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Abstract

ABSTRACT

A series of pipe system experiments was conducted in IPIRG-2 that used a realistic seismic forcing
function. Because the seismic forcing function was more complex than the single-frequency
increasing-amplitude sinusoidal forcing function used in the IPIRG-1 pipe system experiments,
considerable effort went into designing the function. This report documents the design process for the
seismic forcing function used in the IPIRG-2 pipe system experiments.
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Executive Sununary

EXECUTIVE SUMMARY

The procedure for designing and scaling a " seismically inspired" forcing function for the IPIRG-2
simulated seismic pipe system experiments is presented. The objective of the study was to define the
actuator motion for three load levels; a safe shut-down earthquake level which, if the current design
procedures are conservative, should cause no apparent damage, a " test" level excitation which should
cause test flaws in the IPIRG pipe system to propagate, and a " decision tree" excitation to be applied
if the ' test" level loading does not grow the test flaws.

The design process used design tools and modeling assumptions that are consistent with nuclear plant
analysis and design details. Ground acceleration served as the driving force for a simple nuclear plant
model, which was then assumed to be coupled to the IPIRG pipe system. The resulting pipe motion
was then modified and scaled to define time histories of actuator displacement for the IPIRG-2
simulated seismic pipe system experunents In contrast to typical plant design, however, the analyses
focussed on the time domam, because in the IPIRG-2 experiments we are concerned about a
significantly nonlinear event involving the growth of large cracks.

The data assumed for the analyses were quite realistic, aside from the idealizations embodied in the
IPIRG pipe loop itself. Hence, the IPIRG simulated seismic experimental data should be reasonably
representative of the behavior of actual plant piping if it were to contain large flaws while under
severe seismic loading. The data also provide unique information for validation of in-service flaw
evaluation and leak-before-break (LBB) procedures. Additionally, the cracked-pipe super-element
developed in the IPIRG program allows for sophisticated analyses to more realistically assess pipe
system fracture behavior other than by using uncracked pipe peak clastic stresses.
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NOMENCLATURE

1._ Symbols

Ai Sine series coefficient

f Sine series frequency in Henzi

C- Damping ,
,

[C] Structural damping matrix ,

I Mass moment of inenia
!

1(t) Deterministic earthquake enveloping function

4 %I Percent of loading due to pipe inenial loading |
r

K Stiffness -

|
[K] Structural stiffness matrix

.

M Mass>

J

[M] Structural mass matrix :

i

1

M, Total moment j,

j
.,

M, Moment due to a static push
,

R Stress ratio - mmunum stress divided by maximum stress,

S. ASME code design stress intensity

.S ASME Section III yield strengthy

'

t Time

'

{U} Structure displacement

'{O}' Stmeture velocity

{0} Structure acceleration

x,y,z Onhogonal coordmate directions
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Nomenclature

{A} Ground acceleration

4; Random phase angle :

2. Acronyms and Initialisms

ASCE American Society of Civil Engineers
,

ASME American Society of Mechanical Engineers

i
BWR Boiling Water Reactor

B&W Babcock and Wilcox

DEGB Double-ended guillotine break ,

'
-EPRI Electric Power Research histitute

FOAKE First of a kind engineering

NSSS Nuclear steam supply system

IPIRG-1 First International Piping Integrity Research Group
i

IPIRG-2 Second International Piping Integrity Research Group

N Normal operating loadmg

NRC Nuclear Regulatory Commission

N+SSE Normal operating plus safe shut-down earthquake loadmg i

OBE Operating basis earthquake ,

PSD Power spectral density

PWR Pressurized water reactor !

SRP Standard Review Plan '

SSE Safe shutdown earthquake
,

TVA Tennessee Valley Authority
i

i
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Nomenclature

i

U.S. United States

USNRC United States Nuclear Regulatory Commission
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Section ! INTRODUCTION

1.0 INTRODUCTION

1.1 Background

Nuclear pipe fracture research programs that have been conducted in the international community in
the last 10 to 12 years have primarily focused on cracks in straight pipe and welds subjected to rather
simple loading, i.e., quasi-static load-controlled and displacement-controlled loading or single-
frequency dynamic loading. One of the effects that has not been experimentally investigated is the
effect that cyclic, variable-amplitude, multi-frequency loading has on the beh:vior of cracked pipe,
i c., seismic loading. In the past, there have been a number of research programs that have examined
the effect of simulated seismic loading on the behavior of uncracked pipe, but limited data exist on
the effect of complex load histories on cracked pipe. Simulated seismic pipe system experiments
conducted in IPIRG-2 provide experimental data to help fill this void.

Three seismically loaded experiments were conducted in IPIRG-2. Two of the experiments had
surface cracks and one had a through-wall crack. In most details, these experiments were identical to
the pipe system experiments conducted in IPIRG-1. They were, however, loaded by a " seismically
inspired" forcing function (i.e., consistent with an actual seismic event, but adjusted to fit the
constraints of the IPIRG test system) instead of the single-frequency, increasing-amplitude sinusoidal
forcing function that was used previously. In order to conduct these experiments, the seismic loading
forcing function had to be designed. This repon summarizes the details and rationale of the design
procedure.

Figure 1.1 shows the IPIRG pipe system (Refs.1.1 and 1.2). The system is configured as an
expansion loop wi+ aver 30 m (100 feet) of 406 mm (16 inch) diameter Schedule 100 pipe. The pipe
loop is suppor , an; constrained at several locations using various specialized pieces of hardware.
These support: we designed to produce specific well-defined boundary conditions that could be
easily modele4 .:. numerical calculations. There was no intent to simulate suppons used in actual
nuclear plants. Rather, the emphasis was to gather data to assess fracture mechanics capabilities,
without the complications of large unknowns in the basic stress analysis. The pipe loop is rigidly
supponed at two fixed ends, it is vertically supponed on hydrostatic bearings at two locations, and it
is constrained laterally at three locations with spherical bearings. A large computer-controlled
hydraulic actuator is used to excite the pipe in one direction at a single location.

1.2 Report Format

The repon documents the design process for the IPIRG-2 simulated seismic forcing function. Specific
topics addressed include:

The design philosophy and approach,*

The design details for the basic forcing function, and*

Scaling of the basic function.*

___ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . __ __
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Figure 1.1 The IPIRG pipe system

Many choices had to be made during the design process which, in some cases were completely
arbitrary. This report provides a record of the thought processes that influenced the design choices so !

that the complete context of the results of the seismic cracked-pipe experiments is known. ,

J

1.3 References

1.1 Olson, R. J., Darlaston, B. J., Mayfield, M. E., and Schmidt, R. A., "The IPIRG Dynamic
Pipe loop Test Facility," Nucler Fneinaaring and Desien, Vol.144, pp 77-90,1993.

1.2 Scott, P., Olson, R., and Wilkowski, G., "The IPIRG-1 Pipe System Fracture Tests:
Experimental Results," in Fatirue. Flaw Evaluation and Leak-Before-Break Asm - me,
ASME PVP Vol. 280, pp 135-151, June 1994.
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2.0 DESIGN OF THE BASIC SEISMIC FORCING FUNCTION

2.1 Objective and Philosophy of the Design

The global objective of the simulated seismic experiments was to determine what effect, if any,
variable-amplitude, multi-frequency loading has on cracked pipe in a pipe system. The principal
parameters of interest were maximum moment and propensity for a double-ended guillotine break
(DEGB) after maximum moment was achieved.

|

To achieve the objective, two possible scenarios were considered for testing the surface-cracked pipes:

(1) Test two different materials with one forcing function. In IPIRG-1, it was show11 in
the pipe system tests that the cyclic loading appeared to be detrimental to the material's
fracture resistance for base metals, and the loading rate corresponding to a seismic event
can increase or decrease a material's fracture resistance. Carbon steels susceptible to
dynamic strain aging may have a lower fracture resistance at seismic loading rates. It
was anticipated that simulated seismic loading may have a greater or lesser effect on the|

fracture resistance than the single-frequency loading used in the IPIRG-1 program.
Experiments conducted under this scenario would use a carbon steel base metal, which is
susceptible to dynamic strain aging and cyclic effects, and a stainless steel base metal,
which is susceptible to cyclic effects, to provide a direct basis of comparison with
companion quasi-static and single-frequency dynamic load cases.

(2) Test one material with two sperum-consistent forcing functions. An infinite
number of displacement-time hhtories can be developed from the same response

| spectmm, and some of the displacement-time histories may be more challenging to the
integrity of a cracked pipe than others. If there are significant differences, a " severe"'

displacement-time history and a relatively benign displacement-time history can be
developed from the same response spectrum and used in two IPIRG-2 tests. The data
from these two experiments could be used to assess the inaccuracies or margins in

| design response spectrum analyses compared to real behavior or nonlinear time-history
! analyses. The material for these tests could be either stainless steel base metal or carbon

steel base metal.

The plan for testing the one through-wall-cracked pipe was to be consistent with whichever option
was selected for the surface cracks: scale the forcing function if Scenario I were used, or develop a
separate through-wall-cracked pipe forcing function if Scenario 2 were selected. Both of the testing
scenarios have technical appeal and both are consistent with the technical objective of the simulated
seismic experiments.

After much deliberation, it was decided that Scenario I would be followed, i.e., test two matMis
with one forcing function. The principal arguments for using Scenario I were that the data would be
much easier to interpret and the experiments would be easier to conduct. The Scenario 1 experiments
are easier to conduct because less pretest analyses are required. The interpretation of the Scenatio 1
experiments is easier because both materials experience the same loading histories. In addition, the
Scenario 1 experiments are philosophically identical to the IPIRG-1 pipe system experiments. In

,

2-1 NUREG/CR-6439

--- . - _ _ _ _ _ _ _ _ _



___ _ _ _ _ _ _ _ _ _ _ _

FORCING FUNCTION DESIGN Section 2

Scenario 2, on the other hand. separate iterative analyses would have been required to design the
forcing functions. The forcing functions would have had to have been scaled differently to be certain
that surface-crack penetration would occur. This would have complicated Scenario 2 comparisons

i

with quasi-static and single-frequency experiments.

Thus, the IPIRG-2 seismic forcing function design effort focussed on finding a single seismic time
history that would induce surface-crack penetration for a fixed flaw size in carbon steel and stainless

| steel base metal pipes, and that could be suitably scaled so that a short through-wall crack in carbon
steel base metal could be grown.

2.2 Design Approach

The ideas governing the design of the seismic forcing function were embodied in the following three
premises:

1. The objective of the design process was only to define an actuator displacement
time-history, and not to necessarily explore the full probabilistic nature of true seismic
events.

2. Accepted seismic design procedures were to be used.

3. The criteria for selecting a particular forcing function were principally based on the
engineering requirements for the test system, i.e., servo-hydraulic constraints.

| This design approach provided a framework for selecting possible technical approaches, limiting the
'

scope of the design effort, and a rationale for assessing the merits of competing design alternatives.

The specific steps taken to implement the design approach were as follows:

1. The NRC Regulatory Guide 1.60 ground acceleration response spectrum provided the
basic description of the seismic input.

2. An artificial time-history of ground acceleration was generated that is spectrum-
consistent with Step 1.

3. A simple model of a pressurized water reactor (PWR) plant was used as a transfer
function between the time-history ground acceleration and an assumed location for the
pipe system.

4. The relative motion between two ' floors" in the PWR model represented the
displacements to be applied to the pipe system.

5. The time-history of actuator motion for the IPIRG pipe loop was achieved by finding a
displacement time history that would give the same moment-time response at the crack
location as the multi-point excitation defined in Step 4.

NUREG/CR-6439 2-2
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Section 2 DESIGN OF THE BASIC SEISMIC FORCING FUNCTION DESIGN

6. Scaling of the input ground acceleration was fixed by a desire to have the surface-crack
penetration be due to ductile tearing and not fatigue, and a need to maintain an adequate

! margin on servo-hydraulic capacities.

7. A finite element model of the pipe system, including a nonlinear representation of the
cracks, was used to predict the response of the pipe system to the simulated seismic
loading. The predicted response was the basis for Step 6.

With these basic steps, a reasonably realistic seismic forcing function was developed. The forcing
function included all of the essential elements of a true seismic event at a plant in a relatively simple

|
fashion, without un-a==y complications.

2.3 Design Deinik

The previous section outlined the design philosophy and steps for generating the loading for the
IPIRG-2 simulated seismic loading experiments. As indicated previously, the objective of the design
process was to define a time-history for the actuator for the IPIRG pipe system facility. This section
presents the details of the design process.

2.3.1 Seismic Input

The earthquake that the IPIRG pipe system was assumed to be exposed to is characterized by the
horizontal and vertical design response spectra in NRC Regulatory Guide 1.60 (Ref. 2.1). The
Regulatory Guide 1.60 spectra, shown in Figures 2.1 and 2.2, are scaled to a maximum of 1.0 g
horizontal acceleration and accompanying displacement of 914 mm (36 inches). For analysis
purposes, the spectra are linearly scaled to the maximum horizontal acceleration of the given
earthquake and damping is linearly interpolated from the figures. These spectra are based on
statistical analyses of 49 actual horizontal components of earthquake ground motion and are typical

i for a site underlain by rock or soil and not relatively close to the epicenter of the earthquake.
|

| 2.3.2 Earthquake Time-History

Time-history analysis is generally considered necessary to qualify or design systems and components
that exhibit highly nonlinear behavior. The cractred section in the IPIRG-2 pipe system experunents
is an example of such a " component", beanaa there are no recorded earthquake ground motions that

i

exhibit the uniform frequency distributions shown in Figures 2.1 and 2.2, it is nac~a y to generate a j
spectrum-consistent time-history of motion whose response specman matches the design spectrum at a j
given damping value.

There are a number of methods, References 2.2 to 2.9, for developing a time-history from a response
s p um. Some rely upon modifying existing earthquake records, while others synthesize the
response from power spectral density functions, Gaussian shot noise, or superposition of continuous
waves. For the present study, the time-history of ground motion was synthesized using the last
approach. In particular, the Ey =er program SIMQKE (Refs. 2.10 and 2.11) was used.

2-3 NUREG/CR-6439
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|
!

f
The SIMQKE procedure for synthesizing an earthquake time-history uses a superposition of a large i

number of sine waves with random phase angles to describe ground motion acceleration: j
!

n i

A(t) - I(t){ A sin (2rf 4;)
.

|(2-1)i 3

ial
?

!
The amplitudes A are iteratively adjusted to match the prescribed input response spectrum through |i
the use of a smooth power spectral density function generated by SIMQKE that is based on the input i
response spectrum, the damping, and strong motion duration. The function 1(t) is a deterministic
enveloping function that simulates the transient character of real earthquakes (build up, stationary [
portion, and motion decay). t

!
SIMQKE will match input spectra very closely if enough iterations are permitted. There are,
however, other prescriptions besides matching an input response spectrum that generally are
considered when a simulated seismic time-history is being developed. Specifically, the requirements
of the U.S. NRC's Standard Review Plan (SRP) 3.7.1 (Ref. 2.12) and ASME Section III - :

Division 1, Appendix N (Ref. 2.13) are often followed. !

:

SRP 3.7.1 puts constraints on the total duration of the time history (10 to 25 seconds) and the
duration of the stationary strong-motion phase (6 to 15 seconds). In addition, to be considered
acceptable for analysis using a single time history, the time history must (1) envelope the design

<

response spectra, (2) frequencies in Equation 2.1 must have a prescribed maximum spacing, and (3) ;
there is a minimum power spectral density requirement. SRP 3.7.1 also specifies that three mutually |
orthogonal axes of excitation must be considered and damping must be in accordance with Regulatory |

Guide 1.61 (Ref. 2.14). Use of the spectra in Regulatory Guide 1.60 is acceptable.

ASME Section III - Division 1 Appendix N, which is nonmandatory, recommends many of the same
things found in SRP 3.7.1. For instance, Regulatory Guide 1.60 is recommended as the basis for
developing simulated seismic time histories, the stationary strong motion duration should be at least 6
seconds, three orthogonal axes of excitation should be considered, etc. In contrast to SRP 3.7.1,
Appendix N does contain recommendations for time phasing of excitations in the three orthogonal
directions. According to Appendix N, the time phasing is acceptable if the correlation coefficient is
less than 0.16 and the coherence function ranges between 0.0 and 0.3 with an average value of
approximately 0.2. (The correlation coefficient is a statistical measure of the association between two
variables between -1 and +1. A correlation coefficient of 0 implies that the two variables are
uncorrelated. The coherence function, which has a value between 0 and 1, and is a function of
frequency, measures the extent to which one function can be predicted from another function by an
optimum linear least squares relationship. If the two functions are completely unrelated, the
coherence will be zero.)

Synthesized x, y, and z acceleration time histories based on Regulatory Guide 1.60 and meeting the
prescriptions of SRP 3.7.1 are shown in Figures 2.3 through 2.5. Compliance with the spectrum
enveloping requirement for the x direction at vanous damping ratios is illustrated in Figures 2.6
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through 2.10, while conformance with the SRP 3.7.1 PSD muumum is shown in Figure 2.11.
Similar sets of spectrum enveloping and PSD muumum plots for the y and z directions are shown in
Figures 2.12 through 2.22. There is no PSD requirement for the z direction.

The time histories have a 20 second total duration and a stationary phase duration of 10 seconds.
Both of these fit the requirements of SRP 3.7.1 and Appendix N. The correlation coefficients for the
three excitations (r,y=0.04, r,,=0.07, r ,=0.06) are within the Appendix N requirement. They ,

coherence requirement of Appendix N, which is nonmandatory, however, is not met by the time i
histories, because the coherence is 0.0 for all three combinations of excitations. This in an inherent
limitation in SIMQKE and is related to the way that SIMQKE generates time histories.

The synthesized time histories of acceleration shown in Figures 2.3 to 2.5 meet all of the SRP 3.7.1
requirements for analysis using a single time history and they meet nearly all of the nonmandatory
requirements of ASME Section III - Division 1 Appendix N. In addition, the time histories developed
are, for the most part, consistent with the ASCE standards (Ref. 2.15).

2.3.3 Building Response

The time-history of ground acceleration is the fundamental " driving force" for motion of the pipe
system. However, the ground acceleration does not directly excite the pipe. Rather, the ground
motion excites the plant or building that the pipe is in, and this in turn excites the pipe. The building
or plant is coupled to the ground by a foundation and has a distribution of mass and stiffness.
Because of this, the building acts like a filter for much of the ground motion accelerations. To make

i
I
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I
the seismic motions applied to the IPIRG pipe system realistic, a building response model was
developed. |

The model used to couple the pipe to the ground acceleration is the 9 degree-of-freedom mass, spring,
and damper system shown in Figure 2.23. Details of the model are given in Table 2.1. This is a -

rather simple model of a PWR plant (Ref. 2.16) placed on a relatively soft soil foundation (Refs. 2.17
and 2.18), but it embodies the essential transfer function characteristics needed to make the pipe

'

,

excitation reasonably credible. The basic plant model was developed by Stone and Webster for some i

soil-structure interaction studies, while the soil properties were used in analyses to study the coupling
between soil motion and plant equipment. The model includes the base mat (Mass 1), the
containment (Mass 2), and the reactor internal components (Mass 3). The model assumes rigid
behavior of the plant in the z (vertical) direction. The structure-foundation interaction is modeled as a
lumped spring and dashpot circular base (Refs. 2.19 and 2.20).

,

To assess the suitability of the simple PWR model, the natural frequencies of the model were
calculated. Table 2.2 lists the frequencies, while Figures 2.24 through 2.28 show the mode shapes !

for the model. The frequencies are consistent with typical results from nuclear plants as shown in
Figure 2.29 (Ref. 2.21). Although the natural frequencies are toward the low side of the data shown
in Figure 2.29, they are not unreasonable. This suggests that the model will capture the essential
behavior of a real facility. ;

,

P

I
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Section 2 DESIGN OF THE BASIC SEISMIC FORCING FUNCTION DESIGN

Table 2.1 Stiffness and mass properties for the PMR model :

Property Value Units -

9K 4.524*10 N/mmass.2
7

(2.583*10 ) (iblin) ,

K ,,3 3 4.378*10 N/m i9

7
(2.500*10 ) (Ib/in) :

K 9.321*10' N/m |h
7

(5.322*10 ) (lb/in)
-

10K 1.036*10 N/my
7

(5.914*10 ) (Ib/in)
12 N-m/ rad |K, 3.143*10 .

13(2.782*10 ) (in-lb/ rad) |

Mg 3.503*10 kg [
7

5 2(2.000*10 ) (Ib-sec /in)
10 2

1 2.712*10 kg-m
3

11 2(2.400*10 ) (Ib-sec - n) ,

6M 6.932*10 kg i

2
4 2

(3.958*10 ) (Ib-sec / n)
6 |M 4.524*10 kg3
4 2

(2.583*10 ) (Ib-sec /in)
C 468,200 kN-sec/nh

9
(2.673*10 ) (Ib-sec/in)

C, 767,700 kN-sec/n
6

(4.384*10 ) (Ib-sec/in)
C 4.143*1011 kN-n-sec/ rad

15(3.667*10 ) ( n-lb-sec/ rad)

Table 2.2 Natural frequencies of the PWR model

Mode Frequency Description
(Hz)

1, 2 1.38 Rocking about the base, internal components
and containment moving in phase

3, 4 2.34 Pendulous motion, internal components and
containment moving in phase

5 2.38 Vertical motion
6, 7 4.68 Base almost stationary, internal components

and containment out of phase

8, 9 5.94 Base moving laterally and out of pl :se with
internal components and containnh.at

.
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Figure 2.24 PWR model Mode 1 (Mode 2 orthogonal) - rocking about the base,
internal components and containment moving in phase,1.38 Hz

NUREG/CR-6439 2 18

__ _ ___ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



_ _

Section 2 DESIGN OF THE BASIC SEISMIC FORCING FUNCTION DESIGN

h
,~A \.,n n

!
'~

g
s\

.

.

0U

'
, ; .

I

; 1,A | h ,

. ffhN | _)\
r

I # '[Gae .fi '

'

,7 ; .
'

_

w v

Figure 2.25 PWR model Mode 3 (Mode 4 orthogonal) - pendulous motion, internal
components and containment moving in phase,2.34 Hz

M
, - N

q=<ffi \'KQqw> 'A

sd_/ ) N_>-'

e.55Mds$$' sd
Wsws5 =

i l

i

'

Figure 2.26 PWR model Mode 5 - vertical motion, 2.38 Hz

2-19 NUREG/CR-6439



_ _

,

i

i

FORCING FUNCTION DESIGN Section 2 t

!

!

'.'

\\ \\ !
I

. -
%.
n

Uf AV/ Y ;

, - ?! ' '. ' L ' , ', '', _ i !/

~ ?! gi ..
>

m _

Vg - f
/ s
''

<

Figure 2.27 PWR model Mode 6 (Mode 7 orthogonal) - base almost stationary,
internal components and containment out of phase,4.68 Hz

j'' \ 1
;

I |
}

*

- - -
ff ...

///W/
{ _

. ,,'. ' ' ' ' ^m

- :.~
v 'L' P |

'
,

,

Figure 2.28 PWR model Mode 8 (Mode 9 orthogonal) - base moving laterally and out of |

phase with internal components and containment,5.94 Hz

i

NUREG/CR-6439 2-20

;



!

Section 2 DESIGN OF THE BASIC SEISMIC FORCING FUNCTION DESIGN

6 . . . .

! ! ! !
* *

: :
. .

5 -
' : : : -

, ,

! ! !
' := : : :

j, -

* '

g 4 - :
.

m . . . .

I : i iE < =
!3 - -- ;

i -

'

E . i | | [PWR
.BWRO -- . . .

I 2 - a: ! ! ilPIRG 2 -A.

| : : :

i ! ! !w*
i ! ! ! -1 - "
: : : :
: : : :

I I I I0
O 10 20 30 40 50

FREQUENCY, Hz ,

Figure 2.29 Reactor building natural fnquency comparison *

'
Given the mass and stiffness characteristics of the PWR model, the equations of motion can be written
in matrix form as:

[M]{0} +[c]{0} +[K]{U} - -[M]{x(t)} (2-2)

where [M], [C), and [K] are the mass, damping, and stiffness matrices, respectively, {U} is the
vector of displacements relative to the base, and {R(t)} is the vector of ground accelerations as a
function of time applied in three directions to the base. Although the equations of motion for the
building are as shown in Equation 2-2, the actual analysis is effected as shown in Figure 2.30.

The motion analysis of the building model was performed using the ANSYS* (Ref. 2.21) finite
element computer program. Using Revision 4.4, the equations of motion were integrated at 0.005
second time steps using 5-percent Rayleigh (mass and stiffness) damping with the Newmark (Ref.
2.22) time integrator. The damping was selected to be consistent with Regulatory Guide 1.61 (Ref.

'

2.14) recommendations for prestressed concrete structures at SSE level excitations.

Figures 2.31 through 2.37 show the response of the building at the three lumped mass locations. The
smallest horizontal response (x or y) is at the base mat, while the largest is at the containment. The
large response at the containment is due to its height.

* Polk, H., ' Summary of Frequencies for Reactor and Auxiliary Buildings," letter to L. C. Shao, Chief,
Structural Engineenng Branch, U.S. Nuclear Regulatory Commission, March 1,1975.
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2.3.4 Pipe Motion ]

The time-history of displacement for a piece of pipe in a nuclear plant is a function of where the pipe
is located in the plant. To establish the specific loading on a pipe, therefore, the building response as
a function of time and the kinematic relationships implied by the location of the pipe in the building
must be combined. For the IPIRG pipe system, there are three " attachment" points; the two fixed
ends and the actuator location. The selection of the assumed locations of these points within the PWR j

plant model, in this case, is completely arbitrary. Given an assumed locations for these points,
however, the time-history of motion for the " attachment" points can easily be determined.

For the purposes of this study, it was assumed that the actuator location on the IPIRG pipe system
was located at Mass 3 of the PWR model (see Figure 2.23). The two fixed ends of the IPIRG pipe

:
system were assumed to be at an elevation 8.07 m (318 inches) below the actuator location and at a
horizontal distance of 18.54 m (730 inches) from the actuator location. The rationale for selection of
the assumed distance of the fixed ends from the actuator location is that this distance is similar to the ;

distance from the point where the main steam line exits the reactor to where it passes through the
containment wall on the Clinton nuclear power plant, see Figure 2.38.

Performing the required kmematic operations that relate motion at the nodes of the PWR model to the |
assumed locations of the IPIRG pipe system fixed ends, the time history of motion at the fixed-ends ,

can be calculated. Figures 2.39 through 2.42 show the motions to be applied to the IPIRG pipe i

system. Because the PWR model assumes rigid behavior in the z (vertical) direction, z displacensents
at the assumed actuator and fixed end locations are identical. j

Relative to the motion at the assumed actuator location, Figures 2.39 and 2.40, the motion at the
fixed ends, Figures 2.41 and 2.42, is smaller and appears to be slightly " filtered". Due principally to

'

the lower elevation in the plant and the fact that it moves with the containment, the fixed end location

| does not respond as readily to some of the higher frequencies in the ground acceleration. f

The IPIRG pipe system is constramed to excitation in a single direction. Therefore, to complete the;

. prescription for the pipe motion, this fact has to be incorporated in the definition of the pipe motion :

! that will be used to conduct the experiments. Two completely arbitrary assumptions were made: !
f

i [

Only horizontal motion was considered |*

!
;

| The direction of excitation was taken as the direction where the motion of Mass 3 has its*

j maximum magnitude. j

!
1 Figures 2.43 and 2.44 show two-dimensional trajectories of the actuator location and the fixed ends j

locations along with a line that defines constrained single direction of motion. Using the vector
~

camp =*s of the two-dimensioimi ~ motion in the given direction, the final motion at the actuator
location and fixed ends is as shown in Figures 2.45 and 2.46. The relative motion between the two !
locations is shown in Figure 2.47. },

'

i

The pipe motion shown in Figures 2.45 and 2.46 defines the seismic anchor motion for the pipe f
system analyses. The w+;+-Jon inertial load at 1.0 g, based on consistent assumptions of horizontal {,

I;

: ;

j NUREG/CR-6439 2-26 |
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motion in a single direction, is shown in Figure 2.48. The complete pipe excitation is the sum of the
seismic anchor motion and the inenial load.

2.3.5 Single-Point Excitation

The IPIRG pipe system, shown in Figure 2.49, has only a single point of excitation. The basic
IPIRG seismic forcing function, in contrast, includes motion at all three suppon points and inenial
load due to acceleration of the building. By some means, the multi-point excitation had to be reduced
to single-point excitation.

Ahhough there were a number of ideas for how a multi-point excitation could be convened to single-
point excitation, no documented formal procedure could be found to suggest how this could be done.
So, all reasonable ideas were tried until one that worked was found. Basically, the objective was to
find an actuator displacement time history that would give nearly the same moment-time response at
the cracked-section location as excitation that included the seismic anchor motion dermed in Figures
2.45 and 2.46, and the inertial load dermed in Figure 2.48. To limit the resources required to do the
required analyses, " super-element" finite element models were used in which all the portions of the

' finite element pipe system model on either side of the crack location were lumped into a few selected
degrees of freedom connected by crack springs. In this case, the crack springs were assumed to
remain linear.

Figure 2.50 shows the moment as a function of time for the seismic anchor motion plus inenial load
at a 0.25 g scaled excitation using an uncracked linear pipe system model. Figure 2.51 shows the
same data along with results from an analysis with only seismic anchor motion excitation. Point-by-
point comparison of the two solutions indicates that the total and seismic anchor motion solutions
differ by at most 5 percent. Thus, for all practical purposes, the inenial loading can be ignored, i.e.,
pipe loop response can be characterized simply by the seismic anchor noion loading.

As mentioned previously, semsl ideas were considered reasonable ways to convert multi-point
excitation to single-point excitation. The three most promising candidates were:

Using the relative displacement between the fixed ends and actuator location as the*

excitation

Using some son of reciprocal idea - if an actuator displacement yields a cracked section*
,

location moment-time history, perhaps a cracked-section location moment-time history-

would yield the required displacement-time function,

!

! The displacement at the fixed ends (Figure 2.46) or at the actuator location (Figure 2.45)*

could perhaps be scaled.

Figures 2.52 through 2.54 show the results of comparisons between the seismic anchor motion case
(multi-point excitation) and analyses using the methods listed above. The first two mhuh do not-

compare very favorably. The last method gives a single-point excitation moment-time history that is
; remarkably close to the multi-point excitation case.
;
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|

|

! By simply scaling the actuator location seismic anchor motion displacement time-history up by a
factor of 1.012, the moment-time history at the cracked section location very closely duplicates the
moment-time history when seismic anchor motion and inertial loads are applied. This is an
unexpectedly simple result, which almost certainly is not general. The peculiar nature of the
excitation assumptions and selection of the assumed locations for the attachment of the IPIRG pipe to
the PWR model make the conversion from multi-point excitation to single point excitation trivial.

|

2.4 Summary

The basic seismic forcing function for the IPIRG simulated seismic experiments was designed using
industry-accepted seismic design procedures. Starting from Regulatory Guide 1.60 ground
acceleration spectra, artificial time histories of ground acceleration were created using the SIMQKE
computer i rogram. The ground motion was then applied to a simple PWR plant model. The basic
motion to be applied by the actuator to the IPIRG pipe system was then defined using the time-history
response of the PWR model and a few simplifying assumptions about how the IPIRG pipe might be
connected to the PWR model.

The result of this design process is the function shown in Figure 2.55. The analyses conducted to
design the forcing function were linear, so applying suitable constraints, the basic function can be
scaled to meet the specific objectives of the IPIRG-2 seismic experiments.
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Section 3 SCALING THE SIMULATED SEISMIC FORCING FUNCTION SCALING

3.0 SCALING TIIE SIMULATED SEISMIC FORCING FUNCTION

3.1 Introduction

The basic seismic forcing function was developed on the basis of a 1.0 g earthquake. To satisfy the
requirements for the IPIRG-2 simulated seismic experiments, the basic 1.0 g earthquake needed to be
seded. The test philosophy used for the IPIRG-2 simulated seismic experiments was to apply three
int.reasing levels of loading:

(1) "SSE" level - an excitation that would be considered representative of a safe shut-
down earthquake (SSE) to demonstrate that design basis for current plants is adequate.
Significant crack propagation should not occur under this loading.

(2) " Test" level - best estimate of scaled basic forcing function that would result in
surface-crack penetration some time during the time history

(3) " Decision Tree" - a loading to be applied if the " test" loading does not result in
surface-crack penetration or if the crack is small. Application of this load is
contingent upon the critical instrumentation being functional after the " test" loading
and the ability to be able to visually inspect the system by remote video (i.e., steam
does not obscure the test section).

To define the various load levels, nonlinear-spring, cracked-pipe, finite element analyses were used
(Refs. 3.1 and 3.2). In these analyses, the cracked section is modeled as a nonlinear moment-rotation
spring. Analyses are performed in the time domain and growth of surface or through-wall cracks, the
occurrence of surface-crack penetration and transition of a surface crack to a through-wall crack can
be analytically predicted.

3.2 Stress Analysis Basics

The pipe system stress analyses used during the design of the seismic forcing function were identical
'

to the calculations performed for the pretest design of the IPIRG-1 experiments, i.e., the measured
0.5-percent damping of the IPIRG pipe system was used, the surface-crack J-estimation scheme
SC.TNP in the NRCPIPES code Version 1.0 (Ref. 3.3) was used to define the expected moment-
rotation behavior of surface cracks, the through-wall crack J-estimation scheme LBB.ENG2 in the
NRCPIPE code Version 1.4F (Ref. 3.4) was used to model through-wall-cracked pipe moment-
rotation behavior, and the nonlinear equations of motion were integrated in time using ANSYS* (Ref.
3.5). The basic pipe system was modeled with standard straight and curved beam-type pipe elements.

Using the calculated response of the pipe to the seismic excitation, the seismic input was iteratively
scaled to find an acceleration level that would cause a certain moment to be attained or that would
cause the surface cracks to penetrate the pipe wall. Companion evaluations were performed to ensure
that the servo-hydraulic capacity of the IPIRG pipe system test facility was not exceeded. Checks
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were also performed to evaluate the fraction of the loading due to pipe inertia and to establish the
stress ratio for the loading.

3.3 Scaling to Establish SSE Loading

The selection of a scaling factor for the "SSE" level loading was not necessarily straight forward
because the definition of an SSE is quite variable and is plant specific. Obviously, in the spirit of
generating a credible seismic forcing function, a reasonable scaling factor must be used. Fortunately,
some data are available that provide some guidance for selection of a reasonable scaling factor.

Figure 3.1 shows a histogram of N+SSE stresses (normal operating stress + safe shut-down
earthquake stress = pressure + dead weight + thermal expansion + safe shut-down earthquake load)
(Ref. 3.6). These data were taken from a number of different pipes in five different operating U.S.
nuclear plants and were normalized with respect to ASME Section II Part D S and S values (Refy m

3.7). The data clearly indicate that actual N+SSE level stresses at straight pipe girth weld locations
may be significantly below ASME Service Level B, C, or D limits. (Note: Elbow or other fitting
stress values would be higher and may have approached the ASME limits.)

Table 3.1 summarizes various possible N+SSE stress levels applicable to the materials of interest for
the IPIRG-2 simulated seismic experiments. Substituting the N+SSE stresses from Table 3.1 into
Equation 9 of Article NB-3652 in the ASME Boiler and Pressure Vessel Code and assuming straight
406 mm (16 inch) Schedule 100 pipe and a test pressure of 15.5 MPa (2,250 psi), the corresponding
moments are as shown in Table 3.2. For the IPIRG-2 pipe system specimens and test pressure, the
pressure stress alone exceeds the actual nummum N+SSE stress level from the data base.

The selection of an N+SSE moment for the IPIRG-2 simulated seismic experiments is complicated by
the scatter in the data shown in Table 3.2. The range of possible moments for N+SSE conditions is
from 25.0 kN-m (221,000 in-lb) to 536.9 kN-m (4,752,000 in-Ib), and the moments for A106 are 1.1
to 2.2 times the corresponding TP304 moments for similar conditions. As a compromise, a moment
of 158.2 kN-m (1,400,000 in-lb) was selected as the IPIRG-2 N+SEE moment. The resulting scaled
basic earthquake acceleration required to get a maximum moment of 158.2 kN-m (1,400,000 in-lb) is
0.2 g.

To judge whether or not a 0.2 g earthquake is a reasonable selection for the IPIRG-2 SSE level
excitation, some comparisons were made to actual and/or proposed nuclear plant data. The first way
to judge the suitability of a 0.2 g earthquake is to compare this level to the design basis SSE
acceleration for some plants. Table 3.3 summanzes a comparison of acceleration levels. The
conclusion is that 0.2 g is not unreasonable. A second way to judge the suitability of a 0.2 g
earthquake is to compare the " floor response spectra" of the actuator motion with floor response
spectra of some plants. Figures 3.2 and 3.3 show the 0.2 g IPIRG-2 SSE " floor response spectra",
while Figures 3.4 to 3.7 show response spectra from some existing or proposed nuclear plants.
Again, the conclusion is that the IPIRG-2 simulated seismic response is not unreasonable.
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Figure 3.1 Nonnal operating + safe shut-down earthquake (N+SSE) design stresses
for piping in several actual operating U.S. nuclear plants (Ref. 3.5)
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Table 3.1 Normal operating + safe shut-down earthquake (N+SSE) stresses for A106
Grade B carbon steel and TP304 stainless steel pipes based on N+SSE stresses
from piping in several actual operating U.S. nuclear plants

A106 Grade B, TP304,

Stress MPa (psi) MPa (psi)

S (Ref 3.7) 186.9 (27,100) 129.6 (18,800)
y

Sm (Ref 3.7) 124.8 (18,100) 116.9 (16,950)

Maximum from histogram using S 252.3 (36,585) 175.0 (25,380)
y

Maximum from histogram using S 187.2 (27,150) 175.3 (25,425)
m

Mean from histogram using S 137.9 (20,000) 95.7 (13,875)
y

Mean from histogram using S, 103.6 (15,025) 72.2 (14,070)

Minimum from histogram using S 69.1 (10,025) 48.0 (6,955)
y

Minimum from histogram using S 52.2 (7,565) 48.9 (7,085)
m

Table 3.2 Maximum moments at normal operating + safe shut-down earthquake (N+SSE)
. tress conditions for the IPIRG simulated seismic test specimens

A106 Grade B, TP304,

Condition kN-m (in-lb) kN-m (in-lb)

Maximum from histogram using S 536.9 (4,752,000) 321.0 (2,841,000)
y

Maximum from histogram using S 355.1 (3,143,000) 321.8 (2,848,000)
m

Mean from histogram using S 217.3 (1,923,000) 99.2 (878,000)
y

Mean from histogram using S 121.3 (1,074,000) 102.9 (911,000)
m

Minimum from histogram using S 25.0 (221,000) NA*y

Minimum from histogram using S NA* NA*
m

* Pressure stress alone exceeds total N+SSE stress
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1 .

Table 3.3 Comparisoa of the IPIRG-2 SSE level and typical nuclear plant SSE's

Plant SSE

IPIRG-2 pipe system 0.20 g

B&W-205 3600 MW PWR 0.30 g

Westinghouse standardized four-loop, 0.40 g
single unit 3425 MW NSSS

Zion PWR 0.17 g

Clinton BWR 0.26 g -

Westinghouse AP600 0.30 g

Table 3.4 Selected results of basic IPIRG-2 seismic forcing function scalmg analyses

| Acceleration A106 Grade B TP304

1.25 g surface-crack penetration 97-percent of the moment needed
at 7.6 seconds for surface-crack penetration

1.38 g surface-crack penetration 99-percent of the moment needed

j at 2.9 seconds for surface-crack penetration

1.50 g surface-crack penetration surface-crack penetration at 2.9
at 2.4 seconds seconds
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_ . - -



---_- - -_ _-- _ _ _ _ _ _ _ _ _ _ _ __

SCALING TIIE SIMULATED SEISMIC FORCING FUNCTION SCALING Section 3

6 ..

.

: Damping'

,

a

5 - - - - - - - - - - - - - - - - - ---- ---- --- ------- - .--- --

'

; 2%
.m j | - -- 5%

-.......-....--..A....................i... - - - - 7% .....9 4 ' '

....... 10%2
- ,

r .

$ 3 --------------------}-----------------;--..--------------.--
m . .

: ,

m . .

--------------------------j------- \ '
--h------|----------.-------------O 2 t

--

3

4 : // .

! , ' ' N. i[
......g,.,,..'...A....,

1 -........................ ...... . . . . . . . . . . . . . . . . . . . . . . . . . _
' . ,-

'('*W
'.

!. Y, %*%
n.

4
' ' ' ' ' ' ' ' ' ' ' ' ' ''0

10-1 2 3 4 5 1 00 2 3 4 s 1 01 2 3 4 s 1 02

FREQUENCY, Hz

Figure 3.2 IPIRG-2 SSE (0.2 g) actuator response spectra

6 . . .. . . . . . .. .

: : Damping
. .
.

5 ---- ---~~-- ----~. ~~--- -- - - ------- - -- - - - -

! ! 2%
: : --- 5%
. .

- - - - 7%9 4 --..---......~.-}..--.-....... . . . ~ .|. . . ------- 10%
.....

2
, ,

O
.

, .

p
< g ..-~~~......--.-.1~..--...........-.-....-.-.-..-...~.
Ex: : :
m . .

-: .:
m ...

..

- - ~ ~ - - - - - - - - ~- - - - - - ~ k - - - - - - - - - f/C ~-\5.- - - - - - - - - - ~ ~ - - - - - - -0 2o ...A :| J<
.

: ./ _ , ,..... _ :
.

s
,

3 -................4........|......h:-:.'.........n . . . . . . . . . . . . . . . . . . . . ' . . .'

p. v: % m m.

:.;
. .

,/ .

0 -- ~- '' ' ' ' ' ' ' ' ' ' ' ' ''' '

10-1 2 3 4 s 1 00 2 3 4 s 1 01 2 3 4 s 1 02

FREQUENCY, Hz

Figure 3.3 Broadened IPIRG-2 SSE actuator response spectra

NUREG/CR-6439 3-6

__ _
_ .._..



Section 3 SCALING THE SIMULATED SEISMIC FORCING FUNCTION SCALING

6
.

.

. '

: Damping
S ----- -- ------------ ---- .-..-.. .. -.. .. .... ..

,l'( 2%
.m ;! t

-

--- 3%,

9 4 . . . .. ....... . ... ..A . ... ....... ...;... . .. .. --. 4% ..

z
: i ,' d '

o ,:u- ;; ------- 5%
. ,

h . . 8

4 3 -- --------------------j--.----....,'!...';w . .h.. .. .. ...... ... .
;

W t ---...g. g
,J : ,| ".i :

W c a.o . . . . . . . . . . . . . . . . . . . . . . . , .o . 4. ,.. ....... . ..... ..._....... .... ........
-

(
| 4 Nx\,

s
. NN, s-

,
.

. L..................'o.., ... . . . . . . . . . . _1 -... .....................

/,

,. .w: i.
. .
. ,
, ,

.

' ' '' ''' ' ' '' 'l0 ' ' -

10-1 2 3 4 s 1 00 2 3 4 s 1 01 2 3 4 5 1 02

FREQUENCY, Hz

Figure 3.4 Typical SSE Floor response spectra from the South Texas nuclear plant

6 . . , . . , . , .
. . . .

, .

:: : Damping
. . , ,.-

'5 ' ~ '

! ! 2%
: : --- 3%,

,

9 4 -..................~..+.......................... --- 5%......z,

O ....... 7%
.

.
,.,p

., ,

4 3 -------------------------1--------------------;;
_,

|-------------------------g
m . .

J | - |W | r1 :o 2 -..........a.....................a........._......:.........................-0 . .< :
_, 4is,

v i

3 .........................:....................:.L;.s..',........................
- _ _ _ . _f/r

: 'h
;

,.......r.-7
:

- :-
. . . x.

_.,.
,

' ' ' ''' ''0 ' ' ' '

10-1 2 3 4 s 1 00 2 3 4 s 1 01 2 3 4 s 1 02
.

FREQUENCY, Hz

Figure 3.5 Typical SSE floor response spectra from the TVA Watts Bar nuclear plant

3-7 NUREG/CR-6439



_ _ _ _ _. . . _ . _ _ _ . _

SCALING THE SIMULATED SEISMIC FORCING FUNCTION SCALING Section 3

6
. ,

Damping.
,

. .

5 - ----------------------,--------------- -- ------------ --

i 2%.

: --- 5%.
.

9 g ..................<..............................:... ---- 7% .

2 i ; ...... 10%O . .
- .
p .

4 g ........................ ..........................:. .. ... . ..............

m : :
m . .

I')
a :

W :
----------------- ------- 4- ----- --------------- I. /.eI---------------------o 2o d,A

-i .(, . ;\
.4

,

. . . , . , a.
1 -........................

.

..

.........,.,.~"-w..',' ;'
: g.c ~;;. - y

.c ,,,,g,h. , . .
'.

.
:.- .

' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' '''0
101 2 3 4 s 10o 2 a 4 s 1 01 2 3 4 s 1 02

FREQUENCY, Hz

Figure 3.6 Typical SSE floor response spectra for the Westinghouse AP600 nuclear plant design

6 . . . . ... . ... .. . . . ...
. .
. .

: :: Damping
. .
. .

-----------------------'--------l---*--~-----;i---
- ---5

i f
'

2%
: :: --- 3%
. .

9 4 -......~.............q......7.=4 .,........|... - - - - - 5% . . . ..
.

z f :) ::
. ..

o : :I..-

-.-.......-........-d......l.....t ..........;................-........
p . . .

4 s :j -. \i m :: :-

- r . il : ..| m .

j I : I t i ':
W :: i i ::'

o g .-.- ~....~.-..-..- ~;.....~,..~..,..:.~. ;.- ~ ~ ~.....~..~......-o :. .

4 :: j '. ::
., ..

l, .-.. ..
....

1 .......................u..... ...........Q ...:.:.........................
.

i ..

/

c . . .. .. |'

' ' ' ' ' ' ' ' ' ' ' ' ' ' '
.

' ' ' ' ' '' '
0
10-1 2 s 4s 1 00 2 s 4 s 1 01 2 s 4 s 1 02

FREQUENCY, Hz

Figure 3.7 Typical SSE Door response spectra for the Advanced Reactor Corporation
FOAKE nuclear plant design

- NUREG/CR-6439 3-8

.__



_ _ _ - _ - _ _ _ - _ _ _ _ - - - - - - -- . -

Section 3 SCALING THE SIMULATED SEISMIC FORCING FUNCTION SCALING

3.4 Scaling to Establish Surface Crack " Test" and
" Decision Tree" Loading

Scaling of the basic IPIRG-2 seismic forcing function to define the " test" and " decision tree"
excitation levels involved extensive nonlinear-spring finite element calculations. Nonlinear stiffnesses
were assumed for the Al% Grade B and TP304 surface cracks, the basic IPIRG-2 seismic forcing
function was scaled, and time history analyses of both cracks were performed. The objective was to
find one scaling factor for the " test" level excitation that could be used for both cracks. The

,

constraint was that surface-crack penetration should occur some time during the 20-second duration of
| the load and preferably some time after 3-4 seconds.

Figures 3.8 and 3.9 show the available experimental records and analytical predictions for the surface
cracks that were to be tested in the IPIRG-2 simulated seismic experiments. In order to accommodate
the rather large range in possible maximum moment, 400 kN-m (3,540,000 in-lb) to 600 kN-m
(5,310,000 in-lb), and large range in required rotation, 0.02 to 0.035 radians, a delicate balancing act
between finding a suitable scaling factor and the constraints mentioned above was required. In the
end, it was decided to use the SC.TNP J-estimation scheme (Ref. 3.3) predictions b ideal 66-percent
deep,50-percent of the circumference long surface cracks as the design basis for scaling the forcing
function. Because of a desire to know whether or not the resulting through-wall crack would run
completely around the pipe circumference after the surface crack penetrated the pipe wall (a DEGB),
nonlinear-spring finite element calculations were carried out beyond surface-crack penetration. To
perform these predictions, through-wall-cracked pipe moment-rotation data were needed. Figures
3.10 and 3.11 show the surface-cracked pipe and companion through-wall-cracked pipe moment-
rotation curves used in the analyses.

The approach used to scale the basic seismic forcing function to the " test" level was to just try
| various excitation levels until a suitable level was found. Analyses were performed with both the

A106 Grade B flaw and the TP304 flaw. Because the analyses become nonlinear, particularly as a
flaw nears surface-crack penetration, there is no convenient way to predict how to scale the excitation
for a subsequent analysis. Furthermore, the differences between the A106 Grade B flaw and the
TP304 flaw are significant enough that the behavior of one flaw cannot be predicted knowing the
behavior of the other flaw. To limit the amount of resources required to do the " test" scaling,
" super-element" finite element models were used in which all the linear portions of the fm' ite element
pipe system model are lumped into a few selected degrees of freedom connected by the nonlinear
crack springs.

Table 3.4 shows selected results of the " test" forcing function scaling analyses. Figures 3.12 to 3.15
show the nonlinear-spring finite element results at 1.25 g scaling factor. On the basis of the results
shown in Table 3.4, it was decided that the " test" forcing function would be fixed at 1.25 g and that
the " decision tree" excitation would be 1.38 g. Checking the effect of using the " super-element"
model (super elements do not give exactly the same result as full models), the A106 Grade B flaw
was found to reach surface-crack penetration at 4.01 seconds and to have no moment carrying
capacity (i.e., a DEGB) at 4.05 seconds, see Figures 3.16 and 3.17. The TP304 flaw was predicted
to reach 99-percent of the moment required for surface-crack penetration at 1.25 g with the full model
as illustrated in Figures 3.18 and 3.19.
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.

3.5 Scaling to Establish Through-Wall Crack " Test"
and " Decision Tree" Loading

,

The simulated seismic through-wall-cracked pipe experiment required a scaling factor different from
the surface-cracked pipe experiments, because the moment-rotation behavior of the through-wall flaw,

was drastically different from the surface flaws. A J-estimation scheme prediction of the expected
through-wall-cracked pipe behavior for a 12-percent of the circumference long crack, using the4

LBB.ENG2 method from NRCPIPE Version 1.4F, was the basis for selecting the flaw size for the
simulated seismic and companion quasi-static short through-wall-cracked pipe experiments. The
design-basis through-wall-cracked pipe moment-rotation response is shown in Figure 3.20, along with
predictions and data for surface cracks either tested in the IPIRG pipe system or in related
experimental programs. The moment-carrying capacity of the design-basis through-wall-cracked pipe
is substantially above all of the surface-cracked pipe.

,
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The limiting criterion for scaling the basic seismic forcing function for the seismic through-wall-
cracked pipe was yielding of the pipe loop remote from the cracked section. Based on 288 C (550 F)
stress-strain tests conducted on the straight pipe and elbow materials in IPIRG-1, the maximum
allowable stress that would ensure that yielding would not occur was 380 MPa (55,100 psi).
Nonlinear spring cracked pipe finite element analyses performed at scaling factors of 3.75 g,,2.0 g,
and 1.5 g excitation levels indicated that stresses remote from the cracked section met the this
criterion only at 1.5 g's and below. It was, therefore, decided to fix the scaling for the short
through-wall-cracked pipe experiment at 1.50 g.

Data that became available from the companion, IPIRG-2 quasi-static, short through-wall-cracked pipe
experiment suggested that the moment-carrying capacity could be as high as 1.05 MN-m. The
predicted moment for the through-wall-cracked pipe for the first 6 seconds of the load history at 1.50
g's, using the IPIRG-2 companion quasi-static experimental moment-rotation curve, reaches a
maximum of only 747 kN-m (6,611,000 in-Ib), which is well short of the maximum moment of the
quasi-static experiment. However, because of the strest-based excitation limit, the 1.50 g limitation
had to be adhered to. As a consequence, some amount of low cycle fatigue damage or toughness
degradation would have to c: cur before the flaw could grow in ductile tearing.

As far as a " decision tree" level of excitation for the short through-wall crack seismic experiment, it
was decided to apply a second 1.50 g loading if it was required. Consistent with the seismic surface

i

crack experiments, the 0.2 g SSE loading was to be applied before the " test" loading. '

3.6 Seismic Forcing Function Scaling Companion Analyses

Two companion analyses were performed to supplement the forcing function scaling. The first
analysis determined the contribution to the crack-opening moment due to inertial loads and the stress
ratio and the second analysis calculated the hydraulic oil requirements for the IPIRG pipe system
servo-hydraulic system.

Throughout the conduct of the IPIRG-1 pipe system experiments, there was a concern that the loading
on the crack be a reasonable mixture of inertial- and displacement-controlled stresses. In addition, it
was felt that knowledge of the stress ratio was important to put the pipe test results in perspective
with material property tests conducted at various stress ratios.

Although there is no universally accepted method for defining the fraction of each type of load in a
combined-load test, the definition that was adopted for the IPIRG experiments was

'I - 100 (3-1)
t

where

I= load due to pipe inertia, percent
.
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M, = total moment at surface-crack penetration ,

!

M, = moment due to a static push at the actuator displacement at the time of surface-crack
'

, '

penetration.

\The percent inertial load represents the fraction of moment applied to the test section above what
would be experienced in a quasi-static test. The stress ratio, because the cycles are not constant ,

amplitude in a seismic test, was taken as the ratio of the minimum stress to the maximum stress on ,

the cycle at surface crack penetration. (The minimum and maximum stress values include the stress
contribution due to the internal pipe pressure.) Table 3.5 lists the percent inertial load and stress ratio
for the " test" level loading. The inertial load contributes about half of the stress at surface-crack
penetration and the stress goes reasonably compressive. ,

The primary cemcern for the servo-hydraulic system in conducting the IPIRG-2 simulated seismic ,

experiments y as capacity of the hydraulic accumulators. The hydraulic oil demand for anything but !

ithe slowest forcing function is significantly greater than the installed hydraulic pump capacity.
Consequently, the majority of oil supplied to the IPIRG pipe system servo-hydraulic system comes ,

from accumulators close-coupled to the servo-valve. There is a limitation, however, on the duration |
of a forcing function due to the finite capacity of the accumulators - when the accumulators run out of
oil, the actuator goes out of control. When the IPIRG pipe system was designed during IPIRG-1, the ,

ace =dator capacity was sized only for a relatively short-duration single-frequency excitation. The !
'

IPIRG-2 simulated seismic function at 20 seconds long is significantly more taxing and it was
anticipated that additional accumulator capacity would need to be added to conduct the IPIRG-2
simulated seismic experiments.

Table 3.6 is a summary of the accumulator requirements for the three IPIRG-2 simulated seismic load |

levels. Because only 378.5 liters (100 gallons) was installed when the facility was originally built, an ,

'

additional 378.5 liters (100 gallons) was installed to accommodate the seismic tests. Actuator force
and stroke capacity wer more than adequate.

:

Table 3.5 Inertial loading and stress ratio for the IPIRG-2 " test"
1level simulated seismic loading
|

Item A106 Grade B TP304
,

Percent inertialloadmg 60.0 52.3

Stress ratio, R -0.53 -0.60
_.

,

!

k
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!

Table 3.6 Ilydraulic accumulator demands for the IPIRG-2 simulated
seismic experiments |

<

Required Capacity,
Loading Acceleration liters (gallons)

SSE 0.2 g 85 (22.5)

Test 1.25 g 532 (140.5)

Decision tree 1.38 g 585 (154.5)

3.7 Summary ]
The scaling of the basic seismic forcing function proceeded rather like the design of the function in
tint knowledge of nuclear plant seismic characteristics guided a number of arbitrary choices. Because
of this, the resulting scaled functions seem rational. Some compromises lad to be made in scaling the
basic function for the " test" level loading for the short through-wall-cracked pipe to avoid damage to
the pipe loop. As far as the operational requirements for applying the scaled forcing functions,

1
additional accumulator capacity was found to be needed.

1

l

i

3,8 References i

3.1 Olson, R., Scott, P., and Wilkowski, G., " Application of a Nonlinear Spring Element to
Analysis of Circumferentially Cracked Pipe Under Dynamic Loads," in Pressure Vessel
Fracture. Fatigue. and Life Management, ASME PVP Vol. 233, pp 279-292, June 1992.

3.2 Olson, R. J., Wolterman, R. L., Wilkowski, G. M., and Kot, C. A., " Validation of Analysis
Methods for Assessing Flawed Piping Subjected to Dynamic Loading," NUREG/CR-6234,
U.S. Nuclear Regulatory Commission, August 1994.

3.3 Scott, P. M., and Ahmad, J., " Experimental and Analytical Assessment of Circumferentially
Surface-Cracked Pipes Under Bending," NUREG/CR-4872, U.S. Nuclear Regulatory !

Commission, April 1987.
|

i
3.4 Brust, F. W., " Approximate Methods for Fracture Analyses of Through-Wall Cracked Pipes," '

NUREG/CR-4853, U.S. Nuclear Regulatory Commission, February 1987.

3.5 ANSYS Engineering Analysis System User's Manual, Revision 4.4A, ANSYS, Inc., Houston,
Pennsylvania,15342, May 1989.

3-19 NUREG/CR-6439

i
!



SCALING THE SIMULATED SEISMIC FORCING FUNCTION SCALING Section 3

3.6 Rahman, S., Ghadiali, N., Paul, D., and Wilkowski, G., "Probabilistic Pipe Fracture
Evaluations for Leak-Rate Detection Applications," NUREG/CR-6004, U.S. Nuclear
Regulatory Commission, April 1995.

3.7 American Society of Mechanical Engineers, Boiler and Pressure Vessel Code. Section III -
Division 1. Anoendix I: Design Stress Intensity Values. Allowable Stresses. Material
Properties. and Design Fatigue Curves pp 6-7,24-25,50-51,66-67,1989.

NUREG/CR-6439 3-20

._ . _ _ _ _ _ _ ___ __ ___-_. . _ _ _ - _ _ _



- _- _ . = . . .. . .- - -- - . . . _ - - . -. ..

1 Section 4 SUMMARY
,

| 4.0 SUMMARY

The procedure for designing and selecting a " seismically inspired" forcing function for the IPIRG-2
simulated seismic pipe system experiments has been presented. The procedure used design tools and;
modeling assumptions that are consistent with nuclear plant analysis and plant design details. In3

contrast to typical plant design, however, the analyses are focussed on the time domain, because in
the IPIRG-2 experiments we are concerned about a significantly nonlinear event, the growth of large
cracks.

| The objective of the study was to define the actuator motion for three load levels and to provide data
for a decision on whether or not the hydraulic system accumulator capacity for the IPIRG pipe system

,

needed to be increased. Both objectives were fulfilled. Because the methodology used to define the
seismic forcing function is so closely related to actual plant design procedures and the data assumed
for the analyses are quite realistic, aside from the idealizations embodied in the IPIRG pipe loop

,

| itself, the IPIRG simulated seismic test are able to be transferred to actual plant behavior.

4

4
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