the same curve. In this notation, the scale
factor indicates the ratio of the prototype to the model. In addition, the
mode!s had the appropriate added masses, and the base motion was properly fre-
quency scaled so that the 1/30-sce’'e structure is a true 1/3-scale mode!l of
the 1/10-scale structure while both structures are mode!s of the assumed proto-
type. When the data are 1llustrated as in Fig. 1, the prototype behavior is
shown directly, while the individual mode| data require knowledge of the scale
factors (1/30 scale: Ny = 1/11.8, Ny = 1/4.6 and 1/10 scale: Ng = 1/6.8,

Ny = 1/4.6).
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Fig. 1. Data Vilustrating the first mode frequency shift as the model

structures were progressively damaged by increasing peak seismic
base accelerations.

Clearly, the scalability of the results from seismic testing the two dif-
ferent sized models 1s demonstrated, but because both models are made of micro-
concrete with simulated rebar, scalability to the prototype structure is still
an issue. In addition, both static and dynamic tests using isolated shear
walls and box-like structures indicate that the stiffness is significantly
less than the stiffness computed assuming an uncracked concrete cross section.
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The lower than expected initial stiffness is further addressed in Fig. 2.
This figure illustrates the secant stiffness plotted against the concrete modu -
lus, E.. The secant stiffness was taken at 50% of the ultimate load (meas-
ured from experimental results) normalized by the structure's theoretical value
calculated from an uncracked cross-section strength-of -materials approach.

The concrete modulus was obtained from the equation E. = 57000 /f'c. as
recommended in AC1 349 for normal weight concrete. With the exception of a
single point (a "wet® test in an aging study) the data consistently show that
calculated stiffnesses are down by a factor of 3 to 4 at this load level.
Similar differences have been reported in certain papers in the literature.
On the other hand, values reduced by 20% or less have also been indicated in
the literature.

The point marked *"Sozen® was deduced from Ref. 3 and should be explained.
The initial stiffness found from a pluck test on the mode! in Ref. 3 was almost
the theoretical value. The point shown on Fig. 2 is the stiffness of the
structure as found after subjecting it to a /4-g seismic excitation. The
point marked “Unemura® was taken from the figures of Ref. 4 using the same
method we have used on our data.

Early in the 1ife of this program, a Technical Review Group (TRG) consist-
ing of nationally recognized seismic and concrete experts on nuclear civil
structures was established to both review the progress and make recommendations
recarding the technical directions of the program. The recommendations of
this group have been evaluated in light of the needs of the USNRC and, where
possible, have been carefully integrated into the program.
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Fig. 2. MNormalized stiffnesses versus concrete modulus from this program
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1Ourin| their review of the data through FYB4, the TRG pointed out the fol-
lowing:

|
1. Design of prototype nuclear plant structures s normally based on an i
uncracked cross-section strength-of -materials approach that may or may
not use a "stiffness reduction factor® for the concrete; however if
one 1s used, it s never as large as 4.

2. Although the structures themselves appear to have adequate reserve
margin (even if the stiffness is ~nly 25% of the theoretical), any
piping and attached equipment wil, have been designed using incorrect
floor response spectra .

3. Given that a nuclear plant structure designed to have a natural fre-
quency of about 30 Hz really has a natural frequency of 15 Nz (cor-
responding to a reduction in stiffness of 4), and allowing further
that the natural frequency will decrease because of degrading stiff-
ness, the natural frequency of the structure may shift well down inte
the frequency range for which an earthquake's energy content is the
largest. This will result in increased amplification in the floor
response spectra at lower frequencies, and this fact potentially has
significant impact on the equipment and piping design response spectra
and equipment and piping margins of safety.

Note that all three points are related to the difference between measured
and calculated stiffnesses of these structures.

Having made these observations, several questions now arise. Does our
previous experimental data taken on microconcrete models represent data that
would be observed on prototype structures? What is the appropriate value of
the stiffness that should be used in design and for component response spectra
computations in these structures? Should 1t be a function of load level?

Have the equipment and piping in existing buildings been designed to incorrect
response spectra?

Thus, tne primary program emphasis at this time is to assure credibility
of previous experimental work by beginning to resolve the "stiffness
difference” issue. The Technical Review Group (TRG) for this program helleves
that this important issue must be addressed before the program object ves can
be accomplished.

To address these stiffness-related concerns, it was agreed that a series
of credibility experiments will be carried out using both large and sm: 1]~
scale structures. For the large-scale structyre, the TRG set limitations on
the design parameters. Their recommended "ideal” structural characteristics,
in order of decreasing priority, are as follows:

1. provide a maximum predicted bending and shear -mode natural frequency
< 30 Wz

2. wuse a wall thickness > 4 in.
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use a height-to-depth ratio of shear wall <
use actual No. 3 rebar for reinforcing
use realistic material for aggregate

use 0.1 to 1% steel (0.3% each face, each direction ideally)

- o v o W

use water-blasted construction joints to assure good aggregate fric-
tional interlock.

1t was further agreed that the best plan would be to build two of these
structures as nearly identical as possible. To compare the results from these
tests with previously obtained data, one mode! should be tested quasistatically
and cyclically to failure, and the second model should be test dynamically.

Following these recommendations and other TRG suggestions, and after

analyzing a number of potential designs, the structure shown in Fig. 3 was
proposed
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Fig. 3. TRG structural test model.
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to both the TRG and NRC as being a test structure fulfilling the design
requirements. Table 1 gives some of the details of this structure. After
resolving a number of questions relating to the details and the potential
response (dealing with out of plane bending of walls, torsion, etc.,) of the
structure, the decision was made to construct and test this particular
configuration and its models.

TABLE 1
COMPUTED CHARACTERISTICS OF THE TRG MODEL STRUCTURE

2.06 x 10® in .}
319 in.2
1288 in.2
2.5 » 107 /in,
5.3 x 100 1b/14n.
4.2 x 108 1b/in.

lyncracked transformed section
A-effective shear

Area total

Total uncracked bending stiffness
Shear stiffness

Total stiffness

LR B B B B

Max dead weight normal stress 42 psi
Max shear stress in flange at 5 g due

to assumed 5% torsion (approx.) = 35 psi
Total concrete 6 cubic yards
Total added weight 37,000 1b.
Total weight 61,000 1b.

Treating the TRG structure of Fig. 3 as the "prototype,” the plan was to
first construct 1/4-scale Case-1 type models from microconcrete. In a Case |
mode|l, the mass 15 scaled by the length scale cubed. A1l gravitational effects
are distorted (they are too low) by a factor of the length scale. Ffor
example, normal dead weight stresses are 10 psi in a 1/4-scale mode!l instead
of 40 psi, but both values are small compared to the cracking strength of the
concrete. Overturning moment due to gravity is low by 4, but the overturning
moment due to the inertia force is scaled correctly (and is usually orders of
magnitude larger than that due to gravity alone.) In general, for this mode!
as with the other models used in this program, the magnitude of the distortions
and their effects are understood and are deemed to be acceptable. The major
exception is the scaling effects associated with the use of microconcrete.

THE ONE -QUARTER-SCALE MODELS

The purpose of the 1/4-scale models is as follows: first, by applying the
same principles of analysis and design and construction practices as have been
applied in our previous work, we will attempt to demonstrate the scalability
of the results to the prototype TRG model. Second, conclusions (based on cal-
culations) concerning the model and prototype torsional response, individual
wall frequencies, out-of -plane bending, and other features that affect the
response of the large TRG structure can be confirmed on an inexpensive test
structure. Third, instrumentation and other data acquisition requirements can
be worked out in advance of the larger scale tests. As an example, a good
analytical mode! may have to treat the shear stiffness before and after crack-
ing quite differently, and instrumentation to separate overall shear dis-
tortion from overall bending distortion on the large model in the static load-
ing case has been proposed. This instrumentation has been designed and checked
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on the small model. Also, low load-level testing (modal and static, is a new
feature for this program, which in the past has been concerned with working
load 'evels. Methods and details for this type of testing have been worked

out using the small models.

The two 1/4-scale models have been completed, and testing of the second
mode! is in progress with testing of the first being complete.

The 1/4-scale models were constructed or microconcrete using our previous
construction experience. A double row of 1/4-inch hail screen reinforcing
simulating 0.56% steel in each direction was placed on the centerline of each
end wall and the shear wall. The top and bot*om slabs were heavily reinforced
with No. 3 bars. Properties of the first model's reinforcing and the micro-
concrete are given in Table I1I.

TABLE 11
MATERIAL PROPERTIES FOR TRG MODEL I

Concrete
3 = (measured at o - ¢ origin) = 3.18 x 108 psi

f'. = (compressive strength) = 3769 psi

fe = (split tensile test strength) = 513 psi

E'c = 57000 Jf'c = 3.5 x 106 psi
1 - B r Properties - h D1 fon
3 = 25.6 x 10® psi
Yield Strength = 42.7 KSI
Ultimate Strength = 53.1 kSl
Elongation at Failure = 0.04
Diameter = 0.042 in.

TESTING PROGRAM

The testing program for this mode! consisted of a series of very low load-
level modal and static tests followed by increasingly severe random and simu-
lated seismic testing to failure. The low load-level testing were all "bare”
mode] tests (no added mass), and the random and seismic tests were conducted
with 575 1b. of added weight as is appropriate for a 1/4-scale model of the
large 30-Hz TR6 structure.
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DETERMINATION OF INITIAL STIFFNESS

The primary purpose of all low-level tests was to compare the so-called
*undamaged® stiffness or virgin mode! stiffness to the theoretical values. A
mode! shear-bending stiffness was deduced from all modal and low-level static
tests, and these values are given below in Table II1. The consistency of the
values between the static (direct measurement) and dynamic (indirect
measurement) methods is obviously good.

Table 1V presents the results of all calculated values using both the
strength-of -materials approach and a finite element calculation, and the three
various estimates for the concrete modulus, €. = 3 x 10® psi (design
value), E. = 3.18 x 106 psi (strain-gage measured value), and Ec = 3.5 x
106 psi (XCI Method, E. = 57000 /f'.). Clearly, the measured values of
the stiffness at low levels are within 70-90% of theoretical values.

WORKING LOAD LEVEL TYESTS

Following the low-load level testing, the mode)l was subjected to a random
and seismic load test plan similar to the test plan used to test all previous
models. First, bare model tests were carried out with 0.5-g random base exci-
tation followed by a seismic input that varied from 0.5-g nominal to 1-g nomi-
nal. These bare model tests were used to characterize the "undamaged” stiff-
ness at a higher load level than those used in the modal and low-level static
tests. These tests indicated a reduction in stiffness over the low-load level
value of about 24%. Next, weights (575 1b) were added to the mode) to fulfill
similitude requirements for a 1/4-scale mode! of the large TRG structure. The
initial tests in this configuration were used to calculated the working load
stiffness as in previous models and indicated a stiffness of 441200 1b/in,
approximately 38% of the value that would be calculated by an uncracked
strength-of -materiais approach. This value is consistent with values reported
in all of our previous tests on the 3-D structures. Figure 4 1llustrates this
point which shows the normalized measured stiffness reported from previous
tests and this current model test structure, when it was subjected to the same
testing procedure as in the previous tests on the 3-D test structures.

TABLE 111
MEASURED VALUES OF INITIAL STIFFNESS
Stiffness
i r x 108 1b/in
Dial gage data 0.915
Noncontact gage data 0.695
All static data 0.752
r i remen
Free-free modal Test ) 0.775
Free-free modal Test 2 0.707
Fixed-free moda)l test 0.802
Average value from all data 0.774
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TABLE 1V
CALCULATED VALUES OF STIFFNESS

Stiffness
Method and Assumptions x 106 psi
Strength-of -Materials Approach
Ec = 3.00 x 10° psi 1.09
Ec = 3.18 x 10 psi 1.15
Ec = 3.50 x 106 psi 1.27
Finite Element Method
Ec = 3.00 x 10® psi 0.860
Ec = 3.18 x 106 psi 0.910
Ec = 3.50 x 106 psi 1.00
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Fig. 4. Normalized stiffnesses versus concrete modulus from this program
and others, and showing the 1/4 scale TRG model after being
subjected to 1/2 g seismic test.

To date, we believe the TRG serfes of tests will be valuable in resolving
the modeling and reduced stiffness issue. The most important tests in this
regard will be the tests of the large models, which are scheduled to begin in
November and December.
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FUTURE EXPERIMENTS

Following the resolution of the stiffness difference issue, a limited num
ber of tests will be carried out to meet program obiectives and aid in bench
marking the analytical model development 1f settiement of the scalability
and stitfness difference issues allows, these tests will be carried out on one
inch-thick wall concrete models A statistician, knowledgeable in experimenta)
design, will be used to comment on the test configurations recommended and to
assure that the controlled variables (i1.e., number of floors, wall arrangement,
etc.) and uncontrolled variables (i.e., concrete strength) are incorporated
into a cost-effective test matrix to meet program objective

One further effort will be investigated and possibly inftiated he
gram management has noted instances in the shock and vibration literature
researchers measuring and reporting natural > > es and mode
very large reinforced concrete st
investigated and the possibil
ldYP«]U"y 1 shear wall struct
found, such a test combined
contirmation of the as-built
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1.

Component Frayilities - Data Collection, Analysis and Interpretation

K.K. Bandyopadhyay and C.H, Hofmayer
Brookhaven National Laboratory
Upton, New York 11973

Abstract

As part of the component fragility research program sponsored
by the U,S. Nuclear Regulatory Commission, BNL is involved in estab-
lishing seismic fragility levels for various nuclear power plant
equipment with emphasis .u electrical equipment, by identifying,
collecting and analyzing existing test data from various sources,
With cooperation from utilities, major reactor suppliers, testing
laboratories, A/E firms and equipment manufacturers, to date, BNL
has reviewed approximately seventy test reports to collect fragility
or high level test data for switchgears, motor control centers and
similar electrical cabinets, valve actuators and numerous electrical
and control devices, e.g., switches, transmitters, potentiometers,
indicators, relays, etc,, of various manufacturers and models,
Through a cooperative agreement, BNL has also obtained test data
from EPRI/ANCO., An analysis of the collected data reveals that fra-
gility levels can best be described by a group of curves correspond-
ing to various failure modes, The lower bound curve indicates the
initiation of malfunctioning or structural damage, whereas the upper
bound curve corresponds to overall failure of the equipment based on
known failure modes occurring separately or interactively, For some
components, the upper and lower bound fragility levels are observed
to vary appreciably dependinyg upon the manufacturers and models,

For some devices, testing even at the shake table vibration limit
does not exhibit any failure, Failure of a relay is observed to be
a frequent cause of failure of an electrical panel or a system, An
extensive amount of additional fragility or high level test data
exists, If completely collected and properly analyzed, the entire
data bank. is expected to yreatly reduce the need for additional
testing to establish fragility levels for most equipment,

INTRODUCTION

Safety related electrical and mechanical equipment for nuclear power

plants is seismically qualified by proof testing or analysis whereby the
equipment function is demonstrated for a plant specific earthquake excitation
level or for an excitation level which envelops the requirements of multiple
plants, Although this qualification approach meets the requirements of a
plant or a group of plants, it has an innerent lTimitation in that the

Work performed under the auspices of the U,S, Nuclear Regulatory Commission,
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qualification data may not reveal the equipment capacity level and failure
modes. In the United States, this limitation has never been felt so acutely
as in recent years primarily due to two reasons.

First, the possibility of earthquakes greater than the design basis ¢
being considered for many nuclear plants, especially for eastern U.S. plants,
This would require reassessment of the existing qualification results in the
light of a higher excitation level, However, extrapolation of proof or gener-
ic qualification data to new requirements often raises additional concerns
rather than resolving the original problems,

The second reason stems from the Probabilistic Risk Assessments (PRAs)
being performed on new and existing plants to evaluate their overall safety,
PRA's have indicated that seismic events are a non-trivial contributor to
overall plant-induced risk to the public and that the seismic behavior of
safety related equipment plays an important role in the risk assessment, In
order to include in a realistic manner the behavior of equipment in the PRA
studies, the seismic fragility levels of such equipment are needed. To this
end, usually a qualitative estimate of frayility levels is made based primari-
ly upon engineering judgment and extrapolation of qualification data, Never-
theless, the existing proof or generic qualification results again fail to
satisfactorily meet this need,

Although the emphasis in the past has been on proof or generic qualifica-
tion, numerous tests have been performed at very high seismic levels which ap-
proach the capacity of the tested equipment, Some fragility testing has also
been conducted in the process of development and evolution of the product.
Such testing has been performed by a wide variety of organizations utilizing
various methods and vibration inputs; but little has been done to present the
results in a systematic fashion to meet current needs as mentioned above,

To meet these needs, the United States Nuclear Regulatory Commission
(USNRC) has embarked on a research program to define the seismic fragility
levels of safety releted electrical and mechanical equipment, Obviously,
testing all aquipment under this program is oot practical from & financial
point of view, However, as indicated earlier, it has also been racognized
that a certain amount of high level test results exists in various names and
forms, that can clearly be utilized to establish seismic fragility of such
equipment, Therefore, it has been judged that prior to undertaking an expen-
sive fragility test program, the availability of existing fragility data will
be explored, This approach will either outright eliminate the necessity of
testing some equipment for which adequate fragility test data exist already,
or minimize the testing expense by reducing the gap between the real fragility
level and the starting vibration input for a new fragility test,

As part of this component frayility research program sponsored by the
USNRC, Brookhaven National Laboratory (BNL) is involved in establishing seis-
mic fragility levels for various equipment by identifying, collecting and sub-
sequently analyzing capacity and fragility test data from various sources,
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2. BNL's RESEARCH SCOPE
The scope of BNL's research program includes the following activities:

. Initiate cooperation with domestic and foreign institutions to:
(a) establish lines of communication with vendors, owners and testing
laboratories to determine availability of already existing component fra-
gility data; (b) negotiate the transfer of existing component fragility
data to BNL and (c) host a workshop on component fragility,

. Assemble, analyze and interpret available fragility data for mechanical
and electrical equipment important to safety,

L ] Compare results with component fragilities used in current PRA and seis-
mic margin studies and recommend improvements where possible,

This program is being coordinated with Lawrence Livermore National
Laboratory (LLNL) which is developing a scheme for prioritizing components for
fragility testing and demonstrating by test a procedure for performing
component fragility tests,

The combined efforts of BNL and LLNL represent Phase | of the NRC Compon-
ent Fragility Program. Phase Il of the program may be devoted to the plan-
ning, performance and evaluation of comprehensive component fragility tests
and supporting analyses, or alternatively may include significantly greater
data collection activities, Phase | will provide assurance that any testing
performed during Phase Il will not duplicate any already existing and useable
data, Obviously, the more useable data that is uncovered during Phase | will
minimize the need for a larye testing program during Phase II,

3. SUMMARY OF ACTIVITIES

As part of the research program, BNL has contacted various equipment man-
ufacturers, testing laboratories, utilities, reactor suppliers and Architect-
Engineer (A/E) firms to obtain information on existing component capacity data
to establish fragility levels for generic classes of equipment, In the proc-
ess of developing and/or qualifying their product, these organizations some-
times have capacity level test results of some equipment, Many of these
organizations have responded favorably to support BNL's program and provided
fragility level or related test data of some equipment, This year the effort
has concentrated primarily on electrical equipment since according to present
views these are the dominant risk contributors, To date, more than seventy
different test reports have been reviewed to collect fragility or high level
test data for switchgears, motor control centers and similar electrical cabin-
ets, and numerous electrical and control devices, e.,g,, switches, transmit-
ters, potentiometers, indicators, relays, etc,, of various manufacturers and
models, A summary of the collected test data is provided in Table 1, Some of
the collected test data indicate testing to the capacity of the shake table
with little or no structural damage or malfunction of the equipment, A
summary of the collected data 1s being stored in a computer data base, a
sample copy of which is shown in Table 2,
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Through a cooperative agreement, BNL 1s also acquiring data from an
industry-based seismic qualification data collection program sponsored by the
Electric Power Research Institute and conducted by ANCO Engineers, Inc,

The data format shown in Table 2 was originally developed for this program and
has been adapted for use in the BNL program to facilitate the exchange of
information,

In June 1985, BNL hosted a Workshop on Seismic and Lynamic Fragility of
Nuclear Power Plant Components, The workshop participants included represen-
tatives of nuclear power plant utilities, major reactor suppliers, USNRC, A/E
firms, testing laboratories, equipment manufacturers and suppliers, and seis-
mic consultants, The workshop provided a forum for exchanging concepts,
information and experiences on the fragility of electrical, control and
mechanical equipment used in nuclear power plants when subjected to seismic
and other dynamic environments, The exchange was partly in the form of con-
tributed papers and partly through discussions by the participants. The
importance of establishing sefsmic fragility levels of safety related equip-
ment was upheld in the workshop and the participants expressed their willing-
ness to support the fragility research program by sharing their experience and
information., The workshop identified many past and present fragility testing
programs and methods to compile, analyze and use fragility data, It high-
lighted the fact that there are considerable existing data within the industry
which 1f compiled and evaluated could yield better estimates as to how well
nuclear power plant components will operate in the event of an earthquake,
Twenty-two oral presentations were made during the six workshop sessions., The
written contributions that correspond to each presentation were published in
August 1985 in NUREG-CP-0700, “Proceedings of the Workshop on Setismic and
Dynamic Fragility of Nuclear Power Plant Components”.

Current efforts are concentrating on documenting and evaluating the data
already collected, The approach used in the evaluation and examples of the
findings are described in Section 4, The results of all studies to date will
be fully discussed in BNL's Phase | report, expected to be published by
December 1985,

4, EVALUATION OF COLLECTED DATA

The data from various sources for an equipment family are assembled
together in order to assess its seismic behavior, Test response spectra are
used to compare and evaluate the performance of an equipment. As expected,
with the increase in the response spectra level, the equipment is observed to
exhibit various malfunctions or structural damage. Thus, from testing of one
specimen with gradual increase in the test input, a number of response spectra
curves are obtained corresponding to various failure modes, Depending upon
the use of the equipment some types of malfunctioning or partial structural
damage may not be considered to incapacitate the equipment, Consequently, the
response spectra level corresponding to such malfunction or damage cannot he
termed as the fragility level for that particular application, Therefore,
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instead of assigning one curve as the fragility level, a number of curves are
presented identifying the associated anomalies observed for each response
spectra level so that the user can select the appropriate fragility level of
the component by considering its specific application, Thus, the fragility of
an equipment is described by a group of response spectra curves corresponding
to various failure modes, The lower bound curve indicates initiation of mal-
functioning or structural damage; whereas, the upper bound curve corresponds
to overall failure of the equipment occurring separately or interactively,

Once the fragility of a component is thus established by a set of curves
for one particular model of a manufacturer, another set of such response spec-
tra curves is prepared for a second model of the same manufacturer and com-
pared with the first, This way fragility of an equipment produced by one ven-
dor is defined for all their models, Fragility of the same generic equipment
manufactured by other companies is similarly obtained., At this point, the
relative fragility levels of the products from various manufacturers arc com-
pared, If the levels are comparable, all the curves are assembled into one
set and designated as the fragility level, or more precisely, the fragility
region, of the particular generic equipment, In case appreciable differences
in the fragility levels are observed for products of one or more manufactur-
ers, fragility levels of such products are separately presented,

The upper and lower fragility curves discussed above are based upon the
data so far collected for the equipment, For some equipment, a wide spectrum
of products manufactured in this country is included in the analysis. The
fragility curves presented for such equipment are believed to properly
represent their generic capacity levels, For other equipment, this year it
was not possible to collect data from all major manufacturers for all their
models, Consequently, the fragility region is presented based upon these
limited data and is subject to revision, either increase or decrease in the
level, pendirj further data acquisition, The extent of the data collected
this year co pared to that needed to cover the entire spectrum of a component
and the extent to which the presented fragility curves reflect the generic be-
havior of the component are discussed in the BNL Phase | report for individual
equipment, The extent of further data needed for an equipment is also
described in the Phase | report with specific reference of numbers of manu-
facturers and/or models covered in this year's program,

It has been observed that some components were tested to high levels,
often to the capacity level of the shake table, but exhibited little or no
structural damage or malfunction, Test response spectra levels of such equip-
ment are expected to be used mainly in two different ways depending on the
nature of the equipment and its support, |[f the equipment 1s yenerically
mounted on a floor slab or a seismically rigid support, then the test response
presented in the BNL analysis might be high enough for all practical purposes
S0 that the real fragility levels of this type of equipment need not be estab-
lished, Consequently, they can be excluded from any future fragility test
program, On the other hand, if the component 1s usually mounted on a flexible
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support (e.g., an electrical device in a motor control center) and the
component when tested individually withstood vibration input to the shake
table limit without exhibiting any anomalies, then the fragility data should
be sought in the test data of the assembly (e.g., motor control center), If
fragility testing is required for such components, the possibility of undue
fatigue failure by shaking at lower levels as well as the testing cost can be
substantially reduced by starting with the high level test response presented
in the BNL analysis.

Following the guidelines discussed above, the test data collected fron
various sources are analyzed, and presented by equipment family basis, e.g.,
su‘tch?oar. motor control center, etc, A description of the equipment,
typical mounting conditions and failure modes is also included in each
section, Fragility data of some devices (e.g., relays) are presented
separately although such devices might have been contained in an assembly test
presented separately by the assembly name (e.g., a motor control center).,
Analysis of one such equipment, namely, switchgear is included in this paper
as an example of fragility test data, Test results for terminal boards are
also included in this paper to illustrate high level test data, Other
components are analyzed following an identical procedure, The results will be
incorporated in the BNL Phase | report,

4,1 Switchgear (Example of Fragility Test Data)

Equipment Description:

The switchgear is an electrical equipment, A Class 1E switchgear 1s used
to provide and control the power supply to various safety-relates equipment in
a plant, A switchgear unit, called a vertical section or a line-up, 1s
enclosed on all sides and top with (steel) sheet metal except for ventilation
openings and inspection windows, A typical unit contains primary circuit
switching or interrupting devices, or both, with buses, connecticns and
auxiliary devices, e.g,, relays, transducers, current transformers, potential
transformers, etc, The heavy power breakers are typically mounted on guide
rails at the base. Access to the interior of the switchgear enclosure is
provided by doors or removeable covers, In application, a number (2-12) of
such vertical sections are installed side-by-side to form a switchgear

A switchgear could be metal-clad (1.e,, cables are segregated from the
bus) or could be metal-enclosed (1.e., cables are not segregated), Depending
on the need, it could supply & low voltage (e.g., 600Y) or a medium voltagye
(€.9., 5KV, 15KV), The power breaker can carry as high as 3000 amp and the
rating could be as high as 1000 MVA,

In the field, a switchgear assembly could either be bolted or welded to
the floor, The size and weight of the equipment vary with the breaker size
and capacity (MVA) rating, One typical vertical section of a 15KV, S00MVA
switchgear assembly measures about 91" deep x 36" wide x 90" high and weighs
about 2700 ‘b‘c
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Test Description:

For qualification and fragility purposes, the manufacturers and users
have traditionally tested a switchgear assembly comprising of one, two or
three vertical sections with related control and protective devices in them,
The test results are extended to multiple line-ups by analysis, Some manufac-
turers have used dynamic analysis method and validated the mathematical model
by test results, Devices are sometimes separately tested and input response
is compared to the vibration level at the device locations,

Test data have been collected for switchgear manufactured by four major
companies, The data cover both the low voltage and medium voltage switchgears
and several models of each kind, For most tests random multifrequency biaxial
vibration inputs were used, One manufacturer used single frequency sine heat
testing. The test specimens were either welded or bolted to the test table,
At least on one occasion, the same specimen was first tested with bolts and
then with welds., Of the mounting configurations, the bolted one exhibited
higher response amplication,

Test Results:

Test results are presented in the form of test response spectra (TRS)
corresponding to various failure modes as mentioned earlier, The shake table
TRS are the response of the table at the equipment base, They indicate the
severity of the vibrating input. The response curves are plotted for a damp-
ing value of 2% of the critical damping. Although the BNL Phase | report will
address responses in all three orthogonal directions, in this paper only the
response in the front-back (FB) direction is presented, The results are dis-
cussed in the following paragraphs,

Figure 1 shows the TRS curves for a medium voltage switchgear specimen as
the vibration input was gradually increased during the tests, The specimen
was welded to the shake table and subjected to 30-second duration biaxial
multi-frequency random motion in each test, Two simultaneous, but indepen-
dent, random signals were used as the excitation to produce phase-incoherent
horizontal and vertical motions, The resulting table motion was analyzed by a
response spectrum analyzer by the testing laboratory, Some of these TRS
curves are presented in Fig, 1.

The test specimen is a three-frame medium-voltage metal-clad switchgear
and exnibited the first natural frequency in the range of 8-10 Hz. A total of
forty-five electrical devices was contained in the specimen assembly,
Electrical channels were used to ascertain electrical continuity, current/
voltage levels, spurious operation, contact chatter, timing of relay opera-
tion, etc, before, during and after the seismic excitation, The oscillograph
recorders contained galvanometers capable of detecting a discontinuity of 0.5
millisecond or greater, The specimen was tested for both electrical condi-
tions, namely, static operation (breakers closed) and dynamic operation
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(breakers closed-tripped-closed). A syncronous check relay, an auxiliary
relay and a power breaker were observed chattering (>0.5 ms) all through the
tests. A ground overcurrent relay indicated change-of-state in almost all
tests in FB direction,

Curve 1A shows the TRS level curresponding to the electrical static
condition for a ZPA value of 2.1¢ and peak of 5,7¢ at 16-20 Hz. Two auxiliary
relays, two overcurrent relays, an under voltage relay, a synchronous check
relay, a distance relay and a power breaker indicated chattering (>0.5 ms).
Chattering of the power breaker at the very low test voltage should not pose
any problem for use in medium voltage,

Curve 1B is the next test with a slight increase in the ZPA level (ZPA =
2.3 g) although the curve dips below 1A at some frequencies. This test is
also for static breaker condition, Two overcurrent relays were observed to
undergo change-of-state in addition to the similar chattering occurred for
curve 1A,

The next random test was performed almost with the same vibration input
(the TRS plot is not shown in Fig, 1). At this point, corners of a "distance
relay" were torn., In order to increase the natural frequency of door panels
where many devices were mounted, the door frame was stiffened with horizontal
angle stiffeners, The frequency shifted from 8 to 11 Hz at these locations,

Curve 1C in Fig. 1 cor~esponds to the level with the minimum electrical
disturbance for static breaker condition, Addition of the stiffeners limited
the chattering to five devices only (compared to eight for curve IA), This
test did not indicate any change-of-state problem as observed in earlier
tests, This curve shows a ZPA of 2,3g with a peak of 7,49 at 25 Hz and
another peak of 6,59 at 12.5 Mz,

At almost the same input level, as in curve 1C, the breaker was tested
for the electrical dynamic condition, An overcurrent relay was observed not
to operate,

The vibration input was further increased to produce curve 1D with a ZPA
value of 3,49 and a peak of about 8,9g at 20 Hz. For most frequency range the
response exceeded 7,09, For the breaker closed position, seven devices were
detected to chatter and the same grourd overcurrent relay changed state,

Tests were repeated at the same vibration input level with dynamic breaker
conditions, In one test, momentary short circuit was noticed and in another
test, the same overcurrent relays was observed not to operate,

The last two FB/V tests were performed with the door stiffeners removed
to produce TRS comparable to the levels of curves 1A and 1B and keeping the
breaker in the electrically dynamic condition, A number of relays were
observed to malfunction (e.g., shorted or did not operate),
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A total of nineteen random vibration tests were performed in the FB/V
direction at various levels not all of which are shown in Fig, 1, Twenty-one
additional tests were performed in the SS/V direction during which the
mounting weld was observed broken and a circuit breaker position rod slipped
::hind the switch operating lever, The corresponding curves ‘re not shown in

g. 1.

Thus, Fig, 1 depicts various malfunction levels for one specimen of a
particular manufacturer, The same model was tested in a different test
program with some varifations of the devices especially with one heavier
breaker, Two TRS, one for static and another for dynamic condition of the
breaker, are presented in Fig, 2.

Curve 2A in Fig, 2 corresponds to the static breaker position, It shows
a IPA of 2,659 with a peak of about 8.3g at 20 Mz and another peak of 7.4g at
6.3 Hz, The breaker slipped during the run, nine devices chattered and two
other devices (switch and relay) experienced change-of-state,

The ZPA level was further increased to 3,59 for the same specimen as
shown in curve 2B corresponding to dynamic breaker condition, The specimen
was first bolted and then welded, The bolted configuration exhibited higher
amplification, The mounting weld broke and the specimen became loose on the
shake table., Numerous electrical malfunctions followed indicating an
upper-bound fragility for this specimen,

Curve 2C in Fig, 2 was also for the same model of the same manufacturer
but with further heavier units, The three-frame assembly contained fifty-five
devices and was welded to the shake table, [n the total of twenty-one random
tests, out of which twelve were in the FB/V direction, the specimen experi-
enced various damages and/or malfunction with increase in vibration inputs,
e.9., the fuse blocks came out, position indicator light broke, shutter arm
roller came off, breaker did not trip and under voltage relay did not reset
until fuse blocks were installed, etc,

Curve 2D in Fig., 2 1s the same curve as 1D in Fig, 1| and is repeated for
comparison,

Curve 2€ in Fig, 2 shows the TRS of another medium-voltage switchgear
mode! manufactured by the same company, This FB curve corresponds to the
breaker dynamic condition and shows a IPA level of 3.0g with a peak of about
6.9g at 12.5 Mz, This model has a lower MVA rating and weighs and measures
appreciably less than the previous one, The fundamental frequency 1s in the
range of 8-10 Hz, The three-frame specimen was welded on the shaker table,
Chattering of four devices including two switches was observed during the
tests, A total of sixty-one tests were performed on the specimen including
thirty-one in the FB/V direction,
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Fig. 3 represents the TRS from three major manufacturers for their
various models., Curves 3A and 3AA show the respective lower and upper bound
enveloping curves for one manufacturer obtained from Fig, 1 and Fig, 2. Curve
38 represents the lower bound of a second manufacturer, Curve 3CC is the
upper bound reported by a third manufacturer, The curves presented in this
figure are incomplete and may be revised upon analysis of additional test
data,

Fatlure Modes:

The malfunction and damage observed during the above described switchgear
tests can be summarized as follows:

a) Chattering of relays and switches

b) Change-of-state of switches and relays

¢} Tearing of device enclosure plate at connection
d) Inoperability of relays and switches

e) Damage of indicating lights

f) Tearing of switchgear enclosure plate

g) Tripping of power circuit breakers

h) Failure of breakers to respond to remote control
1) 3liding of fuse blocks

j) Crack of switchgear mounting weld

4.2 Terminal Board (Example of High Level Test Data)

Six different models from five major manufacturers were mounted on a
rigid text fixture and shaken to the capacity of a triaxial table, The
specimens were vibrationally aged with 50%, 60%, 70%, 80% and 90% of the
capacity input prior to the full capacity level test, Electrical continuity
was monitored, No malfunction or damage was reported, Figure 4 shows the TRS
plot enveloping both horizontal components analyzed at 2% damping,

5. OBSERVATIONS, EXPERIENCE AND PROBLEMS

As a result of the efforts to date, it has been found that a large amount
of fragility level data exists in the industry, especially with the manufact-
urers who conducted tests in the process of developing and improving their
equipment, This information, 1f 1t can be made completely available, will
greatly enhance the fragility data base and dramatically reduce the need and
cost of future frayility testing, However, most of these data are confiden-
tial and proprietary in nature, This type of information may only be obtained
with proper assurance to the data source not to disclose any proprietary test
data, BNL has demonstrated their ability to provide such assurance, and vari-
ous source organizations have expressed their willingness to participate in
the fragility program,
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For some equipment, there are a number of manufacturers and a large num-
ber of models of each manufacturer, Again, different models might have been
tested by different test laboratories using different test methods and vibra-
tion inputs, Thus, one has to be extremely cautious in establishing a fragil-
ity level for a generic family of equipment from a wide spectrum of component
and test information,

It has been observed that some of the devices that exhibited malfunction
and/or Jamage were separately tested to high vibration levels by their manu-
facturers or different organizations although no malfunction was reported in
such separate tests, Analysis of the test data indicates that individual de-
vice tests did not simulate the proper frequency content and/or amplitude that
the device would otherwise expurience when installed in an assembly cabinet,

BNL's study increasingly indicates that for most electrical equipment the
seismic capacity of an equipment is limited by the functional capability of
relays and sometimes switches, Similar studies by the Seismic Qualification
Utility Group and the Electric Power Research Institite also reveal that the
malfunction of relays is the major factor in determination of seismic rugged-
ness of an electrical equipment, An identical view was repeatedly expressed
during the Component Fragility Workshop, namely, that the study of relays
should receive the top priority in a component frayility research program,

However, a complete understanding of relays 1s not easily gained due to
its large family size, varied design patterns, inherent behavioral complexity
when subject to sefsmic vibration and, above all, its interaction with the
system it is located in, The study of relays is complex, and deserves special
attention before its seismic fragility car be fully understood, Unfortunately,
it would be enormously expensive to conduct a new test program enveloping the
wide spectrum of models and parameters .n order to achieve modest and weaning-
ful fragility information, Fortunately, a vast amount of relay fragility test
results are available that could effectively reduce the scope of the test
program necessary to resolve this issue,

6. CONCLUSIONS

It has been found that many organizations hold component fragility infore
mation, This information is difficult to obtain due to proprietary cone
straints; however, some organizations are willing to release these data pro-
vided they are properly protected and utilized as part of a generic data base,

The efforts to date have been successful in obtaining useful fragility
data and 1t is expected that these efforts will minimize any testing that may
be needed in the future, An extensive amount of data 1s stil]l available which
should be collected and fully assessed before further consideration 1s given
to implementing a large testing program, Special attention should be given to
collecting and fully evaluating all available data concerning relays,
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An understanaing of the equipment along with its operation and failure
modes ?uys an important role in fragility determination, Fragility is
basically a complex phenomenun controlled by numerous parameters attributable
to boti the equipment and the environment, The idealization of an equipment
by a “impler unit or transforming it to a simplified structural model may
underestimate the role of some m?mzy parameters, especially in the case of
complex electrical and control equipment, Fragility should be understood in
its proper perspective accepting the equipment as an entity, For example,
test results of devices should be used with caution when not tested with the
assembly, In summary, a proper analysic of the collected data is extremely
important in derivation of reliable fragility curves,
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Sunmary of Collected Test Data

Equipment

Switchgear
Motor Control Center

Other Electrical and
Control Panels

Transformer (small)
Relay
Switch and Contactor

Electrical Penetration and
Conductor Seal Assemblies

Other Electrical and Control
Devices, e.g., Transmitter,
Potentiometer, Indicators, etc,

Me:hanical Equipment and
Accessories, e.g., Operator

TABLE 1

Number of
Manufacturers

-

L -
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Number of
Reports
11

12

10
11

15



TABLE 2

NRC/BNL - EPRI/ANCO Equipment Data Base

Equipment Descriptor File

FORM 1D:
GENERIC CLASS:

SPECIFIC EQUIP TYPE:

MANUFACT STANDARDS:
MANUFACTURER/MODEL :

SIZE LxWxH (INCHES):

WEIGHT (LBS):

CG (INCHES):
SOURCE OF INFO:
TEST ORGANIZATION:
TEST PLAN:

TEST REPORT:
ENVIRON QUAL:
TEST DATE:

INPUT DIRECTION:
EQUIF TEST ORIEN:
TEST TYPE:

FUNCTION MONITORED:

ACCEPT CRITERIA:
EXCEPTIONS:

RESONANT SEARCH:
TEST MOUNTING.
BOLT DESCRIP:
WELD DESCRIP:
BASE/FRAME DAMAGE
APPEND SIMULATED:
NO, OF SUBCOMP;
mo W YIS:
COMMENTS :

BNL . SWGRO(]

Switchgea

Medium voltaye metal-clad 3-frame cabinet
!ot available

108x93 (D) x90

11,500

Not available

BNL

Not available

8-25-77

Independent bi-axial

F8,sS

Random multi-frequency, 45 sec duration,
more than 5-0BE and 3-SSE

Electrical continuity, current/voltage
levels, spurious operation, contact chatter
timing of relay operation, etc, before,
during and after tests in three electrical
conditions: a) static operation - breaker
closed, b) static operation - breaker open
and c¢) dynamic operation,

No electrical malfunction, no gross struc-
tural fatlure, Record relay chatter,

Fuse blocks came out, position

indicator lights broke, shutter

arm roller came off, breaker did not trip
and under voltage relay did not reset until
fuse blocks were reinstalled, lockout relays
were in tripped condition during 2 SSE tests
FB 7.5 hz, S5 12 hz, V 60 hz

Cabinet on shake table

Not applicable

1/2 inch long fillet weld - 10 places

3 base welds broke, base frame buckled

Not available

55

3

Breaker-retaining brackets 3-inch long
2x2x3/16 angle were added to alleviate
inadequate racking roller engagement, This
design change was implemented in 1977,

*  Concealed information,
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TABLE 2 (Cont'd)
NRC/BNL - EPRI/ANCO Equipment Data Base
Subcomponent Descriptor File

FORM [D: BNL . SWG001

NO. SUBCOMPONENTS: 55

GENERAL SUBCOMP TYPE: Electrical devices

SPECIF SUBCOMF TYPE: Relay, Power Breaker, Switch, Transducer
MANUFACT STANDARDS: !ot available

MANUFACTURER/MODEL :
SIZE LxWxH (INCHES): Not available
WEIGHT (LBS): Not available
LOCATION (ELEV-INCHES):various
MOUNTING TYPE: Screws, details not available
TRS File
FORM 1D: BNL.SWGROO1
TRS TYPE: SSE SSE SSE
TRS DIRECTION: FB8 SS .
TRS LOCATION: Base Base Base
| TRS DAMPING: 2% 2% 2
1.0 HZ: 0.79 0.7¢ 0.59
2.0 HZ: 2.4 2.39 1.99
3.2 HZ: 4.2y 4.29 4,09
4.0 HZ: 6.09 5.9 5.59
5.0 HZ: 6.8¢ 5.69 6.99
6.3 NZ: 6.49 5.69 6.44g
8.0 WZ: 6.09 5.69 6.8y
10,0 WZ: 6.29 6.09 5.89
| 12.5 WZ: 7.09 6.59 6.09
| 16,0 MZ: 6.5¢ 8.09 6.49
| 20.0 MZ: 7.5¢ 9.59 1.59
31.5 HL: 4,09 4,09 6.09
“Y1/H2: 7.59 @ 20,0 9.5g @ 20,0 8.5 @ 25,0
rK2/HL: 7.09 @ 12,5 5.99 @ 4.0 6.99 @ 5.0
IPA: 2.39 2.69 2.8y
*  Concealed information,
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Fig. 1 Front-to-Back TRS at 2% Damping
Medium-Voltage Switchgear
Specimen Subjected to Various Vibration Levels

154




Acceleration in “g”

28 (ZPA=3.5g)
[, 2D (ZPA = 3.49)

— —2E (ZPA=30g)
N
} "~ 2A (ZPA=2.659)

.. 2C (ZPA=2.3g)

0 Rlo & 4 & s xaid i i_a-a i &

2 ¢ 6 810 20 30 40

Frequency in Mz

Fig. 2 Front-to-Back TRS at 2% Damping
Medium-Voltage Switchgear
Various Models from One Manufacturer
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Heissdampfreaktor Phase 11 Vibration Tests

Lothar Malcher, Kernforschungszentrum Karlsruhe,
MOR Project, FRG

Helmut Steinhilber, Fraunhofer Institut fur Betriebs-
festigkeirt (LBF), Darmstadt, FRG

Chris Kot, Argonne National Laboratory
Argonne, lTllinois, USA

1. INTRODUCTION

In the second phase of the earthquake investigations at the
Melissdampfreaktor (MOR), FRG, high level shaker tests will be
performed in June 1986. The purpose of these tests, supported
by the German anda U. 5. Governments, i1s to investigate full
scale structural response involving significant concrete and
8041 strains as well as strong Andirect excitation of vessels,
pipes and other mechanical esquipment

The vibrator, designed by ANCO Engineers, is & “cosst- down’
shaker, whose two eccentric masses of up to 40 tons, each on a
common shaft, are brought up to speed In Dbalanced condition,
Unbalancing will take place after decoupling from the drive
system and the shaker will then coast down through the buil-
ding s resonances. Accelsations of & - 8§ nll’ and corresponding
displacements of s 7 cm are expected in the fundamental rocking

mode of the HDOR bulilding at 1 - 1.4 M2z,
In designing the shaker, extensive computer simulations of \ihe

dynamic behavior of the coupled shaker/HOR bullding system as
well a8 safety calculations were carried out to svaluste the
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load carrying capacity of the MDR building. This has resulted
in & number of new findings over and above those contained in
the presentation given at the 12th WRSRIM in OCtober 1984,
which will be covered in this report.

2. FINAL DESIGN OF THE SHAKER

2.1 Shaker Frame

The design of the frame has been thoroughly changed over the
original shaker design (c¥. Fig. 1). This modification of the
frame was necessitated by the problem of locsl load introduc-
tion and anchorage In the original design, the load was to be
introduced into the MDR working platform through four buttres-
se8. As & consequence of the softness of the frame, the global
overturning moment of the rotating unbalanced masses would have
resulted in a local instantanecus load on the floor in the
region of the buttresses, which could not have been accommo-
dated by that part of the structure. As a consequence, the
shaker frame had to be stiffensd in such & way that no such

local momeants can occur.

This resulted i1n the design shown in Fig. 2. with & square
frame stiffened by disgonal ties. This frame 1is attacheda to
anchor plates & em thick which, in turn, are bolted to the
floor by some 200 dowels for transmission of the horizontal
forces (Fig. 3). Frestressed tie rods (“suspenders ) at the
four corners of the frame serve to introduce the tensile forces
resulting from the global overturning moment into the load beas-
ring walls approximately two meters below the floor (Fig. &),

2.2 Eccentric Masses

Fig. 9% shows the design of the unbalance masses of the ashaker,
The total eccentricity of the shaker can be varied between 4000
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and 145,200 kgm by a total of two sets of nine plates each of
100 and 180 mm thickness respectively, which are attached to
the base plates of the shaker arms (see Fig. 6). Each steel
plate is 1.70 m high., Its width has been dimensioned 30 that
the two unbalance masses will jJust contact each other at an
angle of 60" between the shaker arms.

2.3 Central Shaft, Shaker Arms, Drive

The two shaker arms are positioned on & shaft supported in the
top and the bottom of the frame, one arm being permanently con-
nected to the shaft, while the other arm is hinged to the shaft
by means of an eccentric support. In the balanced condition,
the muvable shaker arm is immobilized iIin Lts position by fixing
device (explosive bolt) to allow the desired starting frequency
to be reached easily. When this frequency has been reached, the
Dolt is blown out and the driving system is decoupled. The
energy of rotation of the movable shaker arm hinged to the
eccentric support i1s used to bring the two shaker arms together
and An this way produce the desired unbalance condition of the
shaker arms.

Fig. 7 shows & schematic model of this setup as wused in  the
simulation calculations, and & plan view of the design. The
centrifugal force acting on the unbalance mass of the movable
arm produces & moment in  the position sketched here, which
accelerates this mass in the direction towards the driven arm
A%  so0n as the explosive bolt in place during startup is bBlown
out when the test starting frequency has besn reached,

When the two shaker arms meet the coupling mechanism must
accomodate the collision impulse resulting from the difference
Ain velocities of the two shaker arms. The collision impact s
reduced by additional spring eslements with progressive charasc-
teristics,
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The shaker unit 18 driven by hydraulic motors supplied from a
hydraulic system. Two electric motors of 220 kW each are used
to drive the nhydraulic pumps.

3. TESTY PLAN
The SHAG test group will be carried ou 1n two steps:

Step one will be devoted to trials of the experimental setup in
order to demonstrate its functioning capability and savety.
This step will be called functional tests below and is planned

for January 1986,

In these functional tests, the shaker will be operated in the
unbalanced and balanced conditions, cf. Fig 8. The trial runs
An the palanced condition mainly serve for the verification of
estimated parameters of traveling resistance:

. air drag,
bearing friction,
. inertia of the system.

In the functiunal demorstration tests conducted in the yunbalan:
Sad condition, the HOR will be losded in the same way #s in the
main test, but at & lower load level. Obviously, the response
behavior of the reactor during the functional tests will be
logged by the central data ascquisition system and these meassu-
red dats will be used to verify the safety calculations and
will serve as & basis of extrapolation for the main tests,

In Fig. 9, the force and frequency range of the unbalanced

functional tests are compared to the force and frequency range
of the main tests.
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During these main tests it is intended to reanch the highest
possible loading without global structural failure of the buil-
ding. Pretest calculations using linear and non-linear methods

Are performed not only for the maximum load case but for all
test load cases. Selected acceleration and strain measurements
serve to compare predictions and reality after each test to
continuously wupdate the remaining safety margin for the next
test run. Fig. 10 + 11! show the actual test matrix for the main
tests.

An important part of these tests is dedicated to & comparison
of the Dbehavior of stiff versus flexible piping systems. One
selected piping, the VKL-System (Fig. 12), will be tested with
three different support systems under equal loading conditions
and at two different temperature and press. re levels.

Furthermore, NRC is planning to install & valve i7to the VKL-
piping to perform operability tests during strong vibrations
(ef. Fig. 12).

6. MEASURING SETUP

The measurements are to allow the load produced by the ashaker
to be traced wup to the individual components selected in the
HOR resctor building, the operations and processing building,
ANd An the adjacent VAK plant., For this purpose,

E forces

- accelerations,
- velocities,

- displacements
- strains,

will be measured for the duration of the superiment at specific
points of the
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- test setup,

- reactor buiiding (internal structures, steel containment,
outer containment),

- pipes and vessels inside the containment

- safety related points outside the HDR (see above).

These data will be recorded and output by the Central Data
Acquisition System (ZMA). The measuring points are selected 1in
such a way that both the excitation quantities and the vibra-
tion responses, stresses and boundary conditions of the struct-

ures under investigation will be considered.

Fig. 13 presents a rough overview of the type and scope of 1in-

struments to be used in ths main tests,

For the functional tests, a selecticn of 85 of these measuring

transducers will be instrumented.

The selection was made in the light of the following aspects:

- Better data should be made available on the air drag, bea-
ring friction and other parameters dependent on the shaker,

which are of importance in precalculating the experiments,

- Measurement of the vibration responses inside the HOR, in
the office building, in the adjacent VAK power plant, and
of strains at highly stressed points in the steel contain-
ment and the foundation 1s to allow a preliminary eval
ation and calibration to be made of the safety calcuia-

tions.
P STATUS OF TEST PREPARATIONS, TIME SCHEDULE
The central shaker unit (shaft with the shaker arms) and the
hydraulic driving system have alreacdy been delivered to the HOR

plant. The shaker frame is under construction in Germany and

will be delivered in November. The unbalance masses have been
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fabricated and their weights set. The anchor plates will be in-

stalled 1n November. Installation of the shaker in the HDR
plant will begin on January, 1986. The functional tests will be
carried out 1in late Janauary 1986. The main experiments will be

conducted as scheduled, in June 1986.
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FIG. 2
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1L

Steel Plates No. 1 2 3 ‘ 5 6 7 v 5
Thick ness Y inmm 100 180 180 180 180 180 180 ! 180 180
Longth 1, in mm vaos | 15| v | 19w | 2w | 23 | 2%2 | 20 | 1en
Mow m inkg v | aese | 41% | aese | 519 | sess | erse | sem | 3w
Radivn ¢, in mn 1269 | 1409 | 159 | 1769 | 190 | 2129 | 200 | 2409 | 2080
Eccentricity Contribution of both Ams inkgm' | 4200 | 8600 | 11000 | 14200 | 18000 | 18000 | 23800 | 33200 | 10200

Yool Ecoantricity of both Amm inhgn’’ 8200 | 1800 | 27800 | 42000 | 50000 | 78000 [101 8OO [135 000 lusao

All Steel Mote widths 1 700 mm

+)

ANCO - Telex 12.7.1985

e
OVERVIEW ON SHAKER ECCENTRICITIES FIG. 6



——— 167m

CENTRAL HUB ASSEMBLY FIG. 7
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£L1

max . Shaker Starting
Test Run No. Shaker Shaker Force Mess Eccentricity Frequency
in kN Tﬂd M ‘l\ b in H!
inkg
140.00 - 8 070 only Aews 400" 8,0
T 40.02 unbalonced 3198 8 070 only Arms 4 000 4.5
T 40.03 halanced 19 144 . 42.5teel Plates| 15 800" 4,0
T 40.04 unbalanced 2 149 19 144 1.42.5teel n.ui 16 800 1,8
T 40.05 bolanced 90 794 1.-9.5reel Plates| 145 200" 0,2 /0,5

o) Shoker Eccentricity Corresponding to Unbalanced Shaker Configuration

TEST MATRIX FUNCTIONALITY TESTS

4

FIG. 8
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Run System Conditions Shoker Eccentricity | Starting Frequency | Max, Force
:‘:6. Eg POy kgm Hz kN
n 20" 1 4 000 6.0 5 700 Tﬁ
12 4000 8.0 10 100
13 8 200 5.6 10150
14 16 800 4.0 10 600
PERp— il
15 20’ 1 27 800 2.1 4 840
T e —" ——— ——  — —
16 20" 1 40 000 2.1 10 450
17 101 800 1.6 10 300
18 20 1 27 800 3.0 10 550
el Smp—— s o —_—t — —
1% 285" 1 8 200 5.6 1015
20 16 800 4.0 10 600

+) Configuration 1 :  Germon Design of Supports

TEST MATRIX MAIN TESTS (PART1) FIG.10

175




Run System Conditions Shoker Eccentricity | Starting Frequency | Max. Force
Ne. kgm He kN
T 40, +)
Temp, | Conf,
2 20’ 2 8 200 5.6 10 150
22 16 800 4.0 10 600
- — — —
23 285° 2 8 200 5.6 10 150
24 16 800 4.0 10 600
N 20 3 8 200 5.4 10 150
32 16 800 4.0 10 600
[ TR —
k) 285° 3 8 200 5.6 10 150
34 16 800 4.0 10 600

9 Configuration 2: NRC - Design of Supports

3: Wedk Supporty

-

TEST MATRIX MAIN TESTS (PART2)
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OPTION 72
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Fig12

VKL SYSTEM WITH USNRC VALVE
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BWR RISK ASSESSMENT®

by

T. Y. Chuang, D. L. Bernreuter, J. C. Chen

G. E. Cummings, D. A. Lappa, J. J. Jobnson, J. E. Wells
Lawrence Livermore National Laboratory

Abstract

The simplified seismic risk methodology developed in the U, S. NRC
Seismic Safety Margins Research Program (SSMRP) was demonstrated by
its application to the Zion nuclear power plant, a pressurized water reactor
(PWR). A detailed model of Zion, including systems analysis models
(initiating events, event trees, and fault trees), SSI and structure models,
and piping models, was developed and used in assessing the seismic risk of
the Zion nuclear power plant, a PWR. The simplified seismic risk
methodology is being applied to the LaSalle County Station nuclear power
plant, a boiling water reactor (BWR), in order to further demonstrate its

applicability, and to provide a basis for comparing the seismic risk from
PWRs and BWRs,

1. Introduction

The Seismic Safet: .Jdargins Research Program (SSMRP) (1) was a multi-year
program conducted by th. Lawrence Livermore National Laboratory (LLNL) and funded
by the U. S. Nuclear Regulatory Commission (NRC). Its goal was to develop a complete,
fully coupled analysis procedure (including methods and computer codes) for estimating
the risk of a seismically induced radioactive release from a commercial nuclear power
plant. The analysis procedure is based upon a state-of-the-art evaluation of the current

seismic analysis and design pro~ess and explicitly accounts for uncertainties inherent in
such a process.,

The seismic risk methodology developed in the SSMRP was demonstrated by its
application to the Zion nucleas power plant (2), a pressurized water reactor (PWR). A
detailed model of Zion, including systems analysis models (initiating events, event trees,
and fault trees), SSI and structure models, and piping models, was developed and
analyzed, At the request of the U, S. NRC, LLNL has developed a simplified seismic risk
assessment methodology (3). The purpose of this methodology is to reduce cost while
adequately assessing the seismic risk from a nuclear power plant, The simplified
methodology was used to assess the seismic risk from the Zion nuclear power plant,
These results were then compared with the results from the detailed analysis., It was
found that the simplified method generally provides more conservative results than the
detailed one, To demonstrate its applicability, and to provide a basis of comparison of
seismic risk between a PWR and a BWR when analyzed with comparable methodology and
assumptions, 2 seismic risk analysis is being performed on the LaSalle County Station,

*This work was supported by the U, S, Nuclear Regulatory Commission under a
Memorandum of Understanding with the U, S, Department of Energy.




A brief methodology overview of seismic risk analysis is presented in Section 2,
Section 3 describes the LaSalle County Station., The development of the seismic input
for the LaSalle site is described in Section 4. It briefly delineates the methodology used
to develop the hazard curves as well as the results, the LaSalle hazard curves, Section 5
discusses the seismic responses of structures and components. Three aspects of seismic
\esponses are discussed: median level response, variability of response and correlation of
response, The structure and component fragilities are described in Section 6, Fragilities
were developed for all structural elements in the critical structures, Component
fragilities were treated in two ways: LaSalle specific fragilities were derived for major
components (e.g., reactor pressure vessel, pumps and etc.) and generic fragilities were
used for other components. Section 7 presencs a limited investigation of the effects of
hydrodynamic loads on the seismic risk. The plant logic models are described in
Section 8. Two sets of fault trees were generated. One is a simple set of fault trees
while the other is more detailed and complete. Comparison of the results using these
two sets will be made. Section 9 delineates the seismic risk quantification. Finally,
conclusions of this study are presented in Section 10,

2. Methodology Overview

Seismic risk analysis can be considered in five steps: seismic hazard
characterization (seismic hazard curve, frequency characteristics of the motion); seismic
response of structures and components; structure and component failure descriptions;
plant logic models (fault trees and event trees); and probabilistic failure and release
calculations.

Key elements of the LaSalle simplified seismic risk analysis are to:

‘ Develop the systems models (e.g., event and fault trees)

g Benchmark best estimaie seismic response of structures, components, and
piping systems with design values for the purposes of specifying median
responses in the seismic risk calculations
Develop the seismic hazard at the LaSalle site incluaing the effect of local
site conditions

§ Develop building and component fragilities for important structures and
components

’ Investigate the effects of hydrodynamic loads on seismic risk

. Estimate the seismically induced core melt frequency.

3. LaSalle County Station

LaSalle County Station is located in the agricultural area of Brookfield Township,
LaSalle County, Nlinois, It is approximately 55 direct-line miles southwest of Chicago
and 20 miles west of Dresden power station. The staiion utilizes two single-cycle
forced-circulation boiling water reactors, each rated at 3293 MWt and designed for 3434
MWt, The gross electric output of each unit is 1122 MWe; the net output is 1078 MWe
from each General Electric (GE) turbine-generator. The nuclear steam supply system
(NSSS) supplier was GE (Nuclear Energy Division),

The containment design employs the BWR Mark Il concept of over-under pressure

suppression with multiple downcomers connecting the reactor drywell to the water-filled
pressure suppression chamber, The primary containment is a steel-lined, post-tensioned,
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concrete enclosure, housing the reactor and the suppression pool. This primary
containment is entirely enclosed in the reinforced concrete reactor building which is the
secondary containment structure. The power generation complex includes several
contiguous buildings-two reactor buildings, an auxiliary building (housing the control

room), the turbine building, diesel-generator buildings, the radwaste building, the service
building, and the off-gas building.

4. Seismic Input

The methodology used to develop the hazard curves (the probability of exceeding
any given level of peak ground acceleration, PGA) is based on the methodology and data
given in (4). Dc-eriptions of the zonation, seismicity and choice of ground motion model
are based on the .inions of eleven seismicity experts and five ground motion experts,
These expert opinions were used to supplement the available data. One of the important
features of the methodology is to identify and assess the uncertainty in all the
parameters of the analysis, and propagate that uncertainty using a Monte Carlo
simulation approach, The parameters used in the simulations are described by probability
distributions. The zonation maps and the ground motion models have discrete probability
distributions. Al! otlier variables have continuous probability distributions,

The one major departure from the methodology described in (4) was in the way
local site conditions were taken into account. In (4), three types of approaches are used
to incorporate the local site effect. The first approach is to make no correction for site
type. The second approach is to use only a simple soil or rock classification for a site
and apply a simple constant correction factor for each site category. The third approach
is to apply a set of generic site correction factors to the category of a site. The generic
site correction factors were obtained with 1-D wave propc ation analysis. Eight site
categories were developed based on the available site parame. .rs of eastern U.S. power

plant sites. The ground motion panel experts then provided weights for the three
approaches.

In this study the time histories of motion used in the structural analysis for the
LaSalle structures were developed in the following manner. First, hazard curves were
Geveloped at a hypothetical rock outecrop at the LaSalle site using the approach discussed
above and based on the models given in (4). Secondly, strictly speaking, a set of event
specific spectra (2), should have been developed for the LaSalle site. However, in
keeping with the simplified methods approach, we used the two sets of rock outerop time
histories developed for the Zion site based on the argument that the LaSalle site is
reasonably close to the Zion site, thus the distribution of earthquakes contributing to the
hazard would be similar for the two sites. Finally, to correct for the local soil
conditicns, these rock outerop time histories are then propagated through the LaSalle soil
column as discussed below in Section 5 to get the time histories used in the SSI analysis.
It should be noted that these time histories have the appropriate duration for distribution

of earthquakes occurring near the LaSalle site. The duration of the earthquake varies
from 5 to 18 seconds,

The hazard curves developed for the LaSalle site are for a hypothetical rock
outcrop at the site. A Monte Carlo numerical simulation techniques were applied to
account for uncertainty. A total of 2750 simulations were used. Each simulation gives
one hazard curve. Figure 1 shows the resultant 15th, 50th and 85th constant percentile
hazard curves based on the 2750 simulated hazard curves, It also shows the median and



range of the actual computed values of the PGA at the top of the soil column at the
LaSalle site at the 0.2g and 0.6g rock outcrop PGA levels. The site specific values for
the LaSalle site generally show a deamplification at the 0.6g PGA rock outcrop level.
This is because the soil column at the LaSalle site is very soft and exhibits a large
nonlinear effect at the higher PGA levels leading to a deamplification of the computed
PGA.

5. Seismic Respcnse of Structures and Components

For each level of earthquake described by the seismic hazard curve, three aspects
of seismic response are necessary to perforin the seismic risk enalysis: median level (or
best estimate) response, variability of response, and correlation of responses. Seismic
responses are reouired for all structures and components contained in the plant logic
models. These responses together with fragilities allow for the calculation of seismically
induced failure probabilities. The three aspects of seismic response are dis::ussed:

o Median level response: the median level response given an earthquake
occurrence is needed, In general, this median level response differs from the
design values because, in the latter case, design analysis procedures,
parameter selection, and qualification procedures are conservatively biased.

o Variability of response: variability in seismic response resulting from
variations in the earthquake excitation, the physical properties of the
soil/structure/piping system, and our ability to model them must be
acknowledged and included in the seismic risk analysis to permit calculation of
probability of component failure and cc.e melt frequency.

o Correlation of response: tendency for pairs of responses to have
simultaneously high or low values results from two sources — the level of the
earthquake and the dynamic characteristics of the system. The level of the
earthquake affects correlation since a large earthquake (arge peak
acceleration) may cause all response to be large, whereas, a small earthquake
produces the opposite effect. The second source of corcelation is due to
system response itself. For example, floors within a structure may all

experience high values of response simultaneously due to the dynamic
characteristics of the structure itself.

Three approaches to developing median level responses are possible: re-calculation using
best-estimate methods and parameters such as was done in the SSMRP; scaling of design

es to account for conservatisms introduced in their development; and a
combination of the two preceding approaches, i.e., a limited amount of re-calculation of
the response using best-estimate methods and parameters and a use of scale factors

applied to the design responses. The latter case is being applied to the LaSalle seismic
risk assessment,

The basic strategy for developing median level responses was to perform selected
probabilistic response analyses of the LaSalle structures for two ranges of earthquakes —
a lower level earthquake and a higher level earthquake henceforth called Acceleration
Range 1 and 2, respectively. Results of the analyses gave probability distributions on
two types of response — in-structure forces and moments to be used in the fragility
evaluation of the structures themselves; and in-structure response spectra at equipment
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and componeni locations for their fragility evaluation. Two acceleration levels were
considered to permil interpolation for other earthquakes of different peak
accelerations. Each element of the probabilistic response analysis is discussed:

0

Seismic hazard, The seismic hazard for the LaSalle site is specified on a rock
outcrop due to the presence of a shallow soil layer (approximately 170 ft.)
overlying the stiff bedrock. Local site amplification was taken into account
explicitly as described below. Specifying the seismic hazard for the purpose of
the seismic risk assessment entailed specifying the hazard curve — the
probability of occurrence of an earthquake of given peak ground acceleration,
and the frequency characteristics of the motion — an ensemble of acceleration

time histories (three components per earthquake simulation) on the rock
outerop,

Local site amplification. Using equivalent linear viscoelastic soil properties
developed as a function of earthquake excitation level and the assumption of
vertically propagating waves, earthquake motions on the soil surface were
developed for response prediction, This representation of local site
amplification is a source of modeling uncertainty. Mean response spectra on
the soil free surface for Acceleration Range 1 are shown in Fig. 2.

Soil-structure interaction (SSI) parameters. The soil configuration and low
strain soil properties were established based on the boring logs and soil reports
for the LaSalle site. Nominal soil properties as a function of excitation level
were estimated from a series of SHAKE analyses (5) using rock outerop motioa
as input and material property variations vs, strain relations developed by the
geotechnical engineer for the utility, SSI parameters (foundation impedances
and scattering matrices) were developed for the important LaSalle buildings
and the CLASSI programs (6). The LaSalle structure analyzed in detail is a
single complex struc.ure which contains the reactor building, the auxiliary
building, the turbine building, the off-gas filter building, the service building,
and the diesel generator buildings. An average embedment of approximately
51 ft. was treated in developing the SSI parameters,

Structure model. Structure models developed by the utility and used in the
design seismic analysis were used in the probabilistic response analyser,
Fixed-base eigensystems for the horizontal and vertical models were developed

by the utility for use in the analyses. The SMACS methodology (7) of the
SSMRP was used here. SSI is treated by the substructure approach,

Response analyses. SMACS analyses were performed on the LaSalle structure
complex including the effects of SSI. SMACS links together seismic input, SSI,
structure response, and piping system and component response. All aspects
except piping system responses which were calibrated by using design
values (3), were calculated — component response was determined from in-
structure response spectra. Variability is treated in SMACS., For the LaSalle
SMACS analyses, variability due to randomness only was treated, 48 in-
structure response spectra wers calcuiated for equipment and component
failure assessment. 145 structure forces und moments were calculated for

structure failure assessment,




Median responses were calculated directly for the two acceleration ranges or
scaled from the design results based on scale factors developed here or in previous

studies. Variability and correlation of responses were assigned based on previous studies
and recorded data.

Median in-structure response spectra provided the response input for the
probabilistic failure calculations of components. In some instances, the LaSalle SSE
design responsc spectra were overplotted with these in-structure spectra for comparison
purposes. One difficulty in interpreting the comparisons of median response spectra of
Acceleration Range 1 and 2 and the design spectra is a lack of correlation of the design
free-field ground motion and that of Acceleration Range 1 and/or 2. The LaSalle seismic
design criteria specify the design ground motion at foundation level (44 feet below the
surface) and no free surface response spectra are available, The LaSalle seismic hazard
for this study was defined on a hypothetical rock outerop and local site amplification was
treated explicitly. Hence, no direct comparison of free-field ground motion can easily be
made. The median peak ground acceleration (PGA) of Acceleration Ranges 1 and 2 are
approximately 0.2g and 0,35g, respectively. Neither of these correspond to the design
PGA of 0.2g at foundation level. Frequency content of the free surface motion for this
study and the design are likely to be quite different. Recognizing the difficulty in
comparing the results, one still observes that the design spectra are generally
conservative compared to median response spectra for Acceleration Range 1 and, in
some frequency ranges, notably above 2 Hz., very conservative, Comparing the design
spectra with thoce of Acceleration Range 2, the latter frequently exceeds the former at
low frequencies but the design spectra are generally very conservative in the high
frequency range. Figure 3 shows a typical comparison.

6. Structure and Component Fragilities

The development of structure fragilities proceeded as follows. A review of the
seismic design analysis results and development of a preliminary set of structure element
capacities initiated the task. Simultaneously, a preliminary SMACS analysis was
performed for a single earthquake simulation at near the SSE level to provide a basis of
comparison with the design results, Having reviewed the design analysis results and
structure model, changes in the structure model to better capture the expected behavior
of the structure were recommended and incorporated into the SMACS analysis.
Additional preliminary SMACS analyses were performed, loads generated, and an
assessment of the model modification made. The initial model changes led to limited
load redistribution and motivated a second set of model changes which were incorporated
into the SMACS model and again evaluated. The result was the best-estimate structure
model. 145 structure forces and moments at two excitation levels were obtained from
the SMACS analyses and used in the fragility development. A comparison of the
capacities of the structural elements with the SMACS generated median loads shows very
large ratios for Acceleration Ranges 1 and 2 which makes it highly unlikely that
structural failure will occur for any excitation level considered in the hazard curve, i.e.,
structural element failure will have very low probabilities of occurrence.

Component fragilities were developed for major LaSalle components identified as
important in terms of systems behavior and risk. Examples are items such as: reactor
pressure vessel, reactor internals, recirculation pump, diesel generators, pumps (HPCS,
RCIC, RHR, RHR, SW), batteries, switchgear, SBLC pump & tank, suction strainer
(HPCS, RCIC, LPCS, RHR), and ete. LaSalle specific design reports and equipment
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qQualification data were used as the principal basis for fragility assessment. Median level
responses were used in the fragility assessment as generated from the SMACS analyses,
A comparison of median response for Acceleration Ranges 1 and 2 with the capacities of
components considered here shows large margins and that the failure probabilities of
these components due to seismic events will likely be quite small

7. Hydrodynamic Loads

In & seismic risk analysis of a BWR, it is necessary to cunsider the combined effects
of seismic loads and one or more hydrodynamic load since seismic events can potentially
induce hydrodynamic events (safety relief valve (SRV) discharge, pool swell, condensation
oscillation, and chugging). For LaSalle, we evaluated which of these loads were likely to
occur simultaneously with an earthquake and developed a probabilistic approach for
combination of the seismic and hydrodynamic responses. The approach was applied to
the combination of seismic and SRV discharge responses, Based on the results of several
case studies, simple combination rules for obtaining the median and the logarithmic
standard deviation of the combined responses from the median and logarithmic standard

deviation of the individual responses were developed. The seismic risk analysis is
performed for the combined seismic and SRV events.

The need for combining hydrodynamic load responses with seismic response depends
on the relative magnitudes of the individual responses, the time-phasing of the loads, and
the conditional probability of the hydrodynamic load being induced by earthquakes,
Based on the screening criteria developed for this study, only certain SRV load responses

and, possibly, condensation oscillation load responses need be combined with seismic
responses,

The SRV loading was considered in detail. Note, the SRV-all is the dominant case
for vertical response and SRV-asymmetric is dominant for horizontal response, Our
efforts focused on the effect of the hydrodynamic loads on equipment function rather
than stress related failures of ductile components and structures, It was judged that the
high frequency nature of the loads would have negligible effect on stress to failure of
ductile components. Hence, we focused on equipment response as characterized by in-
structure response spectra, Two sets of information formed the basis for estimating
median SRV responses — the in-structure design response spectra and the results of
limited in-plant tests. From the in-plant test results, in-structure design response

spectra were reduced to an estimated median response level. The logarithmic standard
deviation of the SRV loading was estimated to be 0.3,

The median combined response (seismic and SRV) may be obtained approximately
by the SRSS combination of the median maximum responses of the individual values.
This rule was evaluated for a number of cases using the time history response due to
seismic and that due to SRV. The logarithmic standard deviation of the combined
response is expressed as a function of the median and logarithmi~ standard deviations of
the individual maximum responses. These rules were used to combine the seismic
responses for each acceleration level of the seismic hazard curve with the SRV responses
for the seismic risk analysis. Qualitatively, the effect of SRV loading on the combined
seismic and SRV response was small for the components of interest,



8. Plant Logic Models

The accident sequences in the LaSalle analysis were identified using event
trees (8), Two sets of event trees were used. One set was developed by the Risk

Methodology Integration Evalua‘ion Program (RMIEP) (9). The other set is ..ore simple
and was developed at LLNL.

Fault tree analysis (10) was used to define the failure paths in the accident
sequences. For LaSalle two sets of fault trees were also generated. One isa simple set
(9 systems) while the other is more detailed and complete (23 systems). The simple set
of fault trees were developed by LLNL independently from the detailed set of fault trees
generated by the RMIEP. Two sets of fault trees were generated so that a comparison
between them could be made. This comparison will indicate whether or not highly
detailed fault trees are warranted for a simplified seismic risk analysis.

RMIEP fault trees were generated for all the major safety systems at LaSalle and
included the support systems, such as electric power and component cooling water.
Consequently, the trees are quite large, involving thousands of gates and events. To

make the problem manageable, the fault trees were probabilistically culled to obtain the
minimal cut sets,

The system fault tree minimal cut sets were combined according to the event tree
logic to give Boolean expressions for each accident sequence. Each accident sequence
was culled so that it contained no more than 5000 minimal cut sets. This was done to
accommodate the risk quantification process.

The initiating event definitions are the remaining elements of the plant logic
model. Because of pipe and component failures, the probability of an initiating event
occurring during a seismic event is increased over that of an event containing only
random failures. All the initiating events developed by the RMIEP were studied and their
relationship to the seismic problem assessed. Based on that study, the appropriate pipe
and component failures were used to define initiating event minimal cut sets.

9. Seismic Risk Quantification

The quantification of seismically induced failure probabilities and core melt
frequency are accomplished in the computer program SEISIM (11), SEISIM computes the
failure probabilities taking into account the dependence between basic events, SEISIM
does this by computing the multi-normal integral whose integrand is specified by the
means, standard deviations, and correlations of responses and fragilities.

In addition to computing core melt frequency, SEISIM also performs an importance
analysis whose objective is to find the initiating events, components, accident sequences,
ete., that most influence the results, Results from the importance analysis are used to
focus attention on key contributors to seismic risk.




10. Conclusion

A seismic risk assessment using the simplified methodology developed in the
SSMRP is being conducted on the LaSalle County Station, a BWR. Roth simple and
detailed plant logic models will be evaluated, So far, our results indicate low seismic
responses of plant structures and components. This is at least partly due to the soft soil
at the LaSalle site which attenuates the earthquake motion. These low responses coupled

with seismic capacities of structural elements and components suggest low probabilities
of seismically induced failure.
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THE OBJECTIVE OF THE RESPONSE STEP IS TO DETERMINE
THE SEISMIC RESPONSE OF STRUCTURES AND COMPONENTS

RESPONSES MUST BE CALCULATED FOR
+ ALL BASIC EVENTS INCLUDED IN FAULT TREE EVALUATION (PUMP FAILS. PIPE
RUPTURES, VALVE FAILS TO OPEN, ...)
INITIATING EVENT PROSABILITY CALCULATIONS

THE RESPONSES MUST BE
COMPATIBLE WITH FRAGILITY DESCRIPTIONS
ESTIMATED FOR THE RANGE OF EARTHQUAKES AT THE SITE
BEST ESTIMATE CALCULATIONS
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CALCULATIONS WERE PERFORMED ON THE LASALLE STRUCTURES TO ESTIMATE MEDIAN LEVEL
RESPONSES AT TWO EARTHQUAKE LEVELS USING THE ﬁSSPﬂP COMPUTER CODE SMACS

SEISMIC HAZARD CURVE 1S DEFINED ON THE HYPOTHETICAL ROCK OUTCROP AND
DISCRETIZED FOR INTEGRATION PURPOSES

= e

—— ASALE SDIL LAYER

A A

TWO DISCRETIZATION INTERVALS WERE TREATED EXPLICITLY
0.18 - 0,276 AND 0.58 - 0,736

nssp €

NUCUERR ST e T ROCAR

CALCULATIONS WERE PERFORMED ON THE LASALLE STRUCTURES TO ESTIMATE MEDIAN LEVEL
RESPONSES AT TWO EARTHQUAKE L

SMACS ANALYSES WERE PERFORMED

-~ [EARTHQUAKE ACCELERATION TIME HWISTORIES DEFINED ON ROCK OUTCROP
== LOCAL SITE AMPLIFICATION MODELED

-~ STRUCTURE MODELS WERE THE LASALLE DESIGN MODELS

=~ PROBABILISTIC RESPONSES WERE CALCULATED

- STRUCTURE ELEMENT FORCES AND MOMENTS FOR FRAGILITY ASSESSMENT OF
STRUCTURAL MEMBERS

= IN-STRUCTURE RESPONSE SPECTRA FOR FRAGILITY ASSESSMENT OF LASALLE
COMPONENTS

MEDIAN LEVEL RESPONSES FOR EARTHQUAKES OUTSIDE THE TWO RANGES WERE
EXTRAPOLATED FROM THE CALCULATED VALUES

BEST ESTIMATE SAFETY RELIEF VALVE DISCHARGE RESPONSES WERE COMBINED WITH
SEISMIC TO YIELD TOTAL RESPONSE

PIPING AND VALVE MEDIAN LEVEL RESPONSES WERE CALIBRATED BY USING DESIGN
VALUES
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LA SALLE STRUCTURAL MODELS WERE USED IN THE SMACS ANALYSES
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DESIGN RESPONSE SPECTRA GENERALLY SHOW SIGNIFICANT CONSERVATISM WHEN
COMPARED TO MEDIAN RESPONSE SPECTRA FOR ACCELERATION RANGES | AND 2

843" ELEVATION IN REACTOR BUILDING - N-S DIRECTION
ACCELERATION RANGE | (.18 - .26, .26 MEDIAN)
ACCELEMATION MNGE 2 — - (68 . 73 66 PEDIAN)
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[HLS CONSERVATISA IS DUE T0:
' SITE SPECIFIC SEISMIC INPUT VS, VALUES USED IN DESIGN
DEGRADATION OF SOIL PROPERTIES WITH EXCITATION LEVEL WHICH SHIFTS
FREQUENCIES TO LOWER VALUES
nssp___
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i1
SIRUCTURE FRAGILITIES WERE DEVELOPED FOR AL STRUCTURAL ELEMENTS

ASSESS OVERALL STRUCTURAL FAILURE

ASSESS LOCAL FAILURE OF STRUCTURAL MEMBERS CAUSING EQUIPMENT FAILURE
FRAGILITY DESCRIPTIONS WERE IN TERMS OF CALCULATED LOCAL RESPONSE (SHEARS
AND MOMENTS)

EFFECTS OF THE MAGNITUDE OF EARTHQUAKES AND NOMLINEAR BEMAVIOR BEFORE
FAILURE WERE TAKEN INTO ACCOUNT
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FRAGILITIES WERE DEVELOPED FOR ALL STRUCTURAL
ELEMENTS IN THE CRITICAL LASALLE STRUCTURES
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COMPONENT FRAGILITIES WERE TREATED IN TNO WAYS

LASALLE SPECIFIC FRAGILITIES WERE DERIVED FOR MAJOR COMPONENTS (27)

- BASED ON LASALLE DESIGN AND QUALIFICATION DATA
£.6., PUMPS (RECIRC, WPCS. RCIC, LPCS, ETC.), REACTOR VESSEL. ETC.

GENERIC FRAGILITIES WERE USED FOR OTHER COMPONENTS (31 CATEGORIES)
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SINPLIFIED SEISMIC RISK METHODOLOGY IS BEING USED

MEDIAN RESPONSES USED

RANDOM UNCERTAINTIES ONLY

CORRELATIONS BASED ON ZION ANALYSIS
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THE SSMRP COMPUTER CODE SEISIM IS BEING USED TO COMPUTE CORE MELT
AND RELEASE PROBABILITIES

*  WANDLES CORRECTLY THE DEPENDENCE BETWEEN BASIC EVENTS [N A CUT SET
PERFORMS [MPORTANCE AND SENSITIVITY ANALYSES

ALLONS FOR MULTIPLE RISK WEIGHTING SCHEMES

AR AT e T
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CONCLUS [ON

* A SEISMIC RISK ASSESSMENT USING THE SSMRP SIWPLIFIED METHOD IS BEING
CONDUCTED ON A BWR (LASALLE)

BOTH SIMPLE AND DETAILED PLANT LOGIC MODELS ARE BEING EVALUATED
ANALYSIS WILL BE COMPLETED DURING THE NEXT YEAR

SO FAR OUR RESULTS INDICATE A LOW SEISMIC RESPONSE AT LEAST PARTLY BECAUSE
OF THE SOFT SOIL AT THE LASALLE SITE
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Progress on Qualification Testing Methodology Study
of Electric Cables

S.0kada, Y.Kusama, M.Ito, T.Ya9i, M.Yoshikawa, K.Yoshida,
N.Tamura, W.Kawakami

Japan Atomic Energy Research Institute (JAERI), Takasakl
Radiation Chemistry Research Establishment
ABSTRACT

Degradation behavior of mechanical and electrical
properties of cable materials such as ethylene-

propylene rubbers (EPR) and chloro-sul fonated
polyethylenes(Hypalon) was Investigated In various
LOCA-simulating environments. The LOCA exposures in

combined environments of radiation and steam/chemical
spray 1.e. simultaneous tests were performed for four
cases: short term (about | week) exposures at a high
dose rate (about 10 kGy/h) up to 1.5MGy in air-free and
alr-containing steam, and long term (about 3 months)
exposures at a low dose rate (0.6kGy/h) up to 1.4MGy in

air-free and air-containing steam. Sequential
exposures |1.e. irradiations followed by steam/chemical
Spray exposures were also carried out. In the

sequential tests, the irradiations were performed under
such various conditions as at a high dose rate (about
10kGy/h) and a low dose rate (about 1kGy/h) at room
temperature In air: at an intermediate dose rate
(5kGy/h) at 70°C in air:; at an intermediate dose rate
(4.2kGy/h) at room temperature in pressurized oxygen
(0.5MPa), The effects of the steam temperature (120
to 160°C) and the alr partial pressure (0 to 0.5MPa) iIn
the steam/chemical spray exposure after the irradiation
were I1nvestigated as well. Comparison between the
degradations in the simultaneous and the sequential
tests showed that the various cases of the simultaneous
LOCA exposures will be well simulated by the sequential
tests iIn which the conditions of the irradiation and
the steam are selected suitably to cause the same
extent of the degradations as in the simultaneous
environments.

1. INTRODUCT ION

Safety-related electric cables In nuclear power plants are
required to function even if they should be subjected to a
postuiated design basis event such as a loss-of-coolant accident
(LOCA) at the end of their intended service life. In a LOCA the
cables are assumed to be exposed to combined stresses of
radiation, high temperature steam, spray and, under certain
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circumstances, air. The condition of the stresses, such as the
exposure time or nse rate, 1|s expected to depend upon the plant
type and the acccliuent scale. In almost cases of the electric
cable qualification in Japanese plants, however, the cables are
tested by such a method as irradiation followed by sSteam/spray
exposure |.e. sequential method in short term (about one week for
each of the irradiation and the steam/spray exposure) tests.
Therefore, it has been one of the most important subjects in the
testing methodology study to assure the validity of the short
term sequential test by finding adequate conditions to sSimulate
the long or short term combined stresses.

we performed short term (about | week) and long term (about
3 months) tests of electric cable materials such as ethylene-
propylen= rubber (EPR) and chloro-sul fonated polyethylene
(Hypalon' in combined environments of the irradiation and the
steam/chemical spray exposure i.e. the tests by simultaneous
method for both cases of containing and not containing air in the
steam. The test conditions are assumed to correspond to various
types of LOCA. Mechanical and electrical property degradations
in the simultaneous tests were compared with those in the
sequential tests in which the conditions of the irradiation and
the steam exposure were systematically altered in order to find
suitable conditions to cause the same extent of the degradations
as in the simultaneous environments.

2.EXPERIMENTAL

2-1.Materials

Sheet samples of ethylene-propylene rubbers (EPR's) and
chloro-sulfonated polyethylenes (Hypalons) were Investigated.
The thickness of the samples was about 1mm. The dumbbell-shaped
samples and the sheets of 8cmX8cm were used for a tensile test
and electrical property measurements, respectively. They
include materials formulated for cables of general use and for
fire-retardant safety-related cables used in nuclear power plants
as listed below.

SAMPLE NAME SPECIFICATION ]

HYPALON-A STANDARD (BASE POLYMER: HYPALON 40)
HYPALON-B STANDARD (BASE POLYMER: HYPALON 40)
HYPALON-C UNSPECIFIED (for reactor use)
HYPALON-D UNSPECIFIED (for reactor use)

e e e e e e S e

EPR-A STANDARD (BASF POLYMER: NODEL 1040)
EPR-B UNSPECIFIED (for reactor use)
EPR~-C LUNSPECIP!BD(!orn.ctofun)
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2-2.LOCA Simulation
2-2-1.Simul taneous Method

The LOCA exposures in combined environments of radiation and
steam/chemical spray were performed for four cases (Sim-A,B.C.D)
shown in TABLE-1 by using a LOCA-simulating test chamber SEAMATE-
I1c1-41. They are assumed to correspond to the following
various cases of LOCA: short term accident where most of the
radiation energy 1Is deposited 1in the earlier Stage and the
removal of heat and radiation sources from a primary containment
vessel 1s effective in the post-accident stage; long term
accident where the radiation sources and heat reside for a long
time: a case where air in the containment vessel is substituted
In normal operation or is almost entirely purged at the accident:
another case where the air i1s not entirely purged.

Quantity and formation of the chemical spray were according
to I[EEE Std.323(5]). The spray was introduced during all the
period of the tests. The time versus temperature profile used
in the experiments is shown in FIG.-1, which has been applied to
Japanese PWR plant qualification based on IEEE Std. 323 appendix.
Not only the exposures according to the profile but also those at
constant temperature of 120°C were carried out. The temperature
conditions of the former and the latter will be described such as
“(Profile)"” and "(120°C)" respectively hereafter all through this
paper. Although the temperature 120°C may be too high in the
long term cases (Sim-B and Sim-D) compared with a practical
assumption on long duration accidents, it was adopted for
comparison between the short and the long term cases from the
viewpoint of dose rate effects. Therefore, the cases Sim-B and
Sim-D may be considered to be extreme cases.

In cases Sim-C and Sim-D, air was introduced into the steam
50 that the pressure In the test chamber was 0.05MPa higher than
the saturated steam pressure at the temperature tested, which
will be described as 0.05MPa air partial pressure hereafter.
The quantity of the air corresponds to an oxygen content of about
5% in the containment atmosphere during LOCA at 120°C.

2-2-2.Sequential Method

The LOCA-simulating sequential exposures |.e. irradiation,
which will be called pre-irradiation hereafter, followed by
steam/chemical spray were carried out for four cases (Seq-
a,b,c,d) listed in TABLE-2 by using the same apparatus as the
simultaneous exposures,. In cases Seq-a and Seq-b the samples
were irradiated at a high dose rate (about 10kGy/h) i.e. under a
condition where oxygen supply into the sample is assumed to be
not enough to catch up with radical formation by the irradiation,
whereas in cases Seq-c and Seq-d the irradiations were performed
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under such conditions as the oxygen is expected to be supplied
sufficiently to oxidize almost throughout the samples. In cases
Seq-a and Seq-c the steam in the steam/chemical spray exposure
after the pre-irradiation did not contain air, which 15 called
saturated or air-free steam hereafter, while In cases Seq-b and
Seq-d the steam contained air. Effect of the air content on the
degradations was examined in case Seq-b In the range of the air
partial pressure from 0.05 to 0.5MPa. On the other hand, the
steam/spray exposure was performed for only one case of the air
partial pressure of 0.05MPa In case Seq-d. The steam/spray
exposures according to the PWR LOCA profile, which are iIndicated
by "P" in TABLE-2, as well as those at constant temperatures were
carried out in cases Seq-a and Seq-b, where the temperature
dependence of the degradations was investigated Iin the range from
120 to 160°C. The conditions of the temperature profile and the
spray were the same as in the simultaneous exposures. The pre-
irradiations and the steam/spray exposures in case Seq-cC and Seq-
d are partly undergoing at the present stage of the experiment.

The samples pre-conditioned under such a condition as
thermal aging at 121°C for 7days followed by 0.5MGy irradiation
at about 10kGy/h were also exposed to the above simul taneous and

sequential LOCA-simulating environments. However, these results
are not referred in this paper in order to simplify the
explanation. No important difference by the pre-conditioning

was found in comparisons either between the simultaneous and the
sequential methods or among Sim-A,.B,.C,D and among Seq-a.b (The
pre-conditioning has not been examined in Seq-c.,d.).

2-3.Measurement

Tensile strength (Thb) and elongation (Eb) at break were
measured by using an Instron tension tester (type 1130) with a
crosshead speed of S00mm/min. Volume resistivity at 1 minute
after the start of the 500V D.C. Impression was measured by a
high resistance meter and a resistivity cell (Yokogawa-Hewlet-

Packard 4329A and 16008A). Dielectric properties such as
dielectric loss factor were measured by an Ando Electric TR-1C
wide range dielectric loss measurement system. All the

measurements were performed at room temperature 2 weeks or more
after the LOCA exposures, when the properties were expected to be

stable. The purpose of the measurements was to compare the
influences of the various LOCA-simulating environments on the
material property changes. Practical safety-related aspects

i.e. results of electrical resistance measurement during the LOCA
simulations and voltage-endurance tests in water immediately
after the exposures were partly referred In the previous workli6]
and will be reported in the future,
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3.RESULTS AND DISCUSSION
3-1.Simultaneous LOCA Simulation
3-1-1.Hypalon:Mechanical Property

In FIG.-2 1is shown a typical degradation behavior of
mechanical properties of the Hypalons, where Eb, Tb, Ebo and Tho
are elongation at break (%), tensile strength at break (MPa), and
their original values, respectively. Degradation levels at
1.5MGy for cases Sim-A and Sim-C and those at 1.4MGy for cases
Sim-B and Sim-D are determined as drawn in the figure.

(Comparison between Sim-A,B(air-free) and Sim-C,Dtair-containing))
In the air-free environments, the elongation degrades as a
hyperbolic function, whereas it degrades exponentially in the
air-containing exposures. By wusing a numerical analysis the
authors have found that the order of decay, n, in the following
equation is near 2 for the former and near | for the latter:

-4Ebsdt = KEb",

where t |s time or dose, and K iIs the decay constant of the
elongation degradation In the combined environments of radiation
and steam. The difference 1is supposed to be due to the
predominant chemical reactions |1.e. cross-linking predominates in
the air-free exposure while oxidation scission Is a predominant
reaction in the air-containing environment(7].

Therefore, the elongation degradation in the air-containing
environment 1|5 smaller than in the air-free one at the earlier
stage of the exposure whereas it degrades more in the former than
Iin the latter at the end ultimately as shown between Sim-A and
Sim-C. The tensile strength also degrades more Iin the air-
containing cases, as 1s obvious from comparison between Sim-A and
Sim-C and that between Sim-B and Sim-D.

[Compar .son between Sim-A,C(short term) and Sim-B,D(long term))

The mechanical properties degrade more in the long term
exposure (Siw-P'.  than In the short term one (Sim-A) even where
the steam does not contain air. The difference is assumed to be
due to additionasl thermil degradation iIndependent of radiation-
induced reactions because, as mentioned afterwards, little
difference 1|Is found between these two cases In the EPR's which
are generally considered to be more resistant against heat than
Hypalons. Such a thermal effect of the Hypalons may be called
"long term effect” although it could be one of "dose rate
effects” In a wide sense of the word.

There 15 a remarkable difference between the long term (Sim-
D) and the short term (Sim-C) exposures in case of the alir-
containing steam. This may be interpreted by other aspects of
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the dose rate effect in addition to the above thermal effect.
At higher dose rates oxygen supply diffusing from the surface of
the sample does not catch up with radiation-induced radical
formation, which causes an oxidation concentration gradient
inside the sample 1|.e. the oxidation scission occurs
predominantly near the surface whereas the cross-linking
predominates in the vicinity of the Inside center(8-11]).
Moreover. even If the oxygen supply is sufficient due to high
temperature, the radical formation Is too fast at higher dose
rates to provide enough time with the consequent oxidation
reactions, resulting in one of the dose rate effects(12].

3-1-2.EPR:Mechanical and Electrical Property

Typical examples of the degradation behavior In the
mechanical properties and electrical resistance (volume
resistivity © : original value 0, ) are shown Iin FIG.-3 and
FIG.~4 respectively.

[Comparison between Sim-A,B(air-free) and Sim-C,D(air-containing)]

The mechanical behavior of the EPR's Is entirely similar to
the Hypalons 1In comparison between the air-free and the air-
containing environments. It should be noted that the air
remarkably affects the electrical property.

[(Comparison between Sim-A,C(short term) and Sim-B,D(long term))

In the air-free environments, there exists no difference
between the short term (Sim-A) and the long term (Sim-B)
exposures in the elongation degradation. Though there i5 a
little difference in the strength and also Iin the electrical
property, which was observed in the other samples (EPR-A and EPR-
C) than this example, the long term effect is not so remarkable
as the mechanical properties of the Hypalons.

In the air-containing environments, on the contrary, ‘he
degradation in the long term exposure (Sim-D) 1s notable botn In
the mechanical and the electrical properties compared with the
short term one (Sim-C) as well as the other exposures. It 1is
suggested that the remarkable degradation 1s assoclated with the
dose rate effects on the oxidation described In the previous
subsection.

3<1-3.Summary on the Simultaneous LOCA Simulation
A summary on the order of the degradation, the predominant

reactions and the long term or the dose rate effect I1a the
simul taneous exposures s shown in TABLE-3,
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3-2.Sequential LOCA Simulation
3-2-1.Integrity Phase

There may be different phases or grades required for the
safety of the electric cables at the accident, which will be
determined by the property concerned. We define the phases,
which will be called integrity phases hereafter, as below, and
discuss sequential LOCA simulations which are expected to be
applicable to cause the same extent of the degradation as the

four cases of the simultaneous LOCA-simulating environments for
each integrity phase.

PHASE-1:Sheath Mechanical Property

Only mechanical properties of sheath (jacketing) materials
are required to keep the integrity. This point of view |15 based
upon an experimental experience that the insulation resistance
was satisfactory to apply the rated voltage and current on the
cable during each simultareous LOCA test due to a protection
effect of the sheath material on the insulator(6) as far as the
sheath was not Lroken.

FHASE-2:Core Electrical Property

Only electrical properties of core (insulation) materials
are required to maintain the integrity. Here 1t Is considered
that the cable could operate safely only |If the electrical
insulation Is sufficient even when the sheath was broken.

PHASE-3:Core Electrical and Mechanical Properties

Mechanical as well as electrical properties of core
materials are required to keep the integrity. In this point of
view Is taken Into account a possibility of cracking of the
insulator by such a mechanical shock as seismic which would break
the electrical insulation.

PHASE-4:Sheath Mechanical and Core Electrical and Mechanical
Properties

Not only electrical and wmechanical properties of core
materials but also mechanical ones of sheath wmaterials are
required to maintain the Integrity. This includes a concept of
multiple protection.

3-2-2.8imulation of Sim-A(short term, ailr-free) by Sequential
Met hod

[PHASE-1]

In FIG.-5 1|Is shown a typical example of the mechanical
property degradation behavior during the pre-irradiation at about
10kGy/h at room temperature in air on the left hand and during
the consequent steam/chemical spray exposures of Seq-a (Profile &
120°C) and Seq-b (Profile & 120°C: air partial pressure 0.05MPa)
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on the right hand. The degradation levels of the simultaneous
exposure at 1.5MGy are also drawn in the figures with the
standard deviation. It is obvious that the mechanical
properties of the Hypalon are degraded by both Seq-a and Seq-b
exposures to the same extent as or much more than Sim-A.
Although the Seq-a exposure 1s preferable for the s'mulation of
Sim-A because there exists little effect of oxygen in the pre-
irradiation due to the high dose rate and no additional oxidation
in the steam exposure, the Seq-b exposure could be also
applicable from a phenomenalistic viewpoint.

[PHASE-2)

FI1G.-6 shows a typical electric resistance change of the
EPR's by Seq-a and Seq-b. It should be noted that the Seq-a
exposure at 120°C does not cause any degradation. The authors
have found that the insulation degradation of EPR's is caused by
introduced and retained water molecules inside the material by
some radio-chemical reactions in such a simultaneous environment
as Sim-A, which results in increase of the dielectric loss at the
lower frequency range as shown in FIG.-7(13]). The lower
dielectric loss of the Seq-a at the lower frequency range
suggests that the water molecules are not so much introduced as
the simultaneous one. when the steam contains air In the
sequential exposure (Seq-b), on the contrary, the oxygen in the
steam may take part in the introducing of water molecules, which
causes Iincrease of the dielectric luss at the lower frequency
range and decrease of the insulation resistance as shown in FIG.~
7 and FIG.~6. Therefore, the Seq-b exposure |s preferable for
the simulation of Sim-A In spite of a difference that oxygen does
not concern the degradation in Sim-A but does affect the
insulation in Seq-b.

[PHASE-13]

The mechanical degradation behavior of the EPR's 5 similar
to the Hypalons as shown in FIG -8, Taking the electrical
property degradation Iinto account, the Seq-b exposure |5

considered to be suitable for the simulation of Sim-A.

[PHASE-4]

The above discussions indicate that the Seq-b exposure IS
applicable to satisfy the conditions required for all the
properties.

3-2-3.Simulation of Sim-B(long term, air-free) by Sequential

Method
[PHASE-1]

As already mentioned in the previous section, the Hypalons
show a long term effect even In the air-free environments |.e.

the mechanical degradation iIs greater in Sim-B (long term) than
in Sim-A (short term), which Is assumed to be due to additional
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thermal degradation. The additional degradation can be provided
by elevating the steam temperature instead of prolonging the
exposure time in the Seq-a exposure as shown in FIG.-9.

[PHASE-2]

There is only a little long term effect on the electrical
degradation of the EPR's In the air-free environments.
Therefore the Seq-b exposure is avallable 1u:r wne simulation of
Sim-B as well as Sim-A. However, the Seq-a exposure is also
applicable only if the steam temperature is elevated because the
insulation resistance decreases by the Seq-a exposure at 140 °C
and 160 °C to the same extent as or much more than in Sim-B as
shown in FIG.-10,. It is remarkable that the resistance degrades
SO0 much at the elevated temperature in spite of no decrease
observed at 120°C. It Is assumed that the higher temperature
may activate water molecule motion penetrating into the material.

The higher temperature Seq-a exposure |1s preferable compared
with Seq-b from the viewpoint that oxygen (s not or less
concerned with the degradation both in Sim-B and Seq-a.

[PHASE-3]

FIG.-11 shows that the Seq-a exposure at 120°C brings about
enough degradation to simulate Sim-B, as far as only the
mechanical properties of the EPR's are concerned, because of
little long term effect in the air-free environments. However,
the higher temperature Seq-a exposure is preferable for the
Simulation of Sim-B taking the electrical property into account,

although the Seq-b exposure 1s also available by the same reasons
as pointed out in PHASE-2.

[PHASE-4)

The higher temperature Seq-a exposure is most applicable for
the simulation of Sim-B.

3-2-4.Simulation of Sim-C(short term, air-containing) by
Sequential Method
[PHASE-1)
As mentioned before, oxidation scission predominates in Sim-
C To simulate the environment, therefore, It |s necessary to

perform the sequential test under an oxidation condition both |In
the pre-irradiation and the consequent stcam exposure or In
either of the two. In FIG.~12 are shown typlical mechanical
degradations of the Hypalons in the Seq-b exposures, where the
Steam contains oxygen Instead of less oxidation In the pre-
Iirradiation due to the higher dose rate, at various temperatures.
Though the mechanical properties are not degrade sufficiently to
Simulate Sim-C by the Seq-b exposure at 120 °C, the higher
temperature causes enough degradation. It was also found that
the degradation is stimulated to the same extent as or much more
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than in Sim-C by increasing the air partial pressure up to 0.5MPa
instead of elevating the temperature.

[PHASE-2]

The Seq-b exposure brings about sufficient electrical
degradation even at 120°C or the profiled temperature in the
EPR's formulated for reactor use (EPR-B and EPR-C) as shown in

FIG.~13. As regards EPR-A for general use, however, such a
sufficient degradation was not observed even at elevated
temperature up to 160°C. These results may be iInterpreted by

whether the material contains frame-retardant additives or not.
Therefore, the Seq-b exposure (120 °C & Profile) could be
applicable for the simulation of Sim-C as far as EPR's for
reactor use are concerned.

[PHASE-3]

As shown in FIG.-14, the tensile strength degradation of
EPR-B Iin the Seq-b exposure approaches to the level of Sim-C
retaining a little difference at the higher temperature while the
elongation degrades at within 120°C to 160°C sufficiently for the
simulation of Sim-C. In this way, |t was observed that elther
of the elongation or the strength of EPR-A and EPR-B 1Is not
degraded completely to the sufficient level even by the higher
temperature Seq-b exposure whereas both of the two properties of
EPR-C are degraded to the same extent as Sim-C.

On the other hand, the mechanical properties of all the
EPR's were found to degrade remarkably when the air partial
pressure Iin the steam was Increased up to 0.5MPa In the Seq-b
exposure. However, the Increased air content does not always
cause the sufficient electrical resistance decrease, as shown In
FIG.~-15. In this example the resistance degradation 1s smaller
at larger air partial pressure |f more than 0.05MPa. The result
Is unexpected. Although 1t 1Is assumed that excess oxygen
molecules may take part in s0me additional oxidation
decomposition resulting in the remarkable mechanical degradation
on one hand and in the suppression of the resistance decrease by
removing electrically sensitive species on the other hand, a
further investigation will be expected for the details.
Therefore, the Seq-b exposure with increased alr partial pressure
in the steam may not be recommended at the present stage of the
investigation.

From the above results, It Is supposed that the Seq-b
exposure at the elevated temperature s approximately applicable

for the simulation of Sim-C. For a strict simulation, however,
other sequential methods such as Seq-c or Seq-d will be referred.
[PHASE-4)

The conclusion 15 the same as PHASE-3.
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3-2-5.Simulation of Sim-D(long term, air-containing) by
Sequential Method

[PHASE~1]

The elongation of the Hypalons i1s degraded by the Seq-b
exposure at 160°C to a sufficient level for the simulation of
Sim-D whereas the tensile strength is not degraded sufficiently

as shown in FIG.~-16. As already mentioned, the oxidation
degradation 1is remarkable in Sim-D due to the long term or dose
rate effects compared with Sim-C,. Therefore, |t Is suggested

that sufficient oxygen supply is necessary not only in the steam
exposure as Seq-b but also in the preceding pre-irradiation.
FIG.-16 also shows the degradation in Seq-c exposures at 120 °C
after the pre-irradiations at a low dose rate (about 1kGy/h) at
room temperature in air and at a higher dose rate (5kGy/h) but at
70 °C in air as well as in a Seq-d exposure at 120°C after pre-
irradiation of the same condition as the former of the above two.
These irradiations were performed for the materials to be
sufficiently oxidized already at the stage of the pre-
irradiation. Experiments on the pre-irradiation in pressurized
oxygen,which s also supposed to cause the sufficient oxidation,
and the Seq-c and Seq-d exposures at elevated temperature after
these sufficiently oxidative irradiations are now in progress or

are planned to carry out. Since the Seq-b exposure at 160 °C
causes a considerable degradation in spite of the high dose rate
pre-irradiation, the Seq-d exposure which combines the

sufficiently oxidative pre-irradiation with the air-containing
steam exposure at elevated temperature 1s expected (0O be
promising for the simulation of Sim-D.

[PHASE-2]

FIG.~-17 shows a typical degradation behavior of the
electrical resistance of the EPR's in the same exposures as
described above, It 1s notable that the resistance decreases
considerably already at the stage of the pre-irradiation in cases
of the sufficiently oxidative irradiations and that, especially
in the air-free steam exposure at 120 °C following the pre-
irradiation at 70°C, it degrades much more approaching to the
level of Sim-D In spite of lower temperature and no oxygen in the
steam. This suggests that the Seq-d exposure at elevated
temperature after such a pre-irradiation may cause the same or
further extent of the degradation compared with Sim-D.

[PHASE-3]
As regards the mechanical properties of the EPR's, the same

possibility as pointed out for the electrical property may be
suggested by FIG.~18.

[PHASE-4)

The sufficiently oxidative pre-irradiation followed by the
air-containing steam exposure at elevated temperature (Seq-d) Is
possibly expected to be applicable for the simulation of Sim-D.

213




Especially the pre-irradiation at 70°C is promising from the
viewpoint of the electrical degradation behavior and because of
short time and simple device required. Practically the steam
temperature of the sequential exposure might be not necessarily
elevated so high because Sim-D is an extreme case adopted for
comparisons as mentioned zarlier in this paper. The condition
will be determined by more realistic postulate on a long term
accident in an air-containing environment.

4.CONCLUSION

The various cases of the simultaneous LOCA exposures will
be well simulated by the sequential tests in which the conditions
of the irradiation and the steam are selected suitably to cause
the same extent of the degradations as In the Simultaneous
environments, as indicated in TABLE-4.
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[TABLE-1] Test conditions of simultaneous LOCA
exposures

— M PR P PR WPt oo e e
CASE TEST DOSE RATE DOSE l AIR PARTIAL PRESSURE
PERIOD (kGy/h) (MG y) IN STFAM  (WPa)
———— S R R II——-—
Sim-Al~ | Week ~ 10 up to 1. 5 0
P TS ———— —— — sl g
Sim-B|~ 3 Months 0. 6 up to 1. 4 0
ecu et o o s A I Ly A P ) S R
Sim-Cl~ | Week ~ 10 *up to 1. 5 0. 05
SRS SRS 8 SRR R p— — i i
Sim-D|~ 3 Monthas 0. 6 Jup to l"l 0. 05

TEMPERATURE PROFILE : PWR LOCA PROFILE & 120°C CONSTANT

215



[TABLE-2)] Test conditions of sequential LOCA
exposures

e e s g

CASE | PRE-1RRADIATION STEAM/SPRAY EXPOSURE
e —— —
Seq-a Saturated Steam (P; 120°C; 140C; 1607T)
High Dose Rate (~10 kGy/h) ——
at room temperature Air-containing Steam
Seq-b in air (air 0.054Pa: P, 120, 40T, 160%T)

{air 0.13%Pa, 120°C; 0.25MPa, 120°C; 0.5MPa,P & 1207)

* Low Dose Rate (~1.0 kGy/h)
Seq - c¢| at room temperature in air Saturated Steam (1207T)
* Intermediate Dose Rate (5.0
kGy/h) at 70T in air
 Intermediate Dose Rate (4.2
Seq-d| kly/h) at room temsperature Air containing Steam (1207, air 0.05MPa)
in pressurized oxygen (), 5MPa)

DOSE: up to 1.5MGy P: PWR LOCA tesmperature profile

(TABLE~-3] Summary of degradation beshavior in
various simultaneous LOCA exposures

CASE |Predominant Reaction OXIDATION LONG TERM EFFECT (DOSE RATE EFFECT)

Sim-A| CROSS LINKING NO | W msscrcccea-

e e

HYPALON: Y E S (Additional Thermal Degradation)
Sim-B| CROSS LINKING NO

EPR:NO

Sim-C SCISSION YES o . M

— e e e — e ———— ._ﬁ

HYPALON & EPR: Y E S (Additional Thermal Degra
Sim-D SCISSION Y E S (Remarkable) dation + Sufficient Oxygen Supply + Suffi-
cient Time for Oxidation Reactions)

e —————————————— e ———

“DEGRADATION-
Sim-D>Sim-B>Sim-C>Sim~-A  (HYPALON MECHANICAL)
SIim-D>>Sim-C>=Sim-B>=S5im-A (EPR MECHANICAL and ELECTRICAL)
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[TABLE-4] Integrity phases of cables and corre-
sponding applicable sequential LOCA
simulations for various accident cases,

ACCIDENT CASE APPLICABLE SIMULATION (SEQUENTIAL)

(SIMULTANEOUS) PHASE~-1 | PHASE~-2 | PHASE-3 | PHASE~ ¢
Sheath Mech, (SM) | Core Elec. (CE) |CE+CoreMech. (CM) LSH +CE+OM
Sim—-A Seq-a Seq~-b Seq-b Seq-b
(Short term, Air-free)
Sim-B Seq-—-a Seq—a Seq-—-a Seq-a

(Long term, Air-containing) |(elevated temp.) | (elevated temp.) (elevated temp.)! (elevated temp.)

Sim-C Seq-b Seq-bs) T__ch—b(o) Seq-bs)

(Short term, Air-containing) | (elevated temp.) (elevated temp.) | (elevated temp.) (elevated Llemp.)

Sim-D Seq -d(ss) Seq -d(es)  Seq -d(es) | Seq - d(es)
(long term, Air-containing) L(olwat.od un.)l(olcmud temp.) (elevated temp,) L(:lwud temp, )

«:a little different from Sim C
os : promising (The experiments are in progress.)

(FIG. 1) Time versus temperature profile for simul taneous and sequential LOCA

simulations. (X: total exposure time)
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(FIG.-2) A typical degradation behavior of mechanical properties of the
Hypalons in various simultaneous LOCA-simulating exposures
and the ultimate degradation levels (Hypalon-C).
O:5im-A, A:Sie-B, [J:SimC, O:SimD
open mark: 120, closed mark: Profile
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[FIu.-3) A typical degradation behavior of wechanical properties of the
FPR's in various simultaneous LOCA simulating exposures
and the ultimate degradation levels (EPR-C).
(The symbols are the same as in FIG.-2.)
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[FIG.-4] A typical degradation behavior of electrical resistance of the
EPR's in various simultaneous LOCA-simulating exposures
and the ultimate degradation levels (EPR-B),.
(The symbols are the same as in FIG. 2,)
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End of Figures for Simultaneous Methods
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(FIG.-5) A typical degradation behavior of mechanical properties of the
Hypalons during the pre-irradiation at about 10kGy/h in air at room
temperature and the consequent steam/chemical spray exposures of
Seq-a (O:120c, @:Profile) and Seq-b ([J:120r, W:Profile ;air
partial pressure 0.05MPa), together with the degradation level of
Sim-A for comparison (Hypalon-A),
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[FIG.-6) A typical degradation behavior of electrical resistance of the
EPR's during the pre-irradiation at about 10kGy/h in air at room
temperature and the consequent steawm/chemical spray exposures of
Seq-a (O:120€, @:Profile) and Seq-b ((J:120T, W:Profile ;air
partial pressure 0.05MPa), together with the degradation level of
Sim-A for comparison (EPR-B).
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[FIG.-7) Frequency dependence of dielectric loss factor of EPR-B exposed to
various LOCA-simulating environments,
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[FIG.-8] A typical degradation behavior of wechanical properties of the
EPR's during the pre-irradiation at about 10kGy/h in air at rooms
temperature and the consequent steam/chemical spray exposures of
Seq-a (O:120T, @:Profile) and Seq-b ([J:120t, M:Profile ;air
partial pressure 0.05MPa), together with the degradation level of
Sim-A for comparison (EPR-B).
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(FIG.-9) A typical degradation behavior of wechanical properties of the
Hypalons during the pre-irradiation at about 10kGy/h in air at rooas
temperature and the consequent steam/chemical spray exposures of
Seq-a (O:120c, A:140¢€, [J:160T ), together with the degradation
level of Sim-B for comparison (Hypalon-D).
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(FIG.-10) A typical degradation behavior of electrical resistance of the
EPR's during the pre-irradiation at about 10kGy/h in air at room
temperature and the consequent steam/chemical spray exposures of

Seq-a (O:120c, A:140¢, [J:160C), together with the degradation
level of Sim-B for comparison (EPR-B).
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[FIG.-11) A typical degradation behavior of mechanical properties of the
EPR's during the pre-irradiation at about 10kGy/h in air at room
tesperature and the consequent steam/chemical spray exposures of
Seq-a (O:120T, A:140¢, [J:160T), together with the degradation
level of Sim-B for comparison (EPR-B).
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[(FIG,-12) A typical degradation behavior of wechanical properties of the
Hypalons during the pre-irradiation at about 10kGy/h ir air at room
temperature and the consequent steam/chemical spray exposures of
Seq-b (@:Profile, P:120C, A:140T, (B:160T ;air partial
pressure 0.05MPa), together with the degradation level of Sim-C
for comparison (Hypalon-C).
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[FIG.-13) A typical degradation behavior of electrical resistance of the
EPR's during the pre-irradiation at about 10kGy/h in air at room
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temperature and the consequent steam/chemical spray exposures of
Seq-b (@ :Profile, P:120¢, A:140c, (P:160T ;air partial
pressure 0.05MPa), together with the degradation level of Sim-C
for comparison (EPR-B).
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(FIG.-14] A typical degradation behavior of mechanical properties of the
EPR's during the pre-irradiation at about 10kGy/h in air at room
temperature and the consequent steam/chemical spray exposures of
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[FI1G.-15) Degradation behavior of electrical resistance of EPR-B during the
pre-irradiation at about 10kGy/h in air at room temperature and the
consequent steam/chemical spray exposures at 120 with various
air partial pressures in the steam, together with the degradation
level of Sim-C for comparison .
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(FIG.-16] A typical degradation behavior of mechanical properties of the
Hypalons during a high dose rate pre-irradiation and sufficiently
oxidative ones and during the consequent steam/chemical spray
exposures, together with the degradation level of Sim-D for com-

parison (Hypalon-C).
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[FI1G.-17) A typical degradation behavior of electrical resistance of the
EPR's during a high dose rate pre-irradiation and sufficiently
oxidative ones and during the consequent steam/chemical spray

exposures, together with the degradation level of Sim-D for com-
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(FIG.-18] A typical degradation behavior of mechanical properties of the
EPR's during a high dose rate pre-irradiation and sufficiently
oxidative ones and during the consequent steam/chemical spray

exposures,
parison (EPR-C).

together with the degradation level of Sim-D for com-
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EQUIPMENT QUALIFICATION AND SURVIVABILITY RESEARCH
AT SANDIA NATIONAL LABORATORIES*

Lloyd L. Bonzon
Sandia National Laboratories, Albuquerque

Abstract

Since its inception in 1975, the Qualification Testing Evaluation
(QTE) Program has been concerned with several broad issues in
safety-related equipment qualification. These concerns encompass
both aging simulation methods as well as accident simulation
methods. Much of the effort is concerned with combined environments,
especially radiation in combination with other environments
including oxygen, temperature, mechanical stress, and accident
thermodynamic environments like pressure/temperature/chemical

spray. The Electrical Penetrations Assemblies (EPA) Program is
specifically concerned with the survival (i.e., leak-rate integrity)
of such assemblies under severe accident conditions. A brief
discussion of several current and planned projects illustrate the
scope of these NRC-sponsored efforts.

EPA Program
Introduction

The goal of this Pro;rnnl is to evaluate the leak-rate integrity of
electrical penetration assemblies, under severe accident conditions (i.e.,
beyond design basis accidents); the program supports the overall containment
integrity evaluation efforts sponsored by the NRC. Based on a previous
study,? EPAs representing the three remaining !'.S. manufacturers have been,
or will be, subjected to three representative severe accident profiles.

The EPAs and test profiles selected were based on plant usage and potential
tor leakage (shown in Table 1).

The FPA plant and profiie matches were finally selected as:

- D. G. O'Brien EPA (modular) in a PWR environment

* This paper was supported by the U.S. Nuclear Pegulatory Commission, Office
of Reactor Safety Research, as part of the Qualification Testing Evaluation

(QTF) Program (FIN #A-1051) and the Electrical Penetration Assemblies (EPA)

Program (FIN #A-1364) being conducted by Sandia National Laboratories, under
Interagency Agreement DOE-40-550-75.
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- Westinghouse EPA (modular) in a MK III BWR environment
-~ Conax EPAs (canister and modular) in a MK I BWR environment

All purchases were made for the most severe environment for which the EPA was
qualified and in accordance with applicable standards (e.g., IEEE 317-1976 and
323-1974). But, it must be emphasized that these are not qualification tests;
these severe accident environments are generally more severe than qualifica-
tion tests. Moreover, our emphasis is leak integrity with only a secondary
interest in electrical functionability.

TABLE 1
Potent r Leakage
D. G. O'Brien Westinghouse  Conax
Organic seals and gaskets X X
Elastomer O-rings on header plates X X X
Designs for low pressure capability X

The first test has recently been completed.? A D. G. O'Brien EPA was
subjected to a simulated (large-PWR) severe accident with peak pressure of
155 psia at 361°F (saturated steam); radiation and thermal aging was a part
of the test program (200 Mrad and 135°C for 168 hours). The steam test
included a slow ramp to full pressure over a 12-hour period, then held for 9
1/2 days, with a slow (12-hour) ramp down to check for contraction leakage.
These are sgignificant overtests to obtain engineering data.

Although evaluations continue, there were no detectable leaks through the ZPA

during the steam pressurized portions, including none through the header plate
O-ring seals. As a significant secondary issue, the electrical properties of

the EPA degraded over the first 2 days to the point that all modules measured

less than 10°% ohms to ground at S0 volts, and 5 out of the 8 circuits allowed

(at least) 1/2 amp leakage currents to ground after 10 days. Figures 1 and 2

show representative results.

Future Tests

Tests of a Westinghouse EPA are currently under way. It will be subjected to
a simulated (Mark III, BWR) severe accident with a peak pressure of 75 psia
at 400°F (superheated steam). Planning is under way for the third test in
this series that will involve a Conax EPA subjected to a simulated (Mark I,



Figure 1: Posttest view of the penetration connector assemblies and cabling

Figure 2: Posttest view of the multi-pin connectors
"tracks" are visible

, leakage current



BWR) severe accident with the most extreme environments, 135 psia and 700°F
(superheated steam).
QTE Program

This overall Pro;rl-‘ effort has four major objectives:

. to obtain data needed for confirmation of the suitability of current
standards and regulatory guides for Claus lE safety-related equipment

- to obtain data that will provide improved technical bases for
modifications of these standards and guides wherc aprropriate

. to establish data-based and standardized test methodologies for equipment
qualification programs

+  to support the NRC licensing process with qualification expertise and
test capabilities

The Program is issues oriented covering the major areas of: (1) methods for
simulating aging conditions, (2) methods for simulating accident conditions,
and (3) special topics. Table 2 summarizes these issues. To illustrate
recent developments, several selected activities will be described in the
following section, covering the broad areas of aging and accident methods
research. It is essential that the interested reader refer to the References
to get the details of the experimental method and results; it is not possible
tc provide that detail here.

Aging Research: Materials Degradation, Mode.ing and Techniques

Sandia researchers have published numerous roport'5’9 on material
degradation as a function of dose, dose-rate, combined (radiation plus
thermal) environments, sequential and simultaneous aging. More recent
activities have concentrated on modeling techniques for dose-rate effects so
that the extrapolation from accelerated-aging can be made to actual use
conditions.l® This is an excellent example of applications-oriented
NRC-spouscred research and is illustrated in Figures 3 and 4.

Figure 3 shows a seeming miscellaneous collection of dose-rate at various
temperatures data leading to a specific Dose tec Equivalent Damage (DED), here
chosen as a 60% change in elongation. Using the models developed in
Beference 10, the data shift smoothly as shown in Figure 4 and now
extrapolations to use conditions can be made. This “predictive” capability
is a major advance in the state-of-the art of accelerated aging.

Another benefit of this work has been the development of several, simple
techniques to determine the uniformity of material dog:;aatlon.a These
techniques include the use of density gradient columns, microhardness
profiling, and metallographic polinhlng.‘-ll'lz In particular, density
profiling is a simple technique but can quickly identify degradation
heterogeneities that may be an artifact of the choice of accelerated aging
parameters. Figure 5 shows an example, with time and temperature as
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TABLE 2
c Re to t or S t

Realistic Ambient Environments

Validity of Arrhenius Method

Dose Rate Effects

Simultaneous/Sequential Exposures

Mechanical Stress Effects

Oxygen Effects

Humidity Effects

Analytical and Experimental Techniques for Correlation
Comparison of Artificially and Naturally Aged Equipment

c t 8 at cident t

Simultaneous/Sequential Exposures
Superheated/Saturated Steam Effects

Thermal Shock and Steam Impingement

Dose-Rate Effects

Beta/Gamma Radiation Effects

Oxygen Effaects

Chemical Spcray Effects

Acceleration of Postaccident Environments
Sensitivity of Accident Simulations to Aging Methods
Hydrogen Burn Influence on Accident Simulation Methods
Submergence Sfimulation

Special Topics Related to Equipment Qualification

Statistical/Fragility Cuncepts Versus Margin

TMI-2 Experiences

Evaluation of Qualification Procedures for Specific Equipment Types
BG 1.97 Requiremernts

Fiberoptics Radiation and Qualification Issues

Realistic Accldent Radiation Environments and Calculational Models
Criteria for Selecting Simulation Methods

Review of Standards and Cuides

Battery Aging Methods

Radiation Damage Thresholds
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Figure 3: Radiation dose required for the elongation of PVC to decay to 40
percent of its unaged value at various dose rates and temperatures.
To highlight the complicated dose-rate effects, a solid curve is
drawn through the 43°C data. The dashed curve separates the
homogeneous aging region from the heterogeneous aging region.
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Figure 4: Upper data represents the homogeneous PVC data (e/ey, = 0.4)
shifted to a reference temperature of 43°C, using the models in

Reference 10. The solid curve represents the theoretical fit to
the shifted data. Lower data and curve are for e/e, = 0.8 data.
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parameters; it clearly shows that oxygen cannot diffuse to the interior

(middle) of the sample rvapidly enough to compensate for the high temperatures
used and hence the material density increases at the exposed surfaces.

Some new work has been initiated in the area of combined dose (dose-rate),
temperature, and mechanical stress on seals and gaskets. Also, based on an
earlier study of electronics aging,l3 electronic pieceparts are being

studied by varying several parameters: component type, dose, dose rale,
temperature, and voltage bias.

Aging Research: Batteries

A project involving the seismic-fragility of nuclear station batteries has
czveral objectives:

* To determine actual failure modes and thresholds, primarily using
naturally-aged cells.

. To select the dominant aging mechanism(s) through this testing
experience, other test experience, and expert evaluations.

To compare/correlate the response of naturally-aged cells and cells aged
by the accelerated methods described in IEEE Std. 535-1979 and compare
dominant failure modes in both cases.

1.32 A } 1.32 E
150° C 130°C
1.30 & 1.30 :
7 doys 28 dovs 4
128 + / T 128 'k
/| 3 - el
‘.26 - _K _f : 1,25 - \
1.24 'r-2°tm¥ " § 124 + .
‘22 - ' - ‘e ]'22 F » 4
Unaged } g
0 bl
0 20 40 60 80 1O 0 20 40 60 80 100
P (7 of width)
Figure 5: Density profiles for the nitrile rubber material heat aged in

air. A: aging at 150°C. B: aging at 130°C.




. To determine appropriate aging methodologies for the dominant
mechanism(s) .

+« To demonstrate the methodologies by a specific demonstration test program.

+  To make final recommenlations of the appropriate accelerated-aging
methodology(ies) for niclear station batteries.

We were fortunate in obtaining naturally-aged batteries from several nuclear
power stations which represented all three major manufacturers: Gould
NCX-2250, 12-years sevrvice; Exide FHC-19, 10-years service; C&D LCuU-13,
10-years secrvice. In addition, 27-year old Exide EMP-13 cells were available
from Shippingport. Seismic-fragility tests have been conducted on these and
reported. A It must be emphasized, however, that these tests were done
to severe acceleration levels involving repeated severe motion; they are not
directly comparable to qualification tests. In one case, the cells were
destroyed because of complete breakage at the positive bus bar and terminal
post interface. There was also loss of electrical discharge capacity
capability in many cells. A detailed age-degradation report is being
prepared which includes teardown evaluations. Some preliminary conclusions
include:

1. The batteries, in general, were very durable considering the repeated,
high-level seismic fragility tests imposed. (These are not qualification
tests!)

2. Embrittlement and/or cracking of positive buses was aided by corrosion
along large grain boundaries in all cell types tested. Fine grained
material remained ductile.

3. Formation of brittle bus material is a significant aging effect which can
lead to abrupt failure during a seismic event or reduced capacity after
the event.

4. Excessive sulphation leading to plate hardening and expansion is also an
aging effect of significance, but of less importance than the formation
of brittle materials, as it reduces postseismic discharge capacity and
increases self-discharge.

5. There is evidence that overcharging is a significant aging mechanism.

New cells, of the same type, were also cbtained. Baseline seismic-fragility
tests were run on some cells for comparisons, and detailed evaluations are
being conducted.

Some new cells were also aged using the IEEE-535 suggested methols.
Seismic-fragiliiy tects were run on these in mid-September 1985. The failure
modes were very different than for the naturally-aged cells. Besides jar
cracking (in some cases, total destruction), first looks at the
(accelerated-aged) plates showed them to be in very bad condition, see Figure
6. Analyses and reporting continues. The results from these two aging



Figure 6: Results of seismic-fragility tests of an artificially-aged
(12-years per IEEE-535) NCX-2250 cell.

methods will be evaluated in order to establish the relevance and
applicability of accelerated aging methods.

Accident Research: Adequacy of Radiation Simulators

In evaluating the adequacy of radiation simulators, the concern is for the
accident situation: high dose rates, large total doses, gamma and beta
radiations, and combined accident environments. Particularly, the presence
of beta radiation complicates the testing of matecial and equipment
specimens. Electron-ircadiation charge-breakdown experiments were previously
done on rubber insulation materials;! charge breakdown was not apparent
using "real” conditions (but was observed during experiments in vacuum)
Currently the simulator-adequacy evaluation activity involves comparison of
beta and gamma effects on material degradations to determine a
gamma-equivalent test approach; this work is being done jointly with French
researchers.

In the joint U.S./French project we are attempting to determine the photon
dose required to import damage equivalent to that resulting from beta
radiation on selected organic materials; this is being done in three phases,
(1) dosimetry and facility normalization, (2) gamma and beta materials
irrvadiations, and (3) synergistic effects of mixed radiation fields. Phase 1




has just been completed and the Phase-2 Screening tests are just being
initiated; these include several test parameters:

Specimens ~ l-mm and 2-mm thick EPR
Exposures - beta and Co-60 gamma

- 0, 15, and 50 Mrad

- 0.3, 1, and 2 Mrad/hr
Beta energies - 0.5, 1.0 Mev

ests

Combined-environments accident testing has been done, and continues. The
importance of oxygen during accident simulations has been observed and
veported.l9 Enhanced degradation of materials in simultaneous (radiation
plus accident thermodynamic) profiles has also been observed and
r.portod.zo The "sensitivity" of material degradation to the choice of
aging and accident simulation methods has just been completed and
reported.?l

This latter effort is especially interesting because it provides the stact
for a data base from which a generic test sequence that is "conservative" for
all materials can be selected. Eighteen U.S. and French materials were
exposed to a wide variety of aging and accident simulation techniques:

~  Accident simulations were performed both sequentially and simultaneously.
- Accident steam exposures were performed both with and without air.

- Irradiations were performed both at 28°C (R28) and 70°C (R70).

- Sequential aging exposures were performed using two sequences:
TR and R>T.

Table 3 shows the qualitative conclusion for eacn material type. In summary,
we were able to conclude that:

- BT aging was generally more conservative than T+R aging.

-~ Material classification and chemical composition had an important
influence on test results.

~ LOCA(air) exposures were generally more degrading than LOCA(nitrogen)
exposures, but not universally so.

For all of the materials of our data base, the following qualitative
conclusion applies:

A R70-T aging simulation followed by a R70*LOCA(air) accident
simulation would be appropriate.
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TABLE 3

Qualitative Conclusions for Bach Class of Material

Material Class

Joint U.S./French Program

Appropriate Sequential Qualification Procedures

Cross-linked Polyolefins

XLPO 1
XLPO 2
PRC (8211)

Ethylene Propylene Rubbers

EPDM (8212)
EPDM(8219)

EPR (82H4)
EPR 1

EPR 2

TEFZEL
TEFZEL 1

TEFZEL 2

Chlorosulfonated
Polyethylene

F1PALON (82G10)

CSPE

O-Ring Materials

Connector Materials

PPS (B2HS)

Polydiallylphtalate
(82HS)

Any sequential simulation
Any sequential simulation

Any aging sequence followed by R70 + LOCA(air)
accident simulation

AR * T aging sequence followed by
any accident simulation

AR * T aging sequence followed by
a R70+LOCA(air) accident simulation

Any sequential simulation

AR+ T aging sequence followed by a
R70 + LOCA(air) accident simulation

AR70 » T, or T » R70 aging seguence
followed by R70 +» LOCA(air) accident simulation

Elevated temperature irradiations for sequential
aging and accident exposures

R70 + T aging sequence followed by an
accident simulation

Any sequential simulation
R70 = T aging sequence followed by an
accident simulation

Any sequential simulat.on

Any sequential simulation
Any aging simulation followed by the

R28 + LOCA(air) or R70 + LOCA(air)
accident simulations

Any sequentjial simulation

R70 + T aging technique followed by any
accident simulation
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Very roccntly.zz tests of cables in superheated-steam conditions was
completed. The impetus for the effort was to repeat earlier tests?? of EPR
cables which were done in saturated-steam (consequently at higher pressure).

Figure 7 shows the response of the most severely degraded cable. But as shown
in Figure 8, the response of EPR cables in superheated-steam closely paral-
leled the previous saturated-steam test results. The preliminary results are:

1. Single conductors and multiconductors behaved differently for aged EPR D
lot 1 cables. This suggests that qualifying single conductors may not be
appropriate to qualify multiconductors.

2. Since the same results were found using superheated-steam as were found
using saturated-steam conditions, the superheat parameter appears to have
little effect. It only delays the failure of the cables slightly.

3. EPR D lot 1 was certified to LOCA requirements, but failed the test. EPR
D lot 2, although not cecvtified, passed the test. Two possible
explanations for this result are (1) some change in material and/or
processing occurred between lot 1 and lot 2 and/or (2) there was
insufficient quality control.

4. Since only one product (aged multiconductor EPR D lot 1 cable) had low IR
values and large leakage currents, the differences between the electrical
degradation of single and multiconductor cables does not appear to be
generic to all cables.

Major Planned Activities
Ve expect a major test emphasis in FY-86, and numerous tests and test
planning are currencly undecway. To provide an overview, Table 4 is a

summary of these plans. Of course, test results and sponsor needs will
a’fect the activities actually accomplished.

Summacy

The USNRC concerns for data-based equipment qualification methods and
equipment integrity information are being addresced in t e QTE and EPA
Programs. The results presented in this paper illustrate the most recent,
and planned, activities. In summary:

-~ Significant research has been conducted and documented.

- Results have impacted the regulation and licensing process.

- Several new areas of investigation are underway or planned.

- The program represents a coordinated issues-oriented effort.

- 1ssues resolutions are well underway.



Figure 7 Posttest photo showing the responses of EPRD, Lot 1 multiconductor
cable, after a simultaneous superheated-steam tast




TABLE 4

Major Planned Activities
Aging Research
. General materials evaluations
. Seals/gaskets, including mechanical stress
. Thermal-Arrhenius validity
. U.3./Japan oxygen overpressure research
. Battery aging methods
. Acquire ambient-aged equipment for evaluation (Ambient

plant environments)
Electronics aging evaluations

v t r

Joint U.S./French beta/gamma equivalence

Sandia program on beta effects (materials and equipment)

Impact of Source Term research

Calculational models for dose/rates to safety-related equipmen®

e h

Radiation monitor tests

Coaxial/triaxial cable tests

Oxygen overpressure effects on cables/materials

Post-DBE acceleration tests on materials/cables and selected
equipment

Long-term aging and LOCA tests on cables

Sealing systems (moisture ingress) tests

Transmitter tests

Integral systems tests

Evaluation of impact of TMI-2 research on EQ methods

Complete Issues Resolution topical report
Update long-range research plan
Summary report of significant foreign reseacch.
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Fire Protection and Hydrogen Burn Equipment Survival
Research

D. L. Berry

Sandia National Laboratories
ABSTRACT

A discussion is presented of the Fire Protection and Hydrogen
Burn Equipment Survival Research Programs at Sandia National
Laboratories, with emphasis on the experimental efforts
completed in FY85 to characterize fires and fire damage and to
understand equipment response to hydrogen burns. The results
of fire characterization tests, electrical cabinet fire tests,
large-scale enclosure fire tests, and cable and relay damage
threshold tests are described. The results of hydrogen burn
simulation tests of cable, solenoid valves, and pressure
transmitters are also described, including testing using both
realistic heat flux conditions and heat fluxes beyond those
anticipated during an actual hydrogen burn. Plans for FY86
analysis and testing are summarized.

INTRODUCTION

The Fire Protection and Hydrogen Burn Equipment Survival
research programs at Sandia National Laboratories involve both
testing and analyses. Each program has followed separate yet
parallel paths for assessing the likelihood that equipment will
survive either a fire or a hydrogen burn accident environment.
To do this, both programs have strived to characterize their
respective accident conditions and to test the survivability of
equipment to these conditions. For fire protection research,
work has been aimed at supporting licensing and probabilistic
analysis needs for data relevant to nuclear power plant
situations. For hydrogen burn research, work has been aimed at
performing experiments and analyses to support past and pending
licensing decisions which require an understanding of equipment
thermal reeponse and survival in a hydrogen burn. Because of
the obvious environmental similarities that 2xist between fire
and hydrogen burn equipment survival, research for these
programs is being performed at Sandia within one Aivision using
some of the same facilities and analysis techniques.

FIRE PROTECTION RESEARCH

The objectives of the Sandia Fire Protection Research Program
have changed over the years since its inception in 1975.




puring its initial phases, emphasis was placed on pecrforming
tests which would confirm the adequacy of a variety of fire
protection measures that were being proposed or implemented as
regulations. The results of this work yielded insights into
the adequacy of fire protection measures being used in nuclear
power plants, with a summary of the major findings given in
Reference 1. Examples of conclusions derived from this work
include:

1. Fire retardant cable insulation, coatings, cable tray
covers, or solid bottom cable trays reduce fire
severity.

2. Even gualified cabling or cabling protected with
coatings can be ignited, burned, or damaged.

3. Water, COz, and Halon suppression systems eventually
extinguish fires, even those thac involve deep seated
burning conditions.

4. Gaseous suppression agents permit temperatures in rooms
to remain high and water produces severe moisture
environments which could damage equipment.

5. Penetration seals to prevent the spread of fire may
fail if they have cracks as a result of installation or
maintenance operations.

6. Hot gas layers can cause damage to equipment or cabling
that is spatially separated from a source fire.

In receat years the fire protection research program has
shifted from a program in which the adequacy of specialized
fire protection measures is confirmed through testing to a
program aimed at providing the analytical tools and data base
necessary for judging the residual risk of fire to the overall
safety of power plants. The need for this new emphasis was
highlighted by the findings of numerous probabilistic risk
assessments (PRA's) that have indicated that the core melt
frequency estimated for fire represents a significant portion
of the overall core melt frequency attributable to other
accident scenarios. Although in most cases, steps have been
taken to reduce these estimates by eliminating the specific
sequences that contributed to them, the fact remains that
several different assessments of fire risk indicate that fire
may represent a significant threat to power plant safety and in
gome cases may represent a threat that exceeds accident
scenarios traditionally assumed to be dominant (e.g. seismic).

Unfortunately, though, fire risk assessments have been forced

to base assumptions and analyses on a marginal understanding of
fire phenomena and the effect of fire environments on the
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operability of safety equipment in nuclear power plants. In
some cases these assumptions appear to have a conservative
basis, while in other cases the analyses may have overlooked
some of the impacts of fire. Several important examples of
where fire risk assessments have been forced to make
unsubstantiated assumptions involve the effectiveness of
ventilation systems to control smoke movement during fires, the
ability of manual fire fighting teams to perform in the
confines of a power plant, the detrimental effects of
suppression actuation or invertant suppression actuation, the
vulnerability of safety equipment to fire environments, and the
susceptibility of control rooms or remote shutdown areas to
cabinet fires. Although Sandia has done or is planning to do
work in each of these areas, only those areas investigated in
FY85 will be discussed here. This will be done in the context
of the steps and data base needs of a fire risk assessment.

Fire FRA's

In general, fire risk assessments involve four major steps
which are intended to yield a gquantitative estimate of the
frequency of core melt attributable to fires of various types
in a nuclear power plant. The four steps involve:

1. Selection of plant areas for analysis;
2. Selection of ignition probabilities and fire scenarios:
3. Calculation of expected fire environments;

4. Assessment of component damage resulting from the fire
environments.

Except for the first task, which is based upon a systems
analysis of required safety operations in a nuclear power
plant, all steps of the fire risk assessment require data and
analyeis tools unigque to fire. The tasks outlined in the NRC
fire protection research program plan, Reference 2, are aimed
at gathering required data on potential fire sources, ensuing
fire environments, and equipment response in support of
performing steps two through four of a fire risk assessment.

Fire Characterization

Fire environment models available for performing fire
probabilistic risk assessments are unable, using current
technology, to accurately predict the burning characteristics
of source fires. As a result, these models generally rely upon
fire characterization input of source fires as described by
heat release rates and combustion product release rates. The
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objective of the fire characterization task is to determine the
rates of heat and combustion product release during open
burning for a variety of transient and insitu fuels found in
nuclear power plants. To date work has concentrated on trash
fires, liquid pool fires, and electrical cabinet fires
involving cable insulation. In the future, testing involving
cable trays as source fires for fire models will be
performed. To date, a variety of parameters including fuel
configuration, fuel gquantity, rates of burning and fuel type
have been investigated. Over twenty-four (24) heat release
rate tests on various types and sizes of fuels have been
completed, with approximately 15 full-scale cabinet fire burn
tests using IEEE-383 qualified or unqualified cabling also
being performed.

The facility used to perform these tests is shown in Figure 1.
As configured, the facility controls the amount of air
available for burning by a forced ventilation system, and it
monitors the combustion products released by the fire to yield
rates of heat release as a function of oxygen consumption and
carbon dioxide and carbon monoxide production. In addition, a
variety of thermocouples, calorimeters, radiometers, and flow
measuring devices are installed for each of the tests. For the
cabinet tests, approximately 120 channels of data were recorded.
Load cell information giving mass release rates was measured to
compare with the oxygen consumption measurements to yield an
estimated smoke production rate in terms of unburned
pyrolyzates.

As an initial calibration of the facility, burner tests were
performed using calibrated burners to yield a comparison of the
measured heat release rate to the theoretical heat release rate
based upon the mass of fuel burned. Figure 2 shows the
comparison of these results for unsmoothed mass loss rate

data. It can be seen that a favorable comparison exists,
takicg into account an approximate 2 minute delay time in the
response of the gas analysis equipment. For each of the source
fire burns, heat release rates and some temperature
measurements were made. Figure 3 shows a typical example of
the results obtained for a trash fire involving a thirty gallon
plastic trash can of the type found in some nuclear power
plants. It can be seen here that the peak heat release rate
during this fire was ~ 110 kilowatts.

The cabinet fire characterization etfort represented a more
extensive test scheme. A major objective of this effort was to
gather information on the way cabinet fires may be expected to
burn to serve as input into full-scale room testing using a
control room mock up. In order to perform these tests, it was
necessary to establish the test parameters to be investigated.
This was done by performing a number of surveys of nuclear
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power plants, architectural engineers, and nuclear steam supply
system vendors to establish typical ranges of cabinet sizes,
fuel loads, construction materials, and cabinet configurations
for testing.

The initial test series involved vertical cabinets, using both
qualified and unqualified cable, with an ignition source based
upon discussions with NRC inspectors and observations by Sandia
personnel during visits to power nlants. The ignition source
consisted of a plastic bucket with a box of cleaning tissues
and a quart of acetone in a plastic bottle. This source was
chosen because it had been observed in actual power plants, and
it represents what we believe to be a credible ignition

source.

Figure 4 shows the results of one of the cabinet tests
involving a vertical cabinet with a fuel load of unqualified
cable, together with the ignition source of a plastic bucket,
cleaning tissues, and acetone. As can be seen from the test
sequence photos, the fire involving unqualified cable developed
very quickly. For this test, heat release rate measurements
gave a peak value of ~ 1000 kilowatts. A similar sequence is
shown in Figure 5 for qualified cable in the same configuration
as that in Figure 4 for unqualified cable. 1In this case it can
be seen that the degree of burning within the cabinet was
limited to the initial cable bundles exposed to the source
fire. For this case, the peak heat release rate was measured
to be only ~ 57 kilowatts., In two later tests, the results
shown in Figures 4 and 5 were reinvestigated using penchboard
style cabinets. However, in an effort to achieve an even more
realistic ignition scenario, the benchboard test using
unqualified cable used an electric ignition source of
approximately 100 watts concentrated at a screw in a terminal
block. This simulated a high resistance point of over

heating. Figure 6 shows the results of this test, indicating
clearly that an electrically ignited fire is possible and can
grow quickly and achieve a large heat release rate in
unqualified cable. Efforts to electrically ignite qualified
cable using the same scheme have been unsuccessful. Figure 7
shows the details of the electrical ignition source used to
start the fire in Figure 6. The results ~f the qualified cable
benchboard teet are not yet available.

On the basis of test findings to date involving cabinet fires a
number of conclusions can be reached. First, it appears that
for qualified cable the intensity of a cabinet fire is low
enough as to pose no appreciable threat to adjacent capinets or
to other equipment around a cabinet in terms of high
temperatures. Second, for unqualified cable fires in cabinets,
the thermal effects of the fire on equipment within the room
containing the cabinet are not severe, however the potential
appears to exist for igniting other unqualified cable in




cabinets adjacent to a burning cabinet as a result of heat
transfer betweasn walls separating the cabinets. Third, for
both qualified and ungualified cable, the amount of smoke
produced during cable fires appears to be large enough to
obscure the vision of operators and fire fighting teams within
a short time after the start of the fire.

The validity of these conclusions is being examined further in
testing underway at Factory Mutual Research Corporation,
sponsored by Sandia for the NRC as part of the enclosure fire
environment testing being conducted there.

Enclosure Fire Environment Testing

For a fire probabilistic analysis, the timing of fire scenarios
and the resulting environments must be calculated using room
fire models. With information on the strength of source fires
from fire characterization testing, room fire models can be
used to calculate the temperatures and in some cases smoke
concentrations that result throughout a room from a fire of a
given magnitude. To date, only a few fire models have been
used or proposed for use in nuclear power plant fire PRA's.
Unfortunately, however, each of these models lacks an adequate
data base for validation and benchmarking. As a result,
questions often arise regarding the validity of the models and
the accuracy of their predictions.

The objective of the enclosure fire test effort is to provide a
quantitative data base on the environments resulting from fires
involving fuels, room configurations, and ventilation
conditions found in nuclear power plants. To do this work,
Sandia surveyed a large number of facilities in the United
States that could perform full-scale room testing. As a result
of this survey and a subsequent contracting effort, Factory
Mutual Research Corporation was chosen to perform tests in a
room that is 60' x 40' x 20' high with an extensive
instrumentation array of about 300 channels. The room selected
for the testing was based upon our surveys of typical room
sizes in nuclear power plants and represents the largest test
effort of its kind ever conducted.

To date, the first seventeen tests in Phase I of the enclosure
test effort have been completed with the remaining six tests in
Phase [ currently being performed. Figure 8 shows the control
room mock up configuration being used for the last six tests of
Phase I. Besides the extensive instrumentation provided in
these tests, a variety of other capabilities have been planned
for and incorporated as part of this test program. These
include the capability to vary the ventilation rate betweon 1
and 10 room changes per hour, the capability to lower the
ceiling height from 20 feet to 14 feet using a false ceiling,
and the capability to subdivide the room into a smaller room to
investigate the effects of smoke movement from room to room.




From the tests completed to date, a few observations can be
made. First, it appears that for fires as large as 2000
kilowatts, the thermal environments in large rooms are not
severe enough to cause flash-over conditions or even
autoignition of other combustibles. In contrast to this
however, it appears that smoke production and its distribution
throughout large rooms poses a severe problem in the form of
obscuring virtually all visibility within a short time. During
one test using a 500 kilowatt propylene burner which produced a
sooty smoke similar to that observed from cable insulation, the
test room became obscured to eye level within about three (3)
minutes, and within five (5) minutes, the smoke level descended
to the floor obscuring even 1000 watt light bulbs located only
20 feet from an observation window. This condition occurred
despite the fact that the room was being ventilated at a rate
of 8000 cubic feet per minute or 10 exchanges per hour. The
full significance of this cbservation must await data reduction
of light obscuration measurements and subsequent testing
involving actual cables in cabinets and in cable trays.

Equipment Damage Threshold Testing

In order to make an assessment of the possibility and
probability of fire-induced component damage which might
jeopardize plant safety, component fragility data must be
available. To date, most fire probabilistic assessments have
limited their scope to the failure of electrical cabling under
conditions estimated to be autoignition temperatures of the
cable. 1In one case, consideration was given to the failure of
cabling at temperatuces below autoignition conditions.
However, relevant data to support this analysis was not
available.

The objective of the component failure threshold test effort is
to obtain data relevant to nuclear power plant components for
their damage potential and failure thresholds under fire
environment conditions. To do this, several classes of
components have been screened on the basis of their functional
intolerance to fire, their damage proneness, and their safety
significance. Some of the top ranking components have been
tested under actual fire conditions and simulated fire
conditions using a test chamber. The purpose of performing
experiments in a test chamber is to ensure reproducible fire
environments involving controlled convective and radiative
heating, water sprays, high humidities, smoke particulates, and
corrosive vapors.

To date, tests have heen performed on qualified and ungualified
cables and control relays. The cables selected were the same
as those used during previous tests by Sandia, including the 20
foot separation tests performed by Underwriters Laboratories
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for Sandia in 1983 (Ref. 3). For the cable tests and relay
tests the chamber shown in Figure 9 was used to produce a
variety of transient temperature conditions in which the
temperature of the walls of the chamber and convective air
entering the chamber was ramped to correspond to conditions
measured during the 20 foot fire tests and other transient
tests. The relays used in the test effort were of the same
manufacturer and model type as those used in the LaSalle
Nuclear Power Plant which is being studied as part of the Risk
Methodology Integration and Evaluation Program PRA.

For the cables, a variety of observations were made as a result
of the test effort. These are illustrated in Figures 10 and
11. For both qualified and unqualified cable as illustrated in
Figure 10, it was found that cabling having ends terminating
within the test chamber electrically failed earlier than those
cases where the corresponding cable had ends outside of the
test chamber. This observation leads to the conclusion that in
order to appropriately account for the failure thresholds of
cabling under fire conditions, the installation conditions of
the cabling, including iis termination within a room of
interest, needs to be considered. In Figure 11 another effect
is noticeable which can influence the susceptibility of cables
to fire damage. In this figure it can be seen that cable
damage was experienced as a result of convective heat transfer
in certain areas of the test chamber having a high velocity
corresponding to the velocities measured during the Z0 foot
fire tests. Where velocities were not as high, yet
temperatures were the same as those in high velocity regions of
the chamber, cable damage was not observed. This dependence of
failure of cabling on convective heat transfer raises questions
about the use of radiative heat testing for determining the
failure thresholds of cable. Because of the dependence of heat
transfer on the velocity of air, a factor of two to four in
heat transfer rate can be caused by the flow of hot gases from
a fire. Other findings of the cable damage testing effort are
presented in Ref. 4.

For the control relays tested, it was found that the
operability of the relays, under high temperature conditions
exceeded manufacturers estimates. In one case a relay
continued to operate until temperatures reached 400°C in the
test chamber, well beyond the temperature threshold at which
one would expect relay failure. Figures 12 and 13 show the
temperature profile and the resulting relay damage for one of
the relays tested.

Future component test efforts will concentrate on the
damageability of components under other fire environment
conditions including high humidities, sprays, and corrosive
vapors. During actual fire testing, it was found that a
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significant amount of hydrochloric acid can be produced by the
smoke from chloride containing cables. 1In addition, during
suppression activities, water may be sprayed directly on
cabling or components that have not been damaged by thermal
effects. Further, high humidity conditions resulting from
suppression activities, together with corrosive vapors
containing hydrogen chloride have b2en observed in actual fires
to produce severe corrosive damage to components. The degree
to which cables or components that have survived high
temperatures, may be jeopardized by moisture or corrosive
environments is now being investigated as part of chamber
simulation tests and full-scale tests at Factory Mutual
Research Corporatioen.

HYDROGEN BURN SURVIVAL RESEARCH

The Hydrogen Burn Equipment Survival Program hae two primary
objectives. The first is to develop an understanding of the
pecformance or modes of failure of safety-related equipment
when subjected to the environments resulting from hydrogen
combustion in a reactor containment building. The second is to
develop analytical means of predicting the response of
safety-related equipment to a hydrogen burn environment. After
an initial effort in FY8BL and 82 to identify safety-related
components in use in nuclear power plants which may be
subjected to hydrogen burn environments, work began in FY83 to
develop a simulation scherr for testing equipment under the
heat flux conditions resul. ing from a hydrogen burn using the
Sandia Central Receiver Tes Facility. 1In addition to this, a
computer program (called HYLER), used to calculate hydrogen
burn environments, was developed and analyses were performed of
the data generated during the Electric Power Research Institute
(EPRI) large-scale hydrogen burn tests at the Nevada Test Site
(NTS). All of this work was aimed at gathering a better
understanding of the damageability of safety components to a
hydrogen burn environment and to support NRC's rule making
activities regarding large dry containments, ice condenser
containments, subatmospheric containments, and BWR MARK 111
containments. More recently, work at Sandia is shifting to
address questions regarding standing flame environment
conditions in BWR containments.

In FY8S5, two series of hydrogen burn simulation tests were
conducted. The first was a simulation of a thirteen volume
percent hydrogen deflagration from the EPRI-NTS test series.
During the simulation test series, Class 1E pressure
transmitters and electrical cables were subjected to the heat
flux pulse of an EPRI-NTS test. A second series of hydrogen
burn simulation tests involved endurance testing to study the
durability of new and thermally aged Class 1E cables and
pressure transmitters. Starting with a base pulse
tepresentative of a hydrogen burn in a large dry containment
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individual test specimens. The heliostats (mirrors) of the
CRTF were then selected to generate the calculated solar flux
profile. The heat flux profile used in testing black electric
cables is shown in Figure 14, while similar profiles were
developed for the transmitter and solenoid valve. The pressure
component c¢f the EPRI-NTS test environment was not tested
because components at the CRTF could not be pressurized while
receiving the solar flux. However, prior to exposure to the
simulated hydrogen burn fluxes, the solencid valve and pressure
transmitter werte preheated to temperatures near the preburn gas
temperature of the NTS. (i.e approximately 156°F.) The
preheating was done using one or two heliostats as required.
The preheating was done slowly so that thermal gradients in the
test specimen were minimized. Cable samples were preheated
differently because of their low heat capacity. Cables warmed
very rapidly even under the flux of a single heliostat. They
also cooled rapidly when the shutter was closed in front of
them. As a result, cables ware "preheated" by holding the peak
flux on the test bay for one second longer at the start of the
burn simulation. The results of this showed that the issue of
cable preheating ie mute, because the temperature of cables
immediately becomes dominated by cable ignition upon exposure
to the hydrogen burn heat flux. It was the heat from the cable
combustion which drove the initial temperature of the cable
samples high.

As a result of the tests a number of observations were made.
Firet, at heat fluxes comparable to those in the EPRI-NTS P20
test, a spontaneous ignition of cable jacket material can
occur. Although this ignition caused the outer jackets of
several cable samples to blister ard crack, it was found that
in virtually all cases the interior conductors of the cable
remained intact and maintained their insulation resistance
properties. Figure 15 shows the surface damage experienced by
one of the cable types tested. The second conclusion reached
from the testing is that exposure in several tests brought only
slight changes in the calibration of the Barton pressure
tran.nitter. The significance of these small changes are
dependent upon the use of the instrument but correspond to
about 2 1/2% of the full-scale reading when the applied
pressure was 1000 psig. This insensitivity to the heat flux
environment is consistent with the very slight thermal changes
experienced by the interior of the Barton pressure transmitter
as illustrated in Figure 16. The third conclusion reached from
the tests is that temperature changes measured for the solenoid
valve and pressure transmitter indicate that temperatures
sufficient to damage these pieces of equipment were not reached
during the CRTF tests and probably were not reached during the
NTS P20 Tests.
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In summary these tests demonstrate the durability of the
multiconductor cables, solenoid valve, and transmitter when
subjected to heat flux pulses having high peak fiuxes and time
decay characteristics similar to those resulting from hydrogen
burn in large scale tests. Based on the best available
information for comparison, (e.g. close-up photographs from the
P20 cable samples and “emperature data for the Barton
transmitter potentiometer bracket), the NTS simulation tests
conducted at the Sandia CRTF reasonably simulated the EPRI-NTS
P20 thermal flux environments.

Endurance Testing of Equipment

The analytical and experimental efforts to date to investigate
the survival of equipment during hydrogen burn conditions have
limitations. The computer codes use lumped parameters which
predict volume averages and not local conditions. The thermal
models of equipment are simple and at best predict only
approximate thermal and not operational equipment responses.
Finally, the experimental results of hydrogen burns in vessels
which are not the actual sizes and configurations of
containment buildings represent conditions that are not easily
extrapolated to containment buildings because of uncertainties
in the understanding of volume and configuration effects.

In order to address these uncertainties, a series of equipment
tests was conducted at the Sandia National Laboratories CRTF.
specimens of nuclear qualified Brand Rex three conductor cable
and Barton Model 763 pressure transmitters were subjected to
gimulated hydrogen burns at increasing heat flux levels and
their temperature response and performance were monitored. The
cables were tested in both artificially thermally aged and
unaged conditions. The test specimens were first exposed to a
base heat flux pulse that conservatively simulated a
deflagration resulting from a 75% core metal-water reaction in
a reactor housed in a large dry containment building. After
the base pulse several successive pulses were applied at heat
flux levels which increased in increments of 50% of the base
heat flux pulse. The heat flux levels of the final pulse were
300% of those of the base pulse. Similar to the test described
in the previocus section of this paper, the cables were
electrically powered during exposure to the heat flux pulses
and monitored for short circuits and open circuits. ror the
pressure transmitter, temperatures inside and outside the
transmitter were monitored during the test and post-test
calibration tests were made. Reference 7 reports the complete
test effort and findings of the test.

In summary, it was found during the tests that with only one

exception, the cable samples displayed no significant
insulation or degradation in post exposure testing and second,
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both unaged and thermally aged Barton Model 763 pressure
transmitters withstood the heat flux pulses and continued to
deliver a signal corresponding to the applied pressure.
Exposure to the severe heat flux pulses produced only small
changes in tie transmitter calibration. This point is
illustrated >y the relatively small temperature changes
experienced inside and on the rear of the Barton transmitter as
shown in Figure 17. It can be seen from this figure in
compacison "o Figure 16, that the thermal inertia of the Barton
transmitte.s prevents even heat fluxes three times those
expected crom a 75% metal water-reaction from causing
significant changes in the thermal environmert within the
transmitter.

CURRENT AND FUTURE RESEARCH PLANS

The Fire Protection and Hydrogen Burn Equipment Survival
Research Programs at Sandia National Laboratories in the past
have involved both testing and analysis. Some of the past
activities in these programs has been reported here. 1In FY86
the fire protection program will complete much of its test
activities, including evaluation of the damaging effects of
suppression and corrosive environments resulting from fires on
cable and equipment and a study of the effects of control room
fires on the survival of control room equipment and the ability
of operators to maintaiu plant control. Beyond FY86, issues
concerning the effectiveness of HVAC systems for controlling
smoke during fires, the effectiveness of manual fire fighting
teams, and the interrelationship of seismic events and fires
are planned for analysis. 1In the hydrogen burn survival
reseacch program, plans for FY86 include further analyses of
the environments associated with hydrogen deflagrations in
lAarge dry and subatmospneric containments, analyses of the
taermal environments associated with standing flames in boiling
water reactors, and testing of equipment to standing flame
thermal environments.
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Figure: 10: Damage to Cabi.e Terminations
Causing Electrical Failure

Figure 11: Preferential Cable Damage
Caused by Convective Heating
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coolant flashing to steam between the faces of the hyarostatic seals.
The experimental program, its results and conclusions are documented in
Reference 1.

O-Ring Extrusion Tests

0-rings fabricated from ethylene-propylene E515-80 were subjected to
extrusion tests in a fixture which simulated the seal geometry surrounding
0-rings (Figure 2). Temperatures variea from 520 to 580°F anda pressures
varied from 800 to 2400 psi. The clearance between the 0-ring and the meta.
surface varied from 1.5 to 34 mils, The test 0-rings were 1.17 in. inside
diameter compared to the 8 in. fullscale O-rings used in the seals. The
0-ring thickness, however, was fullscale, 0.139 in. Table 1 summarizes the
results and corresponding conditions for the O-ring extrusion tests. Those
tests concluded that ethylene propylene E515-80 is likely to blowout under
the conditions predicted for station blackout. Extrusion tests of U-rings,
using a second ethylene propylene designated E740-75, were also conducted.
This material demonstrated a superior resistance to nigh temperature extru-
sion. During some of these tests, the E740-75 0-rings were backed with
TF828-217 tetralon 720 channel seals. In these cases, severe extrusion of
the channel seal occurred. For small gaps (approximately 0.010 in.), the
extruded material prevented subsequent sealing by the O-ring and blowout
occurred. At larger gaps (C.013-0.018 in.), the tetralon extrusion was
sufficient to allow O-ring sealing corresponding to cases which evaluated
only the O-ring.

Blowdown Tests

Water blowdown tests were also conducted during which the water flashed
to steam between simulated hydrostatic seal faces (Figure 3). The tests
were conducted on two hydrostatic seal models depicted in Figure 4, with
seal face outer diameters of 2-7/8 and 4-3/4 in. As depicted in Figure 3,

a back pressure was applied to the outboard seal rings to force them towards
the inner seal rings. The pressure at the seal was approximately 1000 psi.
The back pressures were chosen to give face seal loadings typical of those
experienced in an operating pump. The seals were designed and fabricated

to approximate the leakage per circumference through full size pump seals
of 11 in.3/s at 2200 psig and 130°F. To achieve this flow rate, the seal
rings were lapped to provide a 0.00046 and 0.00054 inch gap convergence
(taper) across the smaller and larger face seals respectively. Adequacy of
the taper was verified through flow tests with water at 113°F.

Two-phase seal tests were performed to assess overall face seal behav-
for. While these were primarily scoping tests, the results did indicate
that seal instability-oscillation (with a corresponding increase in flow
through the seal) may occur within the range of fluid conditions antici-
pated when seal cooling is lost.

Additional research has been initiated to improve understanding of the
importance of various parameters to seal stability. Other research cur-
rently underway includes an investigation into the effects of elastomer
extrusion on frictional loading within the face seal assembly. The added
loading is expected to impact stability.
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TABLE 1. RESULTS OF EXTRUSION TESTS FOR E515-80 0-RINGS

Pressure Time to
Temperature Gap Differential Blowout
{*F) (inches) (psi) (hours)
580 0.0015 1600 --a
560 0.0015 1600 3
560 0.0015 2400 6
560 0.0015 2400 2.8
560 0.0015 2400 2
550 0.0015 1200 --a
550 0.0015 1200 --a
550 0.0015 1200 --2
550 0.0015 1600 --a
550 0.0015 1800 2.3
550 0.0015 2000 1.5
550 0.0027 1200 --a
550 0.0027 1600 --a
550 0.0027 1800 --2
550 0.0027 2000 --a
550 0.0027 2200 --a
550 0.0027 2400 --a
550 0.0048 1000 --a
550 0.0048 1200 --a
550 0.0048 1600 1.5
250 0.0048 1800 1.8
550 0.0065 800 5.5
550 0.0065 1000 2.5
520 0.0027 2200 --a
520 0.0027 2400 --a
520 0.0048 1600 --a
520 0.0048 1800 2.5
520 0.0065 800 --2
520 0.0065 1000 3.5
550 0.009 800 6
520 0.009 800 17

a. There was no failure during the 18 h test.
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Valve Research

Containment integrity is most likely to be compromised during an acci-
dent by failure of one of the many penetrations rather than by failure of
the structure. A technical basis is required to predict the effect of
accident conditions on the operabi’ity and leak integrity of containment
isolation system (CIS) valves, which include containment purge and vent
valves. The purposes of the valve research are to identify loads and
acceptable methods for qualifying specific types of CIS valves to withstand
design basis loads; and to characterize the behavior of selected CIS valves
under accident conditions.
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Purge Valves

An experimental program was conducted to test buttertfly valves typical
of those used in containment purge and vent systems. This was done in order
to improve understanding of valve operator torque requirements. Three
valves were obtained (two 8-in. and one 24-in.), from two of the three man-
ufacturers most commonly used by utilities. The 24-in. valves and one of
the 8-in. valves were manufactured by the same company and were chosen to
provide data on the validity of extrapolating torque requirements from a
small (tested) valve to a larger valve. The other valve was deliberately
chosen from another manufacturer to provide information relative to differ-
ent designs of the same rominal pipe size. The valves were all ANSI 150 1b
offset disc types and (compared to other butterfly valves) typically require
higher operating torque due to the fluid dynamic loading on the thick disc.

The valves were installed in a duct system with either a straight inlet
geometry or with a nearby upstream elbow (Figures 5 and 6). This permitted
the measurement of the effect of a flow disturbance. In addition, the
valves were installed with the curved (shaft) face of the disc facing
upstream first, and then downstream. Figures 7 and 8 show basic valve con-
figurations. Measurement of the torque required to close the valve, as a
function of disc position, was taken with nitrogen flowing through the
valve. Constant inlet pressure was maintained for each test run. This
sequence was repeated for inlet pressures from 5 to 60 psig. The experi-
ments, associated results, and conclusions are documented in Reference 2.

One of the prime equipment qualification issues addressed by these
experiments is the issue of extrapolation of smaller valve performance to
large valve performance, to ensure that the valve torque requirements are
within the capability of the valve operator. Based upon the analysis of
the experimental data, several conclusions regarding the feasibility of and
conditions for extrapolation were developed:

. Maximum torque requirements are a linear function of static pres-
sure upstream from the valve. This result is at some variance
with the currently accepted practice of assuming the operating
torque is proportional to the pressure drop across the valve.

5 Extrapolation to bound torgque requirements is feasible if the
scale-mode] valve is reasonapoly scaled to the larger valve with
respect to disc shape, aspect ratio (disc thickness to diameter
ratio), and ratio of disc size to nominal bore size.

- Extrapolation of torgue requirements is conservative when the
torque measurements used for the larger valve extrapolation are
obtained with the scale-model valve installed in a position such
that the disc shaft is upstream (curved face of the disc is
upstream). The extrapolations, multiplying by the ratio of valve
disc diameters cubed, is not conservative with the curved face of
the disc downstream.

(] Extrapolation is feasible when the inlet pressure of the scale-

mode] valve is equal to or greater than the madimum inlet
pressure of the larger valve.
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Figure 7. Purge Valve No. 1.
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L] Conservative torque requirements can be extrapolated when one of
the following expressions is used for extrapolating the scale-
mode! valve results.

. Lo
LVTT SW- SVTG - LVTD (1)

or

2

L‘JTT = (SVTT + SVTb) - LVTb (2)

1

where
LVD = Large valve diameter
LVT = Large valve torque
SVO = Small valve diameter
SVT = Small valve torque
b = Bearing
d = Dynamic
T = Total (Bearing and Dynamic).

[] Sonuniform iniet flow to the larger valve, due to the upstream
presence of an elbow, may be conservatively «ccounted for by
multiplying the nominal or straight inlet predictions by 1.5.
Application of this value would require validation prior to use
for other upstream disturbarces.

. The extrapolation range is 1imited and it is recommended that the
candidate valve basic inside diameter be within 50% to 200% of
the test valve.

CIS Valves

The purge valve experimental conclusions will be augmented by data from
adaitional CIS experiments which have been planned and will be conducted in
the near future.

The CIS experiments will assess the behavior of typical containment
penetration piping assemblies in seismic and accident environments. The
systems to be tested consist of: the containment wall penetration; isola-
tion valves on each side of the wall; ard sufficient piping and supports to
provide typical loads on the pe. etration and valves. Three systems will be
tested: an 8-in. schedule 40 piping assembly with butterfly valves; an
B8-in. schedule 40 piping assemhly with gate valves; and a 2-in. schedule
160 piping assembly with globe valves. The specific systems were chosen to
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represent: containment vent and purge systems, which communicate directly
from containment to atmosphere; containment spray systems, required to
mitigate the effect of a LOCA on containment loading; and the many small
bore containment penetrations for support systems. The test configurations
were based on an extensive review of existing piping geometries that exist
in operating utilities. Parameters of special interest, in addition to pipe
size and vaive type, were: distances from the containment wall to the
isolation valves, distances between components and supports, location and
direction of bends and elbows, and support locations and orientations.
Figure 9 shows a representative test configuration.
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Figure 9. Typical 8 inch CIS piping system.
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As in the case of system selection, seismic and accident load charac-
teristics were based on extensive reviews of existing safety documentation
applicable to operating nuclear power plants. Both seismic and accident
loads have been specified to represent typical containment responses; the
specified loads envelope about 80% of the plants studied. All types of
containment designs were included in the study of predicted responses.

Testing will be performed in two completely separate phases. For the
dynamic (operating basis earthquake and safe shutdown earthquake) testing,
the piping assembiies will be mounted in a large test fixture and excited
by hydraulic actuators to the specified excitation spectrum. The fixture,
fabricated from 14-inch square steel tubing, measures approximately 25 feet
by 15 feet by 8 feet high and weights 15,000 1b. During the simulated
seismic motion, extensive piping system strain and acceleration data will
be taken for later comparison to analytical predictions. Valve operating
torques and leakage measurements will be obtained to emperically determine
the effect of seismic motion on valve operability.

The second phase of the CIS experiments will simulate accident condi-
tions ranging from design basis loss-of-coolant accident conditions (pres-
sure of 60 psig and temperature of 280°F) to severe accident conditions
(pressure of 120 psig and a temperature of 350°F). The same test piping
assemblies used for dynamic testing will be used during this phase of the
program. The experiments will consist of an input motion of the piping
penetration, simulating containment wall motion, while all piping supports
and hangers are anchored to fixed points on the test fixture or test facil-
ity floor. Input deflections at the penetration are controlled through a
hydraulic ram and, for some experiments, exceed 5 inches of travel. Exten-
sive piping system yielding and probable failure of some piping supports is
predicted. During the gradual motion of the penetration, the valves will
be cycled to measure operator torque requirements; periodic seat leakage
measurements will also be taken. Those portions of the test piping that
represent inside containment systems will be heated to the time-dependent
temperatures predicted for a design basis or severe accident.

HOR Valve Experiments

The purge valve and CIS valve experiments have been designed to assess
valve behavior under closely controlled input excitation conaitions. To
further a<sess the effects nf dynamic loads on vaives installed in a com-
plex pipe system (Figure 10), dynamic experimental measurements will be
obtained from a valve installed in a piping system which is part of the
Federal Republic of Germany Heissdampfreaktor (HDR) decommissioned experi-
mental reactor facility. For this experiment, piping excitation will be
provided through building motion caused by a very large coastdown shaker
mounted on the operating floor of the facility.

The HDR provides two significant differences from the CIS valve
research described above. First, the piping is designed as a "hot" system;
that is, one specifically designed to accommodate thermal expansion.
Secondly, the system will be operating (flowing hot water) during the sim-
ulated seismic event. As in the case of the CIS testing, valve operating
torques will be measured to determine the effects of dynamic excitation to
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Figure 10. VKL system.




the system. Based on extensive strain and acceleration measurements taken
throughout the system, a comparison of predicted to actua! piping response
will also be made.

gynamic Research

The equipment qualification research at EG&G [daho/INEL is also
investijating several topics directly related to dynamic qualification
criteria, requirements, and methodologies.

Research is being conducted to develop methods that can be used to
establish dynamic load qualification margins for mechanical anad electrical
equipment. The methods will assist in the establishment of test equiva-
lency guidelines and data transfer methods such that existing data obtained
by aifferent techniques can be used to qualify various categories of equip-
ment. The methods will be used to quantify margins in new and operating

equipment.

Research is also being conducted to evaluate current qualification
methods for safety injection pumps which intermittently operate, Specifi-
cally, the influence of normal operating loads, including system vibration
on pump performance, will be investigated. The objective of the research
is to getermine whether or not normal! operating loads are being properly
simulated in current pump qualification procedures.

In addition, research is in progress to evaluate the need to include
frequencies above the seismic range in current qualification procedures.
Research is currently being done to: define cunditions under which equip-
ment can be excited by frequencies in the 50-200 Hz range; define sensitive
components; and develop and validate guidelines for qualifying equipment for
the higher frequencies.

The program is also initiating research which will identify equipment
susceptible to flow-induced vibration, characterize the vibration most
detrimental to the equipment, and develop and validate necessary procedures
to account for the flow-induced vibration loading.
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ABSTRACT

Considerable experience with plant equipment performance in
nuclear power stations has indicated that the principal factors
limiting the life of BWRs and PWRs are materials related., Speci-
fically, for LWRs it is known that these materials issues generally
include parameters related to stress corrosion cracking, corrosion
fatigue, wear and radiation embrittlement. Not only do these para-
meters affect and limit the actual useful design life of plant com-
ponents but also affect the plant's operating availability. In all
these cases, the elimination or control of one or more of these
critical parameters should improve the plants availability and signi-
ficantly extend the useful service life.

In the present paper, research performed to address the inter-
granular stress corrosion cracking (IGSCC) area is described. Speci-
fic emphasis is placed on Type 304 stainless steel which has suffered
IGSCC in piping in the heat-affected-zones (HAZs) adjacent to the
welds in the BWR primary system. Research has developed and qualified
a number of techniques whi!ch address the three necessary conditions
for IGSCC in BWRs: (1) sensitized microstructure, {i.e., chromium
depletion at the grain boundaries during welding; (2) over yield
tensile stress; and (3) oxygenated (200 ppb) high temperature (288°C)
water.

Another potentfal life-limiting IGSCC phenomenon for certain
components, irradiation assisted stress corrosion cracking (IASCC) of
stainless steel exposed to a high neutron flux, is also discussed.
Unlike the IGSCC, IASCC results in intergranular cracking of annealed
material at low stress. Fortunately, preliminary research has indi-
cated that some of the techniques utilized for IGSCC control in piping
as well as new controlled impurity level stainless steel alloys may
reduce the future potential IASCC concern to an insignificant level.
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1.0 INTRODUCTION

The first major occurrence of IGSCC of welded Type 304 stainless steel piping
occurred in late 1974. All of these IGSCC incidents were identified in small
diameter [< 25.4 em (10 in.)] lines. Since that time, numerous cracks have been
found in large diameter piping systems [71.1 cm (28 in.)]. Although these
cracking incidents are not safety related, they do impact availability, operat-
ing costs, man-Rem exposure for inspection and repair, and anticipated design
life. To achieve the goal of extended 1life, a series of development and
qualification programs, co-sponsored by General Electric and the Electric Power
Research Institute (EPRI), were initiated to solve the cracking issue by
attacking one or more of the three necessary factors for IGSCC in the BWR, {i.e.,
(1) sensitized microstructure; (2) over yield tensile stresses; and (3) high
temperature (288°C) oxygenated (200 ppb) water. An additional potential life
limiting concern involves the IGSCC of highly irradiated non-sensitized
stainless steel. It appears that this concern can also be addressed by a
materials and/or environmental approach.

2.0 MITIGATION OF INTERGRANULAR STRESS CORROSION CRACKING OF BWR PIPING

2.1 Materials Solutions

2.1.1 gype 316 Nuclear Grade and Type 304 Nuclear Grade Stainless
teel

An alternate material program was performed to identify and qualify alternate
piping materials which would be suitable for BWR piping systems. This strategy
addresses the materials/sensitization factor of IGSCC and, in particular,
identifies materials which are more resistant to sensitization kinetics as a
result of welding or other thermal mechanical treatments.

It is well known that decreasing the carbon content of the stainless steel would
retard the kinetics of sensitization.(2-3) Molybdenum also accomplishes the
same objective.(4) Therefore, changing the composition of Type 304 stainless
steel by lowering the carbon to that of Type 304L stainless steel and adding
molybdenum to that of Type 316L stainless steel will synergistically increase
the alloy's resistance to the sensitization reaction. However, Type 316 Nuclear
Grade and Type 304 Nuclear Grade stainless steel is designed to provide extra
margin.

Instead of the 0.03 w/o carbon maximum of the L-grade stainless steels, the
Nuclear Grades are characterized Ly a maximum carbon content 0.020 w/o. The
second important composition modification of Type 304NG and Type 316NGC 1s the
specification of 0.060 to 0.100 w/o nitrogen to recover the decrease in alloy
strength by the reduction of the carbon content. The L-grade stainless steels
differ from the Nuclear Grades in nitrogen specification In that a limit of
0.100 w/o nitrogen is allowed. Table 1 presents the composition limits of the
Nuclear Grade and reference materials.
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A time-temperature sensitization diagram of the relative sensitization kinetics
of Type 304, 316 and 316L stainless steel is presented in Figure 1. The "nose"
of the time-temperature sensitization curve is about a factor of 30 in time
greater for Type 316L as compared to Type 304 stainless steel. Alternatively,
about 150 minutes are available for cooling past 700°C (1290°F) within the
heat-affected zone of a Type 316L stainless steel weld. In general, this
cooling time is slower than a normal air cooling rate, and, therefore, the
threat of weld ¢ :sitization of Type 316L stainless steel is essentially nil.
Evidence of molybdenum causing greatly reduced rates of sensitization is also
shown in Figure 1.

To qualify the Nuclear Grade alloys, a four-year extensive laboratory program
was conducted at GE as co-sponsored by EPRI. A unique testing tecinique using
full-size pipe tests was utilized. The results of these accelerated tests in
high oxygen (8 ppm 0,) high conductivity (~l uS/em) rvater at 288°C (550°F) of
welded reference Ty 304 stainless steel for comparison to Type 316, 316L,
304L, 304NG, 316NG, CF3, and 347 stainless steel indicated that resistunce to
IGSCC of the alloys not only increases as carbon content decreases, but also as
nitrogen and manganese content increase.

For the Nuclear Grade materials, pipe tests have shown that factors of improve-
ment (FOI) over Tvpe 304 stainless steel performance can be expected to be
50-100 cimes in normal BWR operation. The necessary FOI for 40-year service
life is 20. Accordingly, the replacement of Type 304 stainless steel piping
with Type 316 Nuclear Grade will provide substantial resistance to IGSCC over
the life of an extended life plant.

No stress corrosion cracking occurrences have been reporied for uncreviced/non-
cold worked Types 316NG, 304NG, 316L and 304L stainless steel piping used for
many years in operating BWRs. While field experience ie rather limited, these
materials have accumulated over 7000 weld-years of operation (as of September
1985). Further, no evidence of field cracking has been reported in any Type 304
stainless steel heats containing less than 0.043% carbon. This again demon-

strates that significant margin is gained by reducing carbon to a maximum of
0.02% for the Nuclear Grades.

2.1.2 Solution Heat Treatment

The elimination of weld sensitized regions can reduce the likelihood of IGSCC in
Type 304 stainless steel. The solution heat treatment (SHT) process redissolves
the chromium carbides, eliminates chromium depletion around previously sensi-
tized grain boundaries, and eliminates cold work and weld residual stress in the
pipe. Operating plant experience supports the use of SHT as a remedy. No
instances of IGSCC in stainless steel piping systems have been reported in
solution heat treated or mill annealed material. Rare instances of cracking
associated with excessive cold work, and/or crevic: 3, or areas sensitized by

processes other than welding are the only examples of piping IGCSS incidente not
related to weld HAZs.



Although no unusual welding controls are employed during welding, after welding
operation, the entire pipe segment is solution annealel at 1038 to 1148°C (1900
to 2100°F) for 15 minutes per 2.54 cm (in.) of thickness but not less than 15
minutes nor more than 1 hour regardless of thickness, followed by quenching in
circulating water to a temperature below 204°C (400°F).

Solution heat treatment is limited tu those weld joints fabricated iu the shop
where heat treatment facilities are available, by dimensional tolerance con-
siderations, by size constraints of the vendor facilities (furnice and quench
tank), and by cooling rate requirements (dead end legs).

2.1.3 Corrosion Resistant Cladding

This remedy reduces the risk of IGSCC by utilizing the IGSCC resistance inherent
in duplex weld metals.(5) Although carbide precipitation observed in the HAZ
inside surface is also present in the weld metal, the nature of the duplex
(austenitic-ferritic) structure of the weld metal provides resistance to IGSCC
in the BWR. In fact, IGSCC propagacing from the weld HAZ are blunted when they
reach the weld metal.

Corrosion-resistant cladding can be of two basic configurations, depending on
the possibility of solution heat treatment of the clad spool pieces. The two
basic configurations -- solution heat treated and nonsolution heat treated --
are possible. These two configurations have been referred to as shop and field
CRC, respectively. In the shop CRC case, a region of cladding is first applied
to the inside diameter away from the weld end. This cladding (minimum ferrite
level at 8%) is then solution heat treated with the spool piece to eliminate the
slightly sensitized region adjacent to the clad ring. After solution heat
treatment, the remaining cladding is applied out to the weld end. This
non-solution heat treated cladding will retain its full ferrite content and
serve as the protective cover for the HAZ created by the final pipe weld.
Because this process eliminates all traces of exposed sensitization, it {is
preferred over the field CRC option whenever solution heat treatment is
possible. When application prohibits solution heat treatment of the clad weld
ends, field CRC may be used. In this case, the weld metal is applied to the
inside surface of the pipe in a one-step process, leaving a slightly sensitized
region at the end of the clad ring. This sensitization, which results from
application of the cladding, is not through-wall, is slight compared to that
produced by the groove weld and is away from the maximum tensile stress.

2.1.4 Weld Overlay

Prior to any discussion on weld overlay is presented, it is important to note
that the weld overlay repair technique is not a fully qualified long-term
mitigation technique for IGSCC. Currently the NRC allows two fuel cycles
operation ( ™~ 36 months) with a weld overlay. Recent testing suggests that a
minimum of 7 fuel cycles ( ™~ 126 months >f operation) would be accentable for
weld overlay.
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Although weld overlay technique 1is similar to CRC in that it uses layers of
IGSCC-resistant duplex weld metal, the most critical difference is that the
layer of weld metal is placed on the OD of the pipe and is used to prevent a
crack from penetrating through the wall. The weld overlay also serves 2s a
structural reinforcement to restore the original piping safety margins. Another
critical effect of the weld overlay is that it produces a favorable (compres-
sive) residual stress pattern which retards or arrests crack growth.

The weld overlay technique has the potential for being a rather cost effective
life extension technique as compared to other repair techniques which require
draining of the system. It also does not require accurate sizing of crack
depths as would be necessary in some tensile stress mitigation techniques since
no structural credit is taken for the original piping.

2.2 Tensile Stress Solutions

2.2.]1 Heat Sink Weldiq'

The heat sink welding (HSW) program was designed to develop and qualify proce-
dures that would reduce the sensitization produced on the inside surface of
welded pipe, and reduce or change the state of surface residual welding stresses
from tension to compression. This approach can be used in shop or field appli-
cations. HSW basically involves water cooling the inside surface of the pipe
during all weld passes subsequent to the root pass or first two layers.

Residual stresses on laboratory Type 304 stainless steel butt welds were mea-
sured using strain gages. Measurements revealed that in a variety of pipe
sizes, the inside surface tensile surface residual stress i{s reduced substan-
tially or changed from tension to compression as a result of this approach.
Figure 2 shows these results for pipe sizes of 5.1, 10.1, 20.3 and 30.5 em (2,
4, 8 and 12 in.) diameters.(6) Axial and circumferential stresses were measured
at 3 mm (0.12 in.) from the fusion line and were, in all cases, zero or com~
pressive for both spray cocling and running water. Without the HSW process,
stresses as high as 393 MPa (57 Ksi) were recorded. Similar benefits have been
measured on 50.8 em (20 in.) diameter piping.

Heat sink welding, as mentioned above, has a secondary benefit in that it
reduces the time-at-temperature for sensitization due to the presence of the
cooling water heat sink. This factor is illustrated in Figure 3, where the
time-at-temperature for a reference and HSW are plotted. In the case of the
HSW, the integrated area over the sensitization line of 400°C (750°F) is signi-
ficantly reduced.

2.2.2 Induction Hea:ing Stress Improvement

The Induction Heating Stress Improvement (IHSI) technique reduces the typical
high tensile stress present on the pipe inside diameter (ID) HAZ surface com~
preseive stress. This process invclves induction heating of the outer pipe
surface of completed girth welds, while simultaneously cooling the inside
surface with flowing water (Figure 4). Thermal expansion caused by the
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induction coil heating plastically yields the outside surface in compression,
while _he cool inside surface plastically yields in tension. After cooldown,
contraction of the pipe outside diameter (OD) causes the stress state to
reverse, leaving the ID in compression and the OD in tension.

The IHSI qualification process has demonstrated the following factors (7):

1. ISHI reduces typical high tensile inside surface residual stresses to
compressive stresses as shown in Figure 5.

2., IHSI does not increase the degree of sensitization of the HAZ.
3. Plant loads do not erradicate the induced compressive stress.

4., Outside induced surface tensile stresses do not affect pipe stress analysis
or fatigue life.

5. IHSI produces compressive stress at the tip of pre-existing cracks and
crack extension does not occur in the process itself.

It is important to note that present NRC guidelines suggest that IHSI be not
applied to piping with pre-existing cracks greater than 10% through-wall.

2.2.3 Last Pass Heat Sink Welding

Analytical studies on heat sink welding revealed that the last pass by the
welding torch during the process has the highest contribution to induced com-
pressive residual stress. Thus it could be possible to return to previously
untreated weld, mechanically remove the weld crown and perform a new last pass
weld while cooling the inside surface. While last pass heat sink welding
(LPHSW) has its roots in HSW, che process is actually more similar to IHSI in
that the heat is progressively supplied around the pipe during LPHSW by a torch
as opposed to IHSI where the heat is simultaneously supplied around the pipe by
an induction coil.

The results of the program revealed that LPHSW will produce a highly compressive
residual stress on the pipe ID in the HAZ region for various pipe diameters. An
analysis also predicted that the residual stresses would be compressive to ~ 35%
throughwall and that the last weld pass does control the final residual stress
state. Subsequent strain gage measurements verified that the stresses were
compressive up to 50% throughwall. MgCl, tests verified that the LPHSW process
does produce residual stresses unifor-fy around the pipe circumference, and
stress relief strain gage techniques verified that the axial stress was com-
pressive [-206.8 MPa (-30 ksi)].

IGSCC improvement was evaluated using full-size environmental pipe tests to
determine a factor of IGSCC improvement data using 10.2 em (4 in.) diameter
specimens. Conventional welding practice was used to manufacture the baseline
welds., The qualified LPHSW processes were then used to produce compressive
residual stresses in the welds in four pipes. Pipe tests were then performed at
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stresses above yield, in a high oxygen (8 ppm) high temperature (288°C, 550°F)
water environment.

The pipe test results are plotted with reference data in Figure 6. At the end
of the program period, the pipes had been on test over 5500 hours, demonstrating
a factor of >5.5 and >6.5 improvement, respectively, at the two test stresses
[193.7 and 211 MPa (28.1 and 30.6 ksi)]. This factor of improvement approaches
that determined for IHSI. This data is encouraging in that it establishes that
the LPHSW processed welds had highly compressive residual stresses, If this
were not true, the applied stress would have shaken down the residual stresses
leading to IGSCC failure.

2.3 Environmental Solution - Hydrogen Water Chemistry

The recir ulating coolant in a BWR is high-purity neutral pH water containing
typically 200 ppb (ppb = ug/t) radiolytically produced dissolved oxygen with
stoichiometric amounts of dissolved hydrogen ~ 25 ppb). Laboratory and field
results clearly indicated that this level of oxygen is sufficient to serve as
the chemical driving force for IGSCC. If it were possible to reduce this
necessary factor for IGSCC below some threshold level, the likelihood of IGSCC
could be reduced. It was therefore necessary to identify this threshold level
and determine a means of accomplishing this level in a BWR.

Numerous laboratory studies have indicated that susceptibility to IGSCC in
stainless steels diminishes with decreasing oxygen content of the water below
200 ppb.(9) However, the first objective of testing was to determine the thres-
hold oxygen level below which IGSCC will not occur on sensitized Type 304
stainless steel. To accomplish this objective, a series of straining electrode
tests (SETs) were performed. The tests were performed on an extremely suscept-
ible heat of Type 304 stainless. This test indicated that at a corrosion
potential of =230 mV IGSCC does not occur which is equivalent to approximately
20 ppb oxygen.

The candidate additives to the BWR environment which could reduce the dissolved
oxygen content below this threshold 20 ppb level included ammonia, hydrazine,
morpholine, various combinations of the three and hydrogen. Hydrogen was the
most suitable additive as based on initial laboratory investigations, overall
systems analysis and economic analysis.

Initially, a short term HWC demonstration was performed at Commonwealth Edison
Company's (CECo's) Dresden 2 plant in 1982.(10) This six-week study revealed
that hydrogen additions to the feedwater reduces the dissolved oxygen content
and electrochemical potential of Type 304 stainless steel below the threshold
leveir for cracking.(ll) In-reactor constant extension rate technique (CERTs)
tests on furnace sensitized Type 304 stainless steel and SA533B low alloy steel
also revealed complete mitigation of stress corrosion cracking. During
Dresden-2's full time operation on HWC, which initiated in April 1983,
additional in-reactor CERT tests were performed. Table 2 presents results of
all the in-reactor CERTs plus some of the confirming laboratory CERT tests. It
is important to note that even a precracked CERT specimen showed no signs of




crack propagation in the in-reactor HWC environment (Test 8). This result was
confirmed by other laboratory studies.

Crack growth data versus real time on a precracked furnace sensitized Type 304
stainless compact tension specimen is currently being obtained at Dresden-2
using the reversing DC electrical potential monitoring (EPM) technique.(12) The
compact tension specimen was precracked in the laboratory in the nominal 220 ppb
0. environment as was the Test 3 CERT described above, and then shipped to Dres-
dZn-Z for testing. The K, level for the specimen bounds that of some known
cracks at Dresden-2 (27.5 ﬁPa/n, 25 k-i/iqhz The results.,of this test revealed
an approximate crack growth rate of 3.8x10 m/s (5.4x10 * in/hr) excluding the
effects of reactor scrams while the crack growth obtained at the same K, ob-
tained_l&n the labQErtory in the nominal environment {s approximately
1.5x10 m/s (2.2x10 ° in/hr). Mid-cycle and end-cycle in-service-inspection
at known pipe cracks at Dresden-2 also showed no sign of crack growth during

hydrogen injection.

The laboratory HWC materials program, which is co-sponsored by FPRI and GE, is
characterized by an extensive test matrix.(13) The testing techniques utilized
in the program include full-size pipe tests, fracture mechanics studies,
electrochemical investigations, constant extension rate tests (CERT), straining
electrode tests (SET), constant load tests, bent beam tests, fatigue testing,
cyclic crack growth studies, general, galvanic and crevice corrosion
investigations, corrosion oxide analyses, etc.

The results of the laboratory HWC program indicated the following:

1. For Type 304 stainless steel welded pipe with deep IGSCC, the subsequent
exposure to HWC environment would result in the arrest of these cracks with
no additional intergranular propagation even at stress levels of twice the
ASME Code allowable (i.e., 2 Sn).

- Factors-of-improvement based on crack initiation data for the HWC environ-
ment are at least 25X the nominal environment.

3. Under constant loading conditions, no measurable crack growth was detected
for furnace-sensitized Type 304 stainless steel, furnace-sensitized Type
316 Nuclear Grade stainless steel, SAS08 Cl1.2 low alloy steel and SA333
Gr. 6 carbon steel in the HWC environment. In the nominal environment,
measurable crack growth is observed at significantly lower stress inten-
sities on furnace-sensitized Type 304 stainless steel and is observed on
SA106-B carbon steel. No crack growth is noted in the low alloy and Type
316 Nuclear Grade stainless steel in the nominal environment, (Tables 3 and
4).

4, The cyclic crack propagation rates for furnace-sensitized Type 304 stain-
less steel, SA508~C1-2 low alloy steel and SA333 Gr. 6 carbon steel tested
at 0.74 cycles per hour were 3, 7 and 20 times lower in the HWC environ-
ment, respectively, as ccnpared to the nominal BWR environment. Tests at
higher frequencies (7.5 cph) showed even greater improvement (Table 5).
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5. The fracture morphology produced under constant or ecyclic loading of
furnace-sensitized Type 304 stainless steel in the 200 ppb 0, reference
environment is completely intergranular, while HWC produces a transgranular
mode of fracture, thus indicating the total mitigation of IGSCC in HWC.
The transgranular cracking of this material has no engineering signifi-
cance.

6. No detrimental effects such as hydrogen embrittlement have been found for
high strength materials such as Alloy 600, Alloy X-750 and martensitic
stainless steels in the HWC environment.

7. The general corrosion rate of Types 304 and 316L stainless steel is ex-
tremely low in either the HWC or reference environment. Although the
general corrosion rate of Alloy 600 are significantly reduced in the HWC
eavironment, there is an initial acceleration in general corrosion rates of
carbon and low alloy steel. However, the long term carbon and low alloy
steel general corrosion rate appears to be similar to that obtained in the
normal BWR environment.

3.0 IRRADIATION ASSISTED STRESS CORROSION CRACKING (IASCC)

The IGSCC discussed in Section 2.0 was the result of the simultaneous inter-
action of sensitized stainless steel, i.e., chromium depletion at the grain
boundaries, high tensile stresses (weld residual, pressure and thermal) and
oxygenated high temperature water. The mechanism of irradiation assisted stress
corrosion cracking (IASCC) appears to involve the simultaneous interaction of
highly irradiated annealed material with diffusion of impurities (S, Si, P) to
the grain boundaries, lower stress (fabrication, irradiation creep) and high
temperature oxygenated water with short lived oxidizing species (H20 ), gamma
and neutron flux. It is extremely important to note that IASCC does nd% require
chromium depletion sensitization or high tensile stresses to produce failures.

During the early history of the BWR (1960's), Type 304 stainless steel was
utilized as a fuel cladding material. Since this highly stressed material
suffered extensive cracking, the Type 304 stainless steel was replaced with
Zircaloy=2. It is believed that this instance of cracking was the first indi-
cation that annealed Type 304 stainless steel could suffer IGSCC in the BWR
environment. Since this type of intergranviar cracking was produced in non-
sensitized, highly stressed, highly irradiated components, this form of IGSCC is
referred to as IASCC.

Recently, neutron source holders, control blade absorber tubes, and nuclear
instrument tube holders have cracked in the BWR environment. Tables 6 and 7
present a summary of field IASCC experience for the era prior to 1980 and post
1980, respectively. It is obvious that the trend for this type of cracking is
increasing and the tensile stress necessary to produce cracking is low. It is
also important to note that PWR's as well as non-GE BWRs have also experienced
this type of corrosion phenomenon.

The results of the field IASCC experience suggest the following:
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1. Dynamic strain or high stresses produced IASCC in most early cases.

2. More recent results indicate that the stress threshold for IASCC may be
lower than initially believed.

20

3. No field IASCC has been observed at a fluence of <5x10™" NVT (>MeV).

4, Cracks may occur at lower stresses for higher fluences.

5. Although cracking instances may often be sporadic, a significant number of
components have cracked.

Obviously, the major concern of IASCC is not so much the cracking of replaceable
components such as control blades and instrument tube holders, but rather the
potential for cracking of major internal BWR components such as the shroud and
top guide. To evaluate this potential, GE has constructed an extensive hot-cell

test facility.

To simulate the highly oxidizing conditions in the core, CERT tests were per-
formed on irradiated annealed Type 304 stainless steels at different levels of
fluence. The IASCC phenomenon was reproduced and the results indicate the
observed field IASCC threshold is consistent with the laboratory CERT tests.

Table 8 presents a listing of the highest fluence BWR components. All these
components are characterized by end of life fluences which put them at risk for
IASCC. In particular, the top guide has the highest fluence of all the 11395
structural components. The peak fluence for the top guide is approximately 10

for earlier BWRs with long fuel. The top guide also has a rather steep flux
gradient between its bottom and top surfaces as well as from the center to

periphery,

Fortunately, the same environmental solution for the IGSCC of piping (HWC)
appears promising for this potential issue. Table 9 presents the results of
CERT tests on commercial purity annealed Type 304 stainless steel in high oxygen
(32 ppm) environment simulating the highly oxidizing regions in the core and
HWC. The differences in SCC response is dramatic. The highly oxidizing
environment produced a fracture surface with 99% IGSCC while the HWC produced
ductile failure. The reason for this significant disparity may be explained by
the electrochemical potential (ECP) of Type 304 stainless steel which 1is
significantly more oxidizing in the core region than in the recirculation piping
system. HWC by lowering the ECP appears to be a promising method of mitigation
for IASCC.

The second promising technique for mitigating IASCC is the use of high-purity
materials containing controlled amounts of impurities such as sulfur, phosphor-
ous and silicon.(14) This mitigation technique is based on the highly success-
ful in-reactor performance of high purity Type 348 stainless steel at the la
Crosse BWR. Commercial-purity materials with the nominal levels of S, P, S1
installed at the La Crosse BWR suffered IASCC. Other support for the implemen-
tation of high-purity materials is based on laboratory studies on unirradiated
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stainless steel where the presence of these specific impurities increased the
IGSCC susceptibility.(15) Work is continuing in this area.

4.0 DISCUSSION

All of the several qualified IGSCC mitigation methods summarized in Table 10
should result in life extension of BWR piping systems. These mitigation tech-
niques attack one or two of the necessary factors for IGSCC, Some of the
techniques such as JIHSI, LPSHW, Weld Overlay and HWC can be readily applied to
an operating BWR without the necessity of draining of the piping system. In
addition, HWC offers the potential for "blanket” protection where other mate-
rials/stress fixes can not be implemented. It also has the potential for
mitigating IASCC. The implementation of these IGSCC mitigation methods to BWRs
should increase its availability factor and level of reliability. Further, the
application of one or more of these ICSCC mitigation techniques may offer the
potential for extending the life of the BWR piping systems beyond the current 40
year design life.

For example, full scale pipe test have indicated that properly processed Type
316 Nuclear Grade and Type 304 Nuclear Grade stainless steel should not suffer
IGSCC in over 100 years of nominal BWR service. The application of HWC to an
operating BWR, such ag has occurred at Dresden-2 since 1983, suggests that not
only can IGSCC initiation be prevented in the field, but pre-existing cracks
should be arrested or grow at greatly retarded rate.

Another important factor is that the piping IGSCC mitigation techniques are
qualified and are being implemented now. Since numerous BWR utilities have
applied one or more of these techniques to their piping systems, the operational
data base for these mitigation methods is increasing daily. Dresden-2 has
operated for over 2 years on HWC with no serious difficulties. A number of
utilities have also replaced their recirculation piping systems with newly
designed Type 316 Nuclear Crade stainless steel systems with 40X fewer welds.

In the area of IASCC, two methods appear promising for mitigating this infre-
quently occurring phenomenon, that is, HWC and high purity materials. An ex-
tensive effort is underway to improve our understanding of IASCC.

5.0 CONCLUSIONS

The results of extensive in-reactor and laboratory tests suggest the following
conclusions concerning the mitigation of IGSCC in BWR piping systems and IASCC
in reactor internals and their impact on future BWR performance.

1. The IGSCC of BWR piping is understood and its risk can be significantly
reduced by a uumber of qualified mitigation techniques.

2. A new "blanket” protection technique for IGSCC and potentially IASCC,

hydrogen water chemistry, has been implemented in a domestic BWR for over
two years of successful operation.
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7.
8.
9.
10.

11.

12-

13,

14,

15.

Materials cracking contribution to BWR plant unavailability will decrease
in the future.

The potential for extending the design life of BWR piping sysiemé and other
components appears promising.
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Alloy

316NG

304L
316
316L
347

oF3

max
0.020
0.020
0.08
0.030
0.08
0.030
0.08
0.030

Mn
max

2.00
2.00
2.00
2.00
2.00
2.00
2.00

1.50

TABLE 1

CHEMICAL COMPOSITION LIMITS AND RANGES
NUCLEAR GRADE STAINLESS STEELS AND REFERENCE MATERIALS

Si
max

1.00
1.00
1.00
1.00
1.00
1.00
1.00
2.00

0.045
0.045
0.045
0.045
0.045
0.045
0.045

0.04

0.030
0.030
0.030
0.030
0.030
0.030
0.030

0.04

Cr

18.00-20.00
16.00-18.00
18.00-20.00
18.00-20.00
16.00-18.00
16.00-18.00
17.00-19.00

17,0 -21.0

305

Ni

8.00-12.00
10.00~14.00
8.00-12.00
8.00-12.00
10.00-14.00
10.00~14.00
9.00-13.00

8.0 - 12.0

.00~-3.00
.00-3.00

-

0.060-0.100
0.060-0.100

0.100 Max

0.100 Max
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TABLE 2

RESULTS OF DRESDEN-2 AND LABORATORY HWC CERT TESTS

1

Test K Time To Time Off Elongation
Material Location 9, (ppb) (pS/cm) Failure(h) HWC(h) % Result
rs? 1-304 D-2 268 0.29 108 0 12 70% 1GSCC
FS T-304 D-2 40 0.37 143 - 20 355 IGSCC
FS T-304 D-2 <20 0.29 >297‘ 4 38 DF
FS T-304 D-2 5-20 0.29 208 5 e DF
FS T-304 D-2 5-23 0.17 181 15 NM Minor IGSCC
along gauge
FS T-304 D-2 3-30 0.13 396 36 45 DF
FS T-304 6 D-2 7-19 0.09 4007 25 46 DF
FS T-304PC D-2 12-20 0.09 301 7 40 No IGSCC
8 9 Extension

FS T-304 VNC 195 <0.1 156 NA 17 85% 1GSCC
FS T-304 VNC 15 <0.1 26210 0 NA DF
SA 533B D-2 150-280 0.29 37 NA 12 40% TGSCC
SA 5338 D-2 5-20 0.29 63 0 24 DF
SA 533B VNC 200 <0.1 43 NA 11 40% TGSCC
SA 5338 VNC 12 <0.1 6011 0 22 DF
SA 508-212 D-2 12-18 0.08 52 0 NM DF
SA 508-2 VNC 50 <l 44 0 29 DF
SA 106B D-2 8-14 0.12 94 2 NA DF
SA 106B VNC 50 <l 40 0 29 DF

K = Conductivity 8) VNC = Vallecitos Nuclear Center

FS = Furnace Sensitized 621°C (1150°F)/24 hr 9) Not Applicable, i.e., not a HWC Test

DF = Ductile Fracture 10) Extension rate was 3 mils/h for SA 533, SA 508-2,

Thermal Overload Ended Test

NM = Not Measured

12) Creviced

SA 106B and 1 mil/h for Type 304 Stainless Steel

to Date 11) Motor Failure, Specimen Fractuved Manually
PC = Precracked in 200 ppb 0

Plus 67 Hours Precracking (3682hr total)



Table 3.

SCC Crack Growth Test Results in HWC

HWC (20 ¢ 15 ppb O
Material

FS Type 304

FS Type 316 NG

SA 508-2

SA 333-6

Table 4.

29 125 = 25 ppb H

2’

Growth Rate

No Growth
No Growth
No Growth

No Growth

<0‘2

uS/cm)

Stress Intensity

-~
A

< 31.2 MPa Ym (28.4 ksi Yin.)

=
A

< 30.1 MPa vm (27.4 ksi Yin.)

K < 50.9 MPa vm (46.3 ksi vin.)

=~
A

< 44.8 MPa Ym (40.3 ksi Yin.)

SCC Crack Growth Test in 200 ppb Oxygen Water

Material

8.9x10"8

FS Type 304
FS Type 316 NG
SA 508-2

SA 106-B

mm (3.5X10°

1.4X10"7 mm (5.2%10°

Growth Rate
9

No Growth

9

in.)/sec.

Incipient Growth

in.)/sec.
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Stress Intensity

K=17.3 MPa m (15.7 ksi Yin.)
K<26.7 MPa vm (24.3 ksi Yin.)
K=49.1 MPa /m (44.7 ksi Yin.)

K=44.0 MPa Ym (40.0 ksi Yin.)
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FATIGUE CRACK GROWTH TEST RESULTS

TABLE 5

Crack Growth Rate

Cyelic Stress Intensity I-Icygge (1n./cxgle)
Material Frequency (cph) Environment MPa /m(ksi vin.) x10 (x10 °)
FS Type 304 0.74 HWC 30.9 (28.1) 69 (2.7)
200 ppb 0, 30.3 (27.6) 254 (10)
7.3 HWC 31.3 (28.5) 16 (0.63)
200 ppb O, 25.8 (23.5) 50 (2.0)
SA 508-2 0.74 HWC 34,1 (31.0) 7.6 (0.3)
200 ppb 0, 37.6 (34.2) 50.8 (2.0)
7.3 HWC 33.8 (30.8) 19 4 (0.07)
200 ppb 0, 33.7 (30.7) 760 (30)
SA 333-6 0.74 HWC 30.4 (27.7) 5.6 (0.22)
200 ppb 0, 30.6 (27.8) 109 (4.3)
7.5 HWC 24.2 (22.0) 0.33 (0.013)
200 ppb O, 23.7 (21.6) 333 (13)

* Since no control test for Type 316 Nuclear Grade was performed,

no comparison can be made in this table.

Factor of

I_.ztovelent

- 4
w



SUMMARY OF FIELD IASCC EXPERIENCE

Component
Fuel Cladding

Neutron Source Holders

Control Rod Absorbers
Tubes

Fuel Bundle Cap Screws

Rivets in Control Rod
Fullower

SUMMARY OF POST 1980 IASCC FIELD

Component
Plate Type Control Blade

IRM/SRM Dry Tubes

TABLE 6

Fluenge
(N/em™)

s5x1020-2510%!

1021_1022

20 1

5x102%-3x10°

lo21_1022
(Estimated)

5:1020

TABLE 7

Fluenge

(N/em®)

2x10%}

'blxlO22

309

UP TO 1980

Source of Stress

Fabrication
Fuel Cladding Interaction

Welding
Beryllium Swelling After
Initial Crevice Attack

B,C Swelling

4
Fabrication and/or Assembly

Unknown

EXPERIENCE

Source of Stress

B‘C Swelling

Fabrication




TABLE 8

HIGHEST FLUENCE BWR COMPONENTS

Estimated
End of Life
Co-ggncnt Fluence
Shroud v1x10%) NvT
Top Guide v1x10%2 NVT (Peak)
Control Blade Sheath vsx102) NvT
SRM/ IRM >1x10%2 NvT

TABLE 9

HOT CELL CERT RESULTS ON
IRRADIATED TYPE 304 STAINLESS STEEL

Environment Fluence Results
32 ppm 0, 2x10%! WT (>1 MEV) 992 16SCC
HWC 2x10%1 WT (>1 MEV) Ductile
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Mitigation
Technique

(qualification Year)

TABLE 10

SUMMARY OF IGSCC MITIGATION TECHNIQUF

Affected SCC Parameter

Nuclear Grade Alloys

(1978)
SHT (1978)

CRC (1978)

Weld Ovetlay3

HSW (1978)
IHSI (1978)
LPHSW (1583)

mc (1983)%

(1)
(2)
(3)
(&)

Material Stress Environment

X
xp! xs?
X
XP XS
XS XP

X

X

X

XP = primary benefit area.

XS = secondary benefit area.
Undergoing final qualification testing.
Laboratory qualification completed in 1983, final in-reactor qualification underway.

Potential Implementation
by Plant Status

Operating Plants
Plants Under Future
Retrofit Repair Construction Plants
X X X
X
X X
X
X X
X - X X
X X X
X X X
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THE MEASUREMENT OF EQUIPMENT DEGRADATION
Gary J. Toman

Franklin Research Center
Division of Arvin/Calspan
20th and Race Streets
Philadelphia, PA 19103

Abstract

All equipment deteriorates with time due to many stresses that act on any
piece of equipment whether it is being stored, used, or lying dormant.
Knowledge of the level and rate of deterioration is desirable to allow repair
or replacement of equipment prior to failure or loss of adequate functional
capability. Many of the traditional testing and surveillance techniques
measure parameters of functional interest, but do not provide information
relating to the actual deterioration that has occurred. This paper provides
examples of techniques that may be used to evaluate indicators of deteri-
oration and gives an example of evaluation of multiple types of data for a
complex piece of equipment.

319




INTRODUCTION

All equipment degrades with time. From the time of manufacture to the
time of removal from service, equipment is subjected to stresses that cause
deterioration and wear. The stress may be expected or unexpected and may not
have been considered and accounted for in the design and application of the
equipment. If all stresses acting on a piece of equipment were known and
measured continuously and a model existed for evaluation of the effects of the
stresses, the deterioration of the equipment could be accurately assessed at
any time. However, in most practical cases, all of the stresses are not fully
identified, and an adequate deterioration model does not exist.

Since a precise theoretical model does not exist for accurately deter-
mining the level of deterioration, continuous or periodic measurement of the
effects of deterioration is desirable for equipment that can affect the safety
or operation of a nuclear plant. While qualified lifetimes have been
established for safety-related equipment, the large uncertainty in existing
models for accelerated aging, such as the Arrhenius thermal degradation model,
the high probability of unexpected stresses occurring before or after
installation of the equipment, and variations in the manufacture of the
equipment combine so that the true life of any piece of equipment is not fully
known. The actual life may be shorter or longer than that indicated by the
qualification program. The equipment may be in service too long, thereby
jeopardizing safety. Or, it may be replaced too soon, resulting in
unnecessary replacement costs. In either case, a means of determining the
level of deterioration is desirable.

MEASUREMENT OF DETERIORATION-INDICATING PARAMETERS

To assess equipment deterioration, a set of parameters which will indicate
the level of deterioration must be determined, measured, and evaluated so that
the ability of the ejuipment to continue to function can be estimated. The
set of parameters may vary from one to very many, depending on the device being
evaluated and the level of sophistication of our knowledge of the device and
our test methods,
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Figure 1 [1] provides a theoretical representation of the deterioration
of functional capability with time. The solid curve represents functional
capability. The dashed curves represent the values of equipment parameters
that also degrade with time. The dashed curve to the right of the functional
capability curve decays at a later time than the functional curve. Therefore,
it is an unacceptable parameter to monitor since the function could be impaired
before the indicator changed significantly. The dashed curve to the left of
the functional capability curve represents an acc<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>