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ABSTRACT

Argonne National Laboratory and Battelle have jointly conducted a research program for the USNRC
to evaluate the ability of current engineering analysis methods and one state-of-the-art analysis method
to predict the behavior of circumferentially surface-cracked pipe system water-hammer experiments.
The experimental data used in the evaluation were from the HDR Test Group E31 series conducted by
the Kernforschungszentrum Karlsruhe (KfK) in Germany. The incentive for this evaluation was that
simplified engineering methods, as well as newer “state-of-the-art™ fracture analysis methods, have
been typically validated only with static experimental data. Hence, these dynamic experiments were
of high interest. High-rate dynamic loading can be classified as either repeating, e.g., seismic, or
nonrepeating, e.g., water hammer. Development of experimental data and validation of cracked pipe
analyses under seismic loading (repeating dynamic loads) are being pursued separately within the
NRC’s International Piping Integrity Research Group (IPIRG) program.

This report describes developmental and validation efforts to predict crack stability under water-
hammer loading, as well as comparisons using currently used analysis procedures. Current fracture
analysis methods use the elastic stress analysis loads decoupled from the fracture mechanics analysis,
while state-of-the-art methods empioy nonlinear cracked-pipe time-history finite element analyses.
The results showed tha' the current decoupled methods were conservative in their predictions,
whereas uie crackel pipe finite element analyses were more accurate, yet slightly conservative. The
nonlinear time-history cracked-pipe finite element analyses conducted in this program were also
attractive in that they were done on a small Apollo DN5500 workstation, whereas other cracked-pipe
dynamic analyses conducted in Europe on the same experiments required the use of a CRAY?2
supercomputer, and were less accurate.
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Executive Summary

EXECUTIVE SUMMARY

The behavior of flawed piping under accident conditions is a major concern in the nuclear power
industry, with significant resources devoted to developing and improving tools to predict such events,
Simplified engineering methods have been developed as well as newer "state-of-the-art” fracture
analysis methods. However, most of these analysis methods have only been validated with static
experimental data. High-rate dynamic loading comparisons are rare because high-rate experimental
data are scarce. High-rate dynamic loading can be classified as either repeating, e.g., seismic, or
nonrepeating, e.g., water hammer. Development of experimental data and validation of cracked pipe
under seismic loading is being conducted within the NRC’s International Piping Integrity Research
Group (IPIRG) program. The Test Group E31 series, part of a study of the behavior of flawed
piping subjected to dynamic loads in the HDR Safety Program (PHDR) Phase IIl conducted by the
Kernforschungszentrum Karlsruhe (KfK) in Germany, provided a unique opportunity to validate
analytical and computational methods used in predicting the behavior of flawed piping under water-
hammer loading. Argonne National Laboratory and Baitelle have jointly conducted a research
program for the USNRC to evaluate the ability of current engineering analyses methods and one state-
of-the-art analysis method to predict the behavior of the E31 water-hamme:r experiments.

In this effort, typically used enginecring fracture mechanics analyses were assessed. For dynamic
loading cases, the peak dynamic load from an elastic uncracked pipe stress analysis is typically used
along with the fracture mechanics predicted failure load, i.e., the stress analysis and fracture
predictions are decoupled. The alternative is to embed the fracture mechanics analysis into the
dynamic piping stress analyses. This was done in the NRC’s [FIRG-1 program. In the current joint
Argonne-Battelle program, there were three major advances in nonlinear FEA fracture analysis. The
improvements made to the IPIRG-1 developments were: modeling of crack behavior past maximum
moment, modelling the surface-crack to through-wall-crack transition, and modeling of cyclic ductile
tearing with reinitiation on subsequent cyclic loads. These improvements were validated by
comparisons with various pipe fracture experiments from other programs. The following summarizes
the accuracy of the analyses, limitations of the methods, and comparisons with other European
analysis efforts on the same experiments.

Accuracy of the Elastic Stress Analysis. The ANSYS code was employed in the calculations
conducted at Battelle for this project. In general, the predicted static, eigenvalue, and predicted
global dynamic responses under elastic loading were quite simiiar to the measured behavior. The
accuracy of the elastic stress analysis for the fracture experiments was determined by dividing the
moment from an elastic analysis at maximum load by the experimentally determined moment at the
crack location. The moment ratio was greater than one but less than 1.5. This suggests tiat the -
elastic analysis overpredicts the actual moment. The moment ratios for the HDR-E31 tests are far
less that the ratio of 15 to 30 observed in the EPRI/NRC Piping and Fitting Dynamic Reliability
program on uncracked pipe, but are close to the results observed in the IPIRG-1 pipe system
experiments. The reasons why these different programs have different moment or stress ratios are:

The IPIRG-1 program employed large cracks in the piping system, so that the failure loads
would be near yield in the uncracked pipe. Furthermore, the pipe system was mostly made
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from a high strength material so that it would behave elastically, and hence, be reusable for
multiple tests.

For the HDR E31 experiments, the cracks were much smaller than the IPIRG-1 program pipe
system cracks, but the material used had a much higher yield to ultimate strength ratio so that
yielding of the unflawe. pipe was less likely to occur. Additionally, the cracked pipe section
had a reduced pipe wall thickness (16-mm-thick pipe in the flawed section versus 25-mm-thick
pipe in the rest of the HDR pipe loop), so fracture occurred at nominal stresses which were
slightly below yield in the pipe loop except in the cracked pipe section.

In the EPRI/NRC Piping Reliability Program there were no cracks in the piping system, so the
failure loads were very high.

Experiments with smaller cracks in pipe systems with low yield to ultimate strength ratio piping
materials (typical of U.S. materials), where yielding may occur other than at the crack section, have
yet to be done. This is in part due to the expense of having to replace major portions of the pipe
loop in every test. Hence, the margin in elastic stress analysis that might exist under higher stresses
for shorter cracks has not been assessed experimentally by any of these programs. This could be
assessed analytically, to some degree, with the capabilities developed in this and the IPIRG programs.
This may be a more important issue with the potential changes to ASME Section III that propose to
increase the maximum Service Level D elastic design stresses from 35 to 4,55,

Accuracy of the Fracture Analyses. The inherent accuracy of the various fracture analyses was
calculated by dividing the maximum moment in the experiment by the predicted maximum moment.
This accuracy may be thought of as the margin on the pipe to resist fracture, whereas the elastic
stress analysis ratio (elastically calculated to actual moments) may be thought of as 2 margin on the
applied stress or the crack driving force. The following observations can be made about the various
analyses.

. The Net-Section-Collapse analysis predicted moment was 20 percent higher than the
experimental moments, This is because the toughness is sufficiently low with the higher
strength material, and the pipe diameter is sufficiently large, that elastic-plastic failure is
a possibility.

e The ASME Section XI flaw evaluation procedures for ferritic piping (T'WB-3650) using
the Code values of S, and Section XI flaw size definition, has the highest fracture ratio,
i.e., it is the most conservative of all the analyses used. This fracture ratio does not
include tae ASME Code applied safety margins of 2,78 for normal and test conditions or
1.39 for emergency and faulted conditions. Inclusion of these factors would further
increase the conservatism for this method. This large fracture ratio for the ASME
Ferritic Pipe Flaw Evaluation criteria is consistent with past results in the IPIRG-1 and
Degraded Piping Programs.

e The Dimensionless Plastic-Zone Parameter analysis is one of the simplest means of

modifying the Net-Section-Collapse analysis for elastic-plastic fracture considerations.
The fracture ratio was slightly greater than 1.0 for the two experiments, showing this
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method was fairly accurate, yet slightly conservative in predicting the maximum
moments.

. The R6 Revision 3, Option_| analysis overpredicted the experimental failure stresses for
Experiment E31.2 and underpredicted the failure moment for Experiment E31.3. In the
past, the R6 Option 1 method was found to generaily underpredict the failure stresses,
since like the ASME criteria, it is a failure avoidance method not necessarily intended to
be an accurate predictor. Hence, the overprediction for Experiment E31.2 was
surprising.

. The SC.TNP J-estimation analysis tended to give values which slightly underpredicted
the maximum load for both experiments. The predicted maximum moments are very
close to the Dimensionless Plastic-Zone Parameter analysis values.

A common thread with all these predictions was that the fracture ratios were lower for Experiment
E31.2 than for Experiment E31.3. In examining the experimental data, there is the discrepancy that
the reported experimental moment is lower for the shallower surface crack in Experiment E31.2 than
for the deeper crack in Experiment E31.3. This fact, along with the applied dynamic forces being
about 10 percent higher in Experiment E31.3 than Experiment E31.2, raises the question of the
accuracy of the experimental moment data. The HDR moment data were recently reassessed in
Germany because of this concern, but it was concluded that the although there were some
experimental difficulties, the moments of the E31.2 and E31.3 experiments were approximately the
same as initially reported. The only explanation for a lower maximum moment in the shallower
Experiment E31.2 flaw is a reduced material toughness or strength in that test pipe relative to the
E31.3 test pipe.

Crack Stability Analyses. Three different crack stability analyses were evaluated. These were the
fully plastic J/T analyses, the Energy Balance Stability approach developed at Battelie, and nonlinear
time-history cracked-pipe finite element analyses. The Energy Balance Stability method has some
advantages over the J/T approach in that it can: (1) handle surface-crack to through-wall crack
transition, (2) handle combined bending and tension loads, (3) handle differen* ratios of load-
controlled and displacement-controlled stresses, and (4) predict not only the start of a crack
instability, but whether or not the crack will arrest or result in a double-ended guillatine break,
DEGB. The fully plastic J/T and Energy Balance Stability analyses are quasi-static based analyses
that assume that the loads or displacements remain essentially constant during the fracture event.
During the HDR-E31 water-hammer experiments, the hoop stress at the crack sections remained
relatively constant during the fracture event (the pressure transient at the crack section occurred
before the large bending stresses), but dynamic bending stresses were created in the pipe loop that
decreased after surface crack penetration. Neither the J/T nor the Energy Balance Stability analyses
can handle time-varying load predictions, and hence are conservative in predicting the dynamic crack
stability behavior since they use the peak value. The nonlinear time-history cracked-pipe finite
element analysis considers the loads as they are applied in time and can predict crack growth and
arrest, and crack reinitiation and further growth during subsequent dynamic repeating ioads. In
validating the nonlinear time-history cracked-pipe finite element anaiysis, the David Taylor Research
Center compliant instability pipe tests were analyzed, and crack velocity and dynamic crack opening
predictions were made for the first time.
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Nonlinear Finite Element Fracture Analysis. The nonlinear finite element fracture analysis method
predicted the HDR-E31 experiments better than any of the engineering fracture analysis methods.
The nonlinear finite element fracture analysis models the crack as a nonlinear spring in the moment-
rotation degree of freedom, while the remainder of the pipe system is modeled with standard finite
elements. All of the standard capabilities of finite element programs are available (dynamic time-
history analysis, plasticity, etc.). The fact that so many of the first order effects in the fracture
process and loading are an inherent part of the method accounts for the quality of the predictions.

However, in spite of the superior accuracy of the nonlinear finite element fracture analysis, there are
limitations that need to be mentioned. First, the moment-rotation curves generated using the SC. TNP
J-estimation scheme were scaled to remove known conservatism. Second, predicted crack rotation
has not been fully validated. Further development efforts on circumferential surface-cracked pipe J-
estimation schemes are in progress as part of the NRC’s Short Cracks in Piping and Piping Welds
program. Lastly, surface-crack penetration is assumed to occur at maximum moment, even though
some stable crack growth often occurs after maximum load, but before surface-crack penetration.

Comparison with Other HDR-E31 Analysis Efforts. The HDR-E31 experiments have been
analyzed by other researchers. Brosi, et al., performed extensive elastic and plastic global analysis of
the piping system under static, modal, and dynamic loading. His elastic calculations, like curs, tend
to be slightly stiffer than the measured values. In general, he found reasonably good agreement
between predictions and the global response in his plastic calculations. Brosi modeled the crack in a
separate 3-D brick element substructure analysis, using bending loads from the global structural
analysis. Using approximately 2400 nodes and in excess of 400 elements, he predicted J-integral
values along the crack front and predicted that the crack would initiate in Experiment E31.3 and grow
only 0.5 mm radially, and that it would not even initiate in Experiment E31.2. Neither of these
predictions was correct, and his errors were on the nonconservative side. One of the interesting
findings from Brosi was that J along the crack front was not symmetric with respect to the centerline
of the crack. The moment at 90-degrees to the principal bending plane caused this.

Kussmaul, et al., also did extensive finite element analysis of the global behavior of the system and
found good agreement with the measured values. Like our nonlinear finite element fracture analysis
model, Kussmaul, et al., included the crack directly in their finite element piping system, after they
had completed a series of uncracked piping analyses. In their case, shell elements and line-spring
(surface crack) elements were used to model the crack. Their cracked-pipe analyses showed that
Experiment E31.2 would initiate. Experiment E31.3 was problematic for them because large
compression loading of the crack prior to the large crack-opening moment caused the elements to
cease correctly evaluating J. Kussmaul et al., also did a 3D-brick substructure analysis of the crack
area and essentially duplicated Brosi's asymmetric J behavior. )

It is interesting to note that neither of the other researchers that have analyzed the E31 experiments
have predicied the behavior as accurately as the nonlinear finite element fracture method that we have
used. This is especially significant in light of the fact that Kussmaul et al. indicates that CRAY2
supercomputers were uced in both Brosi’s and their work, and that several investigations had to be
abandoned because costs were getting unmanageable. Our analyses were easily performed on a small
Apollo DN5500 work station, basically a desk-top computer. Hence, the nonlinear FEA fracture
analysis, in spite of its relative simplicity, when compared with 3-D brick and shell models of cracks,
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does a good job of predicting crack behavior, Additionally, the nonlinear FEA fracture analysis is
the only method that currently can be used to asse - the propensity for a DEGB, i.e., growth and
possible arrest of the through-wall crack after surface crack penetration. This dynamic
circumferentially cracked pipe finite element fracture analysis would allow realistic assessments of
dynamic crack speeds, crack opening, resulting leakage and thrust loads to be made in the future.
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NOMENCLATURE

1. SYMBOLS

L *

Parameter in Z-factor expression in IWB-3650

Cross-sectional area of pipe at [.D.

Nomenclature

Ay Area under M-¢ curve or energy of pipe system

A, Area under M-¢_ curve for surface crack

a Half crack length at mean radius

C Statistically-based parameter from plastic-zone size screening criteria
D Nominal pipe diameter

D, Inside pipe diameter

D, Mean pipe diameter

d Crack depth

E Elastic modulus

F oppliod Applied force

Fy Bending stress elastic function

Fy Resolved force from pressure data at elbow in HDR experiments

F, Membrane stress elastic function

Fitide Limiting force in spring-slider element

Fri, Fro, Fps Forces used in modeling multilinear crack behavior

Fy Elastic f-function in GE/EPRI method

g Gravity

H, Function in SC.TNP J-estimation scheme

h, Function in EPRI/GE J-estimation scheme to calculate plastic contribution of J
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Nomenclature

il R o

o

A

M

M,

NUREG/CR-6234

Area moment of inertia

J-integral fracture parameter

Applied crack driving force in terms of J

J based on deformation theory

Elastic component of ]

J at crack initiation

Piane strain J at crack initiation by ASTM E813
Material’s fracture resistance in terms of J
Modified form of J

Ratio of Jyo 10 J ey for RO analysis

Plastic component of J

Total J applied, i.e., J jgic PIUS Jojaqtic

Applied linear elastic stress intensity factor
Bending component of K;

Membrane component of K

Ratio of K; to K (a) from R6 analysis

Stiffness of surface-cracked pipe

Stiffness of through-wall-cracked pipe

Outer span length of pipe in four-point bend test
Load ratio in R6 analysis

Length terms used in resolving pressure data into force components at elbows in
HDR experiments

Moment

Net-Section-Collapse analysis calculated moment at failure for pure bending
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Nomenclature

Net-Section-Collapse analysis calculated moment at failure for combined pressure
and bending

Equivalent bending moment
Experimental moment
Moment at crack initiation

Limit moment for a cracked pipe under pure bending in the GE/EPRI method
where the flow stress is o,

Moment for surface-cracked pipe
Moment from static push analysis

Calculated elastic moment at crack section at time of maximum moment from the
experiment

Experimental maximum moment

Moment for through-wall-cracked pipe

Moment for through-wall-cracked pipe unpressurized
Ramberg-Osgood parameter

Total failure stress

Membrane stress

Net-Section-Collapse predicted tension and bending stress
Reference stress in J-estimation schemes

Pressure terms used to resolve pressure into force components in HDR
experiments

Pressure
Inside pipe radius
Mean pipe radius

Outside pipe radius
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Moment arm in four-point bend test
Safety factor
ASME code design stress

S, based on measured tensile properties using ASME Section III Article 2110
criteria

S, based on ASME code properties

Stress ratio in R6 analysis

Tearing modulus

Applied tearing modulus

Tearing modulus of the material

Pipe wall thickness

Stress multipliers in Section X1 to account for low toughness
Ramberg-Osgood parameter

Angle from bottom of pipe to neutral bending axis in circumferential crack limit-
load analyses

Angle from bottom of pipe to neutral bending axis used in ASME Section XI
circumferential crack limit-load solution

Angle from bottom of pipe to neutral bending axis used for surface-cracked
unpressurized pipe in original Net-Section-Collapse analysis

Angle from bottom of pipe to neutral bending axis for surface-cracked pressurized
pipe in original Net-Section-Collapse analysis

Angle from bottom of pipe to neutral bending axis for through-wall-cracked
unpressurized pipe in original Net-Section-Collapse analysis

Change in crack length or depth, i.e., crack growth
Strain

Ramberg-Osgood reference strain, ¢, /E

X=vitl



OpNSC

Nomenclature

Geometric constant used in general analytical procedure where J .. is calculated
using experimental load, displacement, and crack growth data

Pipe rotation

Rotation due to the crack

Rotation at crack initiation

Stress

Bending stress

Net-Section-Collapse predicted bending stress at maximum load
Flow stress

Ramberg-Osgood reference stress

Net-Section-Collapse predicted failure stress for a surface-cracked pipe
unpressurized

Net-Section-Collapse predicted failure stress for TWC pipe unpressurized
Axial tensile stress

Total calculated elastic stresss; calculated elastic bending stress plus pressure
induced axial tension stress

Ultimate stiength

Yield strength

Half circumferential crack angle
Initial circumferential half crack angle

Angular position around pipe circumference

2. ACRONYMS AND INITIALISMS

ANL

ASME

Argonne National Laboratories

American Society of Mechanical Engineers
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Nomenclature

BMFT
CEA

CEGB

DPZP
DTRC
EPFM

EPRI

L-C

LEFM

NUREG/CR-6234

German Ministry of Research and Technology

Commissariat A L Energie Atomique, France

Central Electric Generating Eoard, United Kingdom (now Nuclear Electric)
Compact (Tension)

Double-ended guillotine break

Dimensionless plastic-zone parameter

David Taylor Research Center

Elastic-plastic fracture mechanics

Electric Power Research Institute, USA

Finite element analysis

General Electric

Heissdampfreaktor (An experimental reactor facility in Germany)
Inside diameter

First International Piping Integrity Research Group

J-resistance

J-resistance h-sed on deformation theory form of J

J-resistance based on modified form of J

Tearing instability approach

Kernfortschangszantran Karlsrube

Orientation code that indicates crack plane is normal to longitudinal axis (L) and

crack growth direction is circumferential (C)

Linear elastic fracture mechanics

Orientations code that indicates crack plane is normal to longitudinal or rolling

direction (L) and crack growth direction is transverse (T) to plate rolling
directions LVDT Linear variable differential transformer
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NRC-RES
NSC

oD

PVP
RPV
RVDT
SASI
SC

TIC

USNRC

Materialpriifungsanstalt (Stuttgart), Germany
Nominal pipe size

Nuclear Regulatory Commission

Nomenclature

Nuclear Regulatory Commission - Office of Nuclear Reactor Research

Net-Section-Collapse

Outside diameter

Personal Computer

Pressure Vessel and Piping

Reactor Pressure Vessel
Rotary-variable-differential transformer
Swanson Analysis Systems, Inc.
Surface crack

Thermocouple

Through-wall crack

United States Nuclear Regulatory Commission
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Section 1 INTRODUCTION

I. INTRODUCTION

A major concern with the safety and operation of nuclear power plants is the reliability of piping in
general and, more specifically, the behavior of flawed piping under accident conditions. The U.S
Nuclear Regulatory Commission (USNRC). in conjunction with the nuclear industry, has devoted
significant resources to address this concern (Refs. 1.1 through 1.5). While simplified engineering
methods exist to predict the behavior of flawed piping and newer "state-of-the-art” methods have been
developed as part of the International Piping Integrity Research Group (IPIRG) Program (Ref. 1.4)
these analysis methods have only been partially validated with experimental data. In particular, the
capabilities of these techniques to predict the response of flawed piping under high loading rates has
not been extensively verified, i.e., no comparisons between predictions and experiments under water-
hammer loading conditions have been conducted to date

As part of the HDR Safety Program (PHDR) Phase I conducted by the Kernforschungszentrum
Karlsruhe (KfK) in Germany, a series of experiments was conducted on the behavior of flawed piping
subjected to dynamic loadings. A series of experiments, Test Group E31, were concerned with the
vehavior of flawed piping subjected to blowdown loadings. The data and results from these
€xperiments provide a unique opportunity to validate analytical and computational methods used in

redicting the response and behavior of flawed piping. The results from these experiments were

ade available to the USNRC and Argonne National Laboratory (ANL) as part of an agreement
petween the USNRC, the KfK, and the German Federal Ministry of Research and Technology
(BMFT) on cooperative research in the HDR Safety Program. Of particular interest to this program
were Experiments E31.2 and E31.3, in which straight pipe sections with circumferential flaws were
subjected to high level water- hammer loads following blowdown

The effort described herein was part of a USNRC -sponsored program at ANL. The specific objective
was 10 evaluate the capabilities of the current engineering and state-of-the-art methods for predicting
the response and structural integrity of flawed piping subjected to high-rate dynamic loadings

Battelle conducted the fracture analyses, while ANL provided the interface with the HDR Safety
Program personnel. This report documents both the ANL and Battelle contributions to this program

Ihe following discussion presents the work performed on this program by the project team. Six

subjects are addressed

. A brief review of current engineering Tracture mechanics analyses
‘ Discussion of a state-of-the-art fracture analysis method

. A description of the HDR-E31 experiments

. Predictions of the HDR-E31 experimental results

. Comparison of the predictions and the experiments

' A summary and discussion
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Section 2 CURRENT ENGINEERING FRACTURE MECHANICS ANALYSES

2. CURRENT ENGINEERING FRACTURE MECHANICS ANALYSES

The moment-carrying capacity of flawed pipe has been a subject of study for many years. Through
the years, cracked-pipe behavior hypotheses have been advanced which have been verified or refuted
with car*fully executed experiments. Based on these results, theories have been refined, empirical
factors hove been incorporated to bring predicted behavior into reasonable agreement with observed
test results, and eventually, several of the assessment methodologies matured so that they are now
seeing routine application. Parallel to the development of the pipe flaw assessment methodologies,
general piping stress analysis has been advanced from simplified "rule of thumb” design to rcutine
use of linear finite element response spectrum and/or time-history analysis. Coupling the fracture
mechanics analysis with linear finite element piping stress analyses, the expected behavior of a flaw
under a specific loading can be assessed.

In the section that follows, a brief discussion of six engineering fracture mechanics analyses is
presented. The six analyses are:

B Net-Section Collapse (NSC)

. ASME Section Xi

. Dimensionless Plastic-Zone Parameter (DPZP)
. R6 Revision 3, Option 1

. J-Estimation Schemes

. J/T and Energy Balance Flaw Stability.

These analyses form the core of currently "accepted” and routinely used fracture mechanics analyses
for flawed piping. The discussion of each method will, of necessity, be brief, but suitable references
will be given so that the full details of any method can be examined.

2.1 Net-Section Collapse

The Net-Section-Collapse (NSC) analysis is a limit-load analysis for predicting the failure of pipes
under bending loads, Ref. 2.1. One major assumption in the Net-Section-Collapse analysis is that the
material toughness is sufficiently high that failure is governed by the strength of the material (that is,
flow stress or collapse stress) and is not sensitive to the material’s toughness. The flow stress is a
value between the material’s yield strength and ultimate strength and represents an average critical
net-section stress reached throughout the flawed ligament of the structure, Figure 2.1. Also, crack
growth is not taken into account, i.e., crack initiation occurs at the maximum load.
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For an unpressurized pipe with a circumferential through-wall crack subjected to pure bending, an
idealized bending stress is assumed in the plane of the crack as shown in Figure 2.2. Axial
equilibrium analysis shows that the point of stress inversion, § in Figure 2.2, is

ﬁtw-u . '2.0 (21)

The bending moment predicted by the Net-Section-Collapse analysis for an unpressurized pipe with a
through-wall crack, developed by integrating the stresses around the pipe circumference and assuming
the pipe retains a circular cross section, is

M, ., = 20; R2 t (2sin8,, ., - sinf) 2.2)

where
My, = predicted bending moment for an unpressurized through-wall crack
o =  flow stress or collapse stress
R, =  mean radius of the pipe
t = wall thickness of the pipe
6 = half the initial crack angle.

From the bending moment in Equation 2.2, one can calculate the nominal bending stress, Mc/l,
predicted by Net-Section-Collapse analysis for an unpressurized through-wall crack,

O g tw-u ~ ‘% O (zswtw—u = sinf) 2.3)

For an unpressurized pipe with a circumferential surface crack subjected to pure bending, an idealized
bending stress is assumed in the piane of the crack as shown in Figure 2.3. Again, considering axial
equilibrium, the point of stress inversion is

By = E -(2d/t)0 2.4)

assuming that the circumferential crack length, 6, is less than §; that is, the surface crack does not
extend into the compressively stressed side of the pipe. The unpressurized pipe surface crack bending
moment is then given by

NUREG/CR-6234 2-2
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M, ., = 20, R> t(2sinf, _, - (d/t)sinf) 2.5

where

d = depth of the surface crack.
From the bending moment in Equation 2.5, the nominal bending stress predicted by Net-Section-
Collapse analysis for an unpressurized surface-cracked pipe is

Oy ™ %a, (2sing,. _, - (d/t)sinb) 2.6)

For a pressurized pipe with a circumferential part-through surface crack subjected to bending, that is,
combined pressure and bending, an idealized bending stress is assumed in the plane of the crack as
shown in Figure 2.4. Axial equilibrium shows that the point of stress inversion in this case is

2
g . X-@me TR P Q.7
il 4 2 4Rm t Uf
where
R, = inside radius of the pipe
p = internal pipe pressure.

Again, this assumes that the circumferential crack length, 6, is less than 8.

Knowing 8, the predicted stress using the Net-Section-Collapse analysis can be calculated as above
using Equation 2.6. Thus, the only difference between surface crack Net-Section-Collapse
formulations for the pure bending case and the combined pressure and bending case is the stress
inversion angle §. The pressure term shifts the neutral axis down away, from the crack, thus
lowering the predicted moment.

Net-Section-Collapse was first proposed for application to stainless steel pipe with circumferential
through-wall cracks, Ref. 2.1, It was subsequently verified for different diameter stainless steel pipes
with circumferential surface and through-wall cracks, Ref. 2.2. The solutions developed in Ref. 2.2
have several assumptions embedded in their formulation. First, the analysis is based on thin-shell
theory. Thick-shell formulations exist, but ace not generally used. Second, it is assumed that the
pipe remains circular. At high loads surface-cracked pipe will ovalize, and will lose moment-carryiiy
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capacity. This has been documented experimentally, Refs. 2.2 and 2.3, but analytical corrections do
not presently exist. (Such corrections are the objective of a currant NRC program entitled "Short
Cracks in Piping and Piping Welds", Ref. 2.4.) Finally, another limitation in the original Net-
Section-Collapse formulation is that the pressure contribution on the crack faces is not considered.
Pressure corrections exist, but have been found to be small for most experiments of interest.

A key aspect of the Net-Section-Collapse analysis is that it assumes that the material is sufficiently
tough so that there is negligible crack growth prior to reaching maximum load. It also assumes, for
simplicity, that the pipe cross section becomes fully plastic and the net-section stress reaches a
constant value. The critical net-section stress at maximum load is called the flow stress.

Several different definitions of flow stress have been used in the Net-Section-Collapse analysis. The
most frequently used value is the average of the yield and ultimate strengths. Results from the
Degraded Piping Program pipe fracture experiments, Ref. 2.5, have shown that if the value of flow
stress is defined as 1.15 times the average of the yield and ultimate strengths, then the experimental
results match the predictions better. Using just the average of the yield and ultimate strengths gives a
predicted failure stress approximately two standard deviations below the average pipe test results.
Consequently, using the average of the yield and uitimate strengths for the flow stress is slightly
conservative. Per the original Net-Section-Collapse equations in Reference 2.1, the average of yield
and ultimate is taken as the flow stress for this study.

Another definition of flow stress comes from the ASME Section X1 flaw evaluation procedures, Refs.
2.6 and 2.7. Here, the flow stress is defined as 2.4S, for ferritic steels and 35S, for austenitic steels,
where S is the design stress intensity from Section III of the ASME Boiler and Pressure Vessel
code. One also has the option to calculate an S, based on actual properties. This S, value, called

S miActual)s 18 the lowest of: ¢,/3 at temperature, 0.90, at temperature, or 20,/3 at room temperature,
per the ASME definitions for ferritic steels. Using the S m(Actuas) WOUld account for material
variability, and essentially would evaluate every pipe as if the test specimen for that experiment had
the minimum ASME Code properties.

Although there are controversies associated with modifications to the Net-Section Collapse analysis
for either short through-wall cracks (see Refs. 2.2 and 2.8), or for deep surface cracks (see Refs. 2.9
and 2.10), the basic equations are believed to be reasonably applicable for pipes with relatively large
surface cracks.

2.2 ASME Section XI

Within Section XI of the ASME Boiler and Pressure Vessel Code, flaw evaluation procedures for
cracks in austenitic and ferritic piping have been developed. The austenitic pipe flaw evaluation
procedures are in Article IWB-3640 and Code Case 436. These were developed first in 1985, and
have been modified to include procedures for evaluation of cracks in lower toughness welds,

Ref. 2.6. The ferritic pipe flaw evaluation procedures are given in the ASME Code as Code Case N-
463, Ref. 2.7, as well as Article IWB-3650. Only the ferritic pipe criteria is discussed in this report
because there were no austenitic pipe experiments in the HDR E31 test series.
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2.2.1 Ferritic Pipe Fracture Analysis
The ASMF ferritic pipe flaw evaluation procedure is essentially the same as the Net-Section-Collapse
analysis procedure with modifications to account for failure being below Net-Section-Collapse stresses
for flaws in base metal. The major differences between the ASME ferritic pipe flaw evaluation
procedure and the Net-Section-Collapse analysis are:

. The flow stress used for ferritic pipe is 2.4S | in the ASME Code,

. For combined tension and bending, the Net-Section-Collapse analysis and the ASME 8
terms differ slightly:

For the ASME analysis:

s ¥~ (GHY xP, 2.8)
BASME 7 20f
For the Net-Section-Collapse analysis:
g . x-(dme_ *Rip 2.9
w-p
2 4Rmt Og

. There is a screening criterion used to assess if limit-load, elastic-plastic fracture, or
linear-elastic fracture analyses should be used in the ASME procedure, and

. There is a simple stress multiplier used for the elastic-plastic analysis method to account
for the lower stresses.

The stress multiplier, Z, used for a crack in base metal (Material Category 1 for base metals and
shielded metal arc welds in Ref. 2.7) is

Z = 1.20(1 +0.021 A(NPS - 4)] 2.10)
where
A = [0.125R, /) -0.251°%,5 < R/t < 10
= [0.4R /1) - 3.01°%, 10 < R/t <20
R, =  mean pipe radius
t = pipe thickness
NPS = rominal pipe size (diameter), inches.
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Unlike the other engineering fracture analysis methods, ASME Section X1 prescribes how crack size
is t0 be established for the evaluation; the crack depth is taken as the maximum depth and
circumferential length is taken as the length on the inner circumference.

2.3 Dimensionless Plastic-Zone Parameter

In order to differentiate cases where contained plasticity exists from cases where fully plastic
conditions exist (that is, where the NSC analysis should be appropriate), a screening criterion was
developed as part of the Degraded Piping Program, Ref. 2.5. The Dimensionless Plastic-Zone
Criterion is a semi-empirical relationship in which the ratio of the maximum predicted stress to the
calculated NSC stress is a function of a Dimensionless Plastic-Zone Parameter (DPZP). The DPZP is
a simplified ratio of the plastic-zone size, using Irwin's relationship, to the distance from the crack tip
to the neutral axis. This relationship is shown in Figure 2.5 with a large amount of experimental
data. In this figure, the NSC stress is based on a flow stress equal to the average of the actual yield
and ultimate strengths of the material.

Four curves are shown in Figure 2.5. For the curves shown in Figure 2.5, the relationship between
the ratio of the experimental stress to the predicted NSC stress and the DPZP is given as

fll' " | arccos(e “CPPZP)) (2.11)
*

2EJ;

q
Latr D,

DPZP = (2.12)

where
P = total failure stress
P =  NSC predicted tension and bending stress
E - elastic modulus
), = ] at crack initiation (may be J;)
¢ = flow stress = (0, + 0,)12
D, =  mean pipe diameter
o = statistically based parameter.

The factor "C" is selected based on a statistical fit of the data. The three upper curves in Figure 2.5
are for different values of "C" based on three different statistical fits of the data. The solid curve
shows a 95-percent confidence level curve for all the data for which the DPZP was less than one.
The value of "C" for this curve is 3.0. For the best fit of the through-wall-cracked pipe and surface-
cracked pipe data, the values of C were statistically determined to be 4.62 and 21.8, respectively.
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2.4 R6 Revision 3, Option 1 Analysis

The R6 method is a fracture prevention design criteria developed by CEGB, Refs. 2.11, 2.12 and
2.13. The most recent refinement is referred to as R6 Revision 3, Ref. 2.13. Within this version
there are three options for performing a flaw assessment. In all three options, a failure assessment
diagram is used; points falling inside the failure assessment curve are deemed safe, points outside the
curve are unsafe. The first R6 analysis option is the simplest, and does not require the use of the
material stress-strain curve input. The second option requires the use of the material stress-strain
curve, and hence is slightly more complicated. The third option allows the use of any appropriate
elastic-plastic fracture mechanics analysis, i.e., GE/EPRI, t create the appropriate failure assessment
curve. In this last option, the R6 method is essentially identical to the J-estimation methods that are
giscussed in Section 2.5 of this report.

Option 1 requires the least material property information, but it can be applied to virtually any
cracked-pipe. The obvious penalty for ease of use, however, is conservatism. Using the more
advanced options, conservatisin is reduced at the price of a more complex analysis. To get some
sence of the failure assessment diagram methodology, and the upper limit of conservatism inherent in
R6, Option 1 is considered in some detail.

2.4.1 R6 Rev. 3 Option 1 Calculational Procedure

In the Option 1 procedure, a fixed failure assessment curve is used for any material, crack or
structural geometry. The failure assessment curve has a load or stress ratio (L., or §,) axis along the
abscissa, and toughness ratio using either the K or J fracture parameter (K, or J,) on the ordinate, see
Figure 2.6.

The load ratio or L, term is the applied load divided by the limit load, the limit load being the Net-
Section-Collapse predicted load for circumferentially cracked pipe. For a pipe under pressure and
bending, such as the HDR pipe system experiments, one could interpret this ratio as being the total
applied stress (bending plus tension from the pressure) divided by the Net-Section-Collapse analysis
predicted bending stress plus the pressure induced axial tension stress,

T b @2.13)
OpNsc * O

or, the ratio of just the bending stress divided by the Net-Section-Collapse analysis predicted bending
stress,

Ly = (2.14)
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|

MR/l

bending moment

outside radius

xRt

pipe thickness

Rip/®,2 - R

inside radius

internal pressure

Equation 2.7 using o, in place of ;.

vRR T ERES

s
z
8

Unlike the Net-Section-Collapse analysis which uses flow stress, the R6 method uses the yield
strength in the limit-load equation. The ratio of the flow stress to the vield strength can be used as
the cut-off point along the L, axis to be consistent with Net-Section-Collapse analyses.

The toughness or K, term is the ratio of the applied linear elastic stress intensity factor, X;, to the
toughness of the material, K (a), where K (a) can be a function of crack growth from the J-R curve of
the material

K
. 2.15)
K (a)
K = 0B (2.16)
where
J = the value of J for the corresponding aa from the J-R curve
of the material
E = elastic modulus.
The linear elastic stress intensity, K;, is composed of two parts
KI = Klm’ Klb (2'17)

where K,,, and K, are taken in this report to be the solutions given in the ASME Section XI ferritic
pipe flaw evaluation criteria, Article IWB-3650, Ref. 2.7,
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Kim = Fm(‘l'd)o'sal (2.18)

Klb = Fb(ld)o'sob (219)

where

P, =11+ [.‘.‘.]go.ww »16.772“2] [i]]ws- 14.944[2] [ﬁ]} (2.20)
t t v t w

0.565
Fy = 1.1+ [E] {-0.09967*5.0057“3] [2” -2.8329[2] [;‘,]} @.:21)
t t] |« t{| =
The Option 1 failure assessment curve, K -L, curve, has the following relationship:

[
K, = (1-0.14L7)[0.3 +0.7¢ *®!) 2.22)

The failure assessment curve for Option 1 is illustrated in Figure 2.6. Note that on the L, axis, there
is a cut-off stress, that is frequently defined as the ratio of the flow stress to the yield strength.

Using the failure assessment diagram, moment at crack initiation and maximum load can be
calculated. In the maximum load calculations, the crack growth is incremented causing the K (a) to
increase, K, to increase, and oy q- to decrease.

Normally in a design situation, one would take the applied stress, yield strength, etc. and calculate a
L, and K. This point would be plotted on the failure assessment diagram. If the point fell under the
curve it would be considered safe. If it was above the curve, it would be a failure. The safety
margin is generally calculated as the ratio of the distance from the origin of the graph through the
point to the failure assessment curve to the distance from the origin to point being assessed, i.e., the
ratio of the distance OB 10 the distance QA in Figure 2.6. This assumes that all stresses are
proportional, which may not be true for the combined pressure and bending pipe system experiments
being evaluated in this report.

For some experiments, one may be interested in the margin of safety on moment with the pressure
remaining constant. This makes the definition of the L, term important. In this case, the definition
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of the L, term shown in Equation 2.14 should be used. Using this definition, the margin of safety on
the moment can be deterinined as described above with one exception; a second calculation to
determine the y-intercept of the K /L line is required, because at zero bending stress, a low
toughness pipe or pipe with a large flaw could fail under the internal pressure, i.e., the point would
be along the y-axis of the fail ire assessment diagram.

2.5 J-Estimation Scheme Analysis

In the event that limit-load analysis predictions are higher than actual loads, due to low toughness
and/or large diameter pipe, elastic-plastic analysis may be needed to obtain a more accurate estimate
of the loads at crack initiation and maximum load.

Various methods exist to predict the maximum loads for circumferentially cracked pipe in pure
bending. This can be accomplished by detailed finite element analyses or by simpler approximate
closed-form solutions. Detailed finite element analysis could be used in an application phase type of
calculation along with the material fracture resistance curve to determine the strength of the cracked
pipe during crack growth. Many different fracture mechanics parameters have been proposed, but the
J-integral parameter is the most frequently used parameter in the nuclear industry. Several closed-
form solutions exist to give approximate elastic-plastic fracture mechanics solutions for
circumferentially cracked pipe. These are frequently referred to as J-estimation schemes.

There are a number of finite-length circumferential through-wall-cracked pipe J-estimation schemes.
Some of the existing methods are:

GE/EPRI, Ref. 2.14
LBB.NRC, Ref. 2.15
LBB.ENGI and LBB.ENG2, Refs. 2.16 and 2.17, respectivel;,

The GE/EPRI scheme uses the finite element method to develop tables of generalized functions, so
calied h-functions, for calculating the plastic contribution to J from an applied load. The LBB series
of solutions were developed in the NRC Degraded Piping Program. LBB.NRC interpolates between
known linear elastic and known rigid plastic solutions for planar fracture specimens, adapted to
through-wall-cracked pipe geometry, to find J at an applied load, and includes material strain
hardening. The LBB.ENG methods basically use the GE/EPRI h-functions to define plastic
displacements, but integrates numerically to find the plastic contribution to J from the applied load.
LBB.ENG2 modifies the h-function plastic crack displacements using an engineering estimate of the
reduced pipe compliance due to crack tip plasticity.

Likewise, there exist only a few finite-length circumferential surface-cracked pipe J-estimation scheme
analyses. Methods available include:

GE/EPRI, Ref. 2.14
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R6, Ref. 2.13
SC.TNP and SC.TKP, Ref. 2.18.

The SC.TNP and SC.TKP solutions were developed in the NRC Degraded Piping Program,

Ref, 2.18. The SC.TNP solution is based on thin-shell theory, while SC.TKP is based on thick-shell
theory. These solutions use the GE/EPRI 360-degree surface-cracked pipe solution for pure tersion
to develop new h-functions for calculation of the plastic component of J for finite-length surface-
cracked pipe in bending.

2.5.1 J-Estimation Scheme Analysis Procedures

J-estimation schemes are a way of analytically estimating the applied J that can be precisely calculated
by finite element analyses. Because finite element analyses are time consuming and expensive to
conduct for all the possible cases of interest, J-estimation schemes are more frequently used. In a
generic sense, the GE/EPRI method is typical of J-estimation scheme analyses. In this method, the
applied J value is determined by separating J into an elastic and a plastic component, i.e.,

ot = etustic * Jpiam @.23)

Elastic component solutions typically exist from handbook solutions, but the plastic component of J is
more complicated. The GE/EPRI method of calculating J . is to use finite element analyses to
define a function that relates the J ., to the applied load as per the following general form

Joiastic = €T [P/Pg)™'h, (2.24)

where parameters a, ¢,, 0,, and n are from the Ramberg-Osgood representation of the material’s
stress-strain curve

€ 0y a

o

L. L.aliln 2.25)

The term a is the crack length, and P, is the limit load using o, as the flow stress of the material.
The term h, is a function of the crack size, the geometry of the structure, and the strain-hardening
exponent, n. This h, term is determined from elastic-plastic finite element analyses.

Similarly, there are relationships between the pipe displacement or rotation of the pipe as a function
of load. The general form for such displacement functions is
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Spiamic = ¥€o0ga [P/Pgl"hy (2.26)

where for crack-opening displacement the b, function is defined, and for load-point displacement or
pipe rotation h, or h, functions are defined.

Hence, for any given load, one can calculate the applied J and the pipe displacement or pipe
rotations. If the applied J is greater than the J,. of the material, then the crack length is incremented
and the J value from the appropriate J-R curve for the corresponding crack growth is then used in
subsequent calculations.

The basic inputs to a J-estimation scheme analysis are the stress-strain behavior of the material, the J
versus crack growth curve (J-R curve) for the material, and the pipe and flaw geometry. Given these
data and some prescribed loading, the applied J, pipe displacements (rotations), crack extension, and
crack-opening displacement can all be estimated. As appropriate, the crack length is incremented
and, eventually, the load at crack initiation and maximum load can be determined. Because the
calculations are very intensive and repetitive, they are generally implemented in computer programs.

As mentioned previously, there are very few finite-length through-wall or surface-cracked J-estimation
scheme analyses. Battelle’s NRCPIPE computer program contains a rather complete selection of the
available through-wall-cracked pipe J-estimation scheme solutions. Surface-cracked J-estimation
scheme analyses are contained in the companion program NRCPIPES.

2.5.2 Modification for Pressure

The prediction of initiation and maximum moment for circumferentially cracked-pipe experiments is
complicated by combined pressure and bending loads. At present, Battelle’s J-estimation scheme
analyses appear to be the most detailed pipe flaw analysis procedures, short of full three-dimensional
finite-element analysis. Even so, these methods do not currently include the effect of internal
pressure on J.

The effect of internal pressure is addressed in an approximate way, by ignoring possible (but
suspected to be insignificant) loading path effects on plastic deformation, and replacing the axial
tension in the uncrackad ligament ahead of the crack by an additional applied moment. The
equivalent moment, M_,, from the pressure induced axial tension stress is calculated as being
approximately equal to“«lhe difference of the Net-Section-Collapse analysis predicted stress under pure
bending and the Net-Section-Collapse analysis predicted stress under combined bending and tension
for the internal pressure.

2.6 Stability Analysis

The previously discussed engineering flaw assessment methodologies predict the initiation and
maximum load-carrying capacity of cracks in pipes. They do not, however, make any assessment of
the stability of the flaws when the flaws reach maximum load unless all stresses are load-controlled,
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which is not typical for real piping systems. Stability in this context means the absence of large
amounts of rapid crack growth. If a crack has a large maximum moment capacity, and the piping
system that contains the crack is very compliant, the applied load that would cause the crack to
propagate wiil cause a great deal of elastic deformation in the pipe system. The elastic deformation
of the pipe system will result in a large amount of stored energy in the pipe system which may be
released in the form of rapid, unstable crack growth after maximum load. Less compliance in the test
system or lower moment-carrying capacity of the crack tend to enhance stability.

There currentiy are two engineering ana._sis flaw stability assessment strategies, J/T stability analysis
and Energy Balance stability analysis. In both cases, the methods are founded on the idea of
determining the energy stored in the pipe system that can be made available to drive the crack, and
comparing this available energy to the energy that is needed to grow the crack.

2.6.1 Fully Plastic J/T Stability Analysis

The J-integral /tearing moduius, fully plastic J/T, analysis is a method currently used to make an
assessment of the stability of cracked structures. Paris and his co-workers popularized the
methodology, Ref. 2.19. A rather extensive compilation of J/T solutions for various loading modes
(displacement-controiled and load-controlled) and assumed material behavior can be found in Ref.
2.20.

Simply stated the J/T instability criteria for cracked pipe can be expressed as:

Jasties > e @27

Vet > Toniaitd (2.28)

If the applied J is greater than J; . the crack will grow. Then, if the applied tearing modulus becomes
greater than the material's tearing resistance, crack growth instability will occur.

Graphically, the J/T methodology is shown in Figures 2.7 and 2.8. In the left-hand part of

Figure 2.7, applied J is computed as a function of load for the given pipe, crack, and material.
Applied J is also calculated as a function of applied T and plotted on the right-hand side of the figure.
Next, a J/T curve representing the material’s crack growth resistance, as developed from a compact
tension or pipe specimen J-R curve, is plotted on the right-hand portion of the figure from data shown
in Figure 2.8. J,o 4 and Ty Solutions, as a function of load, can be found in Ref. 2.20.
Instability is predicted to occur when the applied and material J/T curves intersect.
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J/T analyses can be performed for surface crack or through-wall cracks under assumed load-controlled
or displacement-controlled stresses with various assumed material behaviors (LEFM, small-scale
yielding, fully plastic, EPFM, etc.). J/T analysis can predict the occurrence of an instability, but it
does not predict how severe the instability will be. In addition, J/T analysis is limited to the
bounding cases of fully displacement-controlled or fully load-controlled stresses.

2.6.2 Energy Balance Stability Analysis

The Energy Balance Stability Method is a technique that was developed in th: Degraded Piping
Program (Ref. 2.21) to predict the onset of crack instability and to estimate he crack length at arrest
of a limited instability for either a through-wall or surface-cracked pipe. It uses an elastic-plastic J-
estimation scheme to calculate the force-deflection response of a cracked ripe to determine the energy
absorbed in the fracture process, and the elastic energy in the pipe system to determine the energy
available to drive the instability. It has been verified for some limited cases by quasi-static compliant
surface-cracked pipe fracture experiments.

The basic process used to conduct an energy balance stability assessment is shown in Figures 2.9
through 2.11, Although the process is desciibed in moment-rotation coordinates and refers to a
surface crack transitioning to a through-wall crack, the concept is perfectly general and applies
equally well to load-displacement coordinates and pure through-wall cracks.

In Figure 2.9a, the moment-rotation behavior of a surface crack is shown. The crack is assumed to
be a circumferential plane of zero axial length, with all effects of the pipe on either side excluded. At
any point on the loading curve, the shaded area describes the elastic energy that is stored in the
cracked pipe. In Figure 2.9b, the elastic energy stored in the attached piping is shown, assuming that
ali of the piping remote from the crack remains elastic and that the loading and unloading compliances
are equal and linear. Figure 2.9¢ is the sum of the energies shown in Figures 2.9a and 2.9b. This is
the total energy available to drive a crack.

The energy absorbed by a through-wall crack growing from length 6,, the original length of the
surface crack, to some final length 6, is shown in Figure 2.10. Figure 2.11 shows the energy being
absorbed to propagate the through-wall crack being made equal to the available elastic energy from
the crack and the attached piping system. Stability is determined by how far out on the through-wall
crack curve the energies balance.

In contrast to the J/T analysis, the Energy Balance analysis can estimate how far the crack will
propagate; given that the energies balance at a given crack rotation that is above zero moment, the
companion J-estimation scheme can be used to find the crack length at that rotation. Energy Balance
can also, in a rough way, deal with combined displacement- and load-controlled stresses. If the
applied moment on the crack due to pressure and dead weight, for instance, is greater than the
moment where the energies balance (see the horizontal ioad-controlled moment line in Figure 2.11),
the crack will not arrest but would be expected to grow to a DEGB.
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2.7 Application

In application, the fracture analysis methods described above are used in conjunction with a linear
elastic stress analysis. Flaws are postulated to exist at various locations, the applied moments or
stresses at the flaw locations are extracted from the elastic stress reports, and then capacity of the flaw
is compared to the applied load. If the flaw capacity is less than the applied load, a stability analysis
is then performed.
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Figure 2.2 Nomenclature and loading system for the application of the Net-Section-Collapse
criterion to & pipe with a circumferential through-wall crack
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Figure 2.3 Nomenclature and loading for the application of the Net-Section-Collapse criterion to
a pipe with a circumferential surface crack subjected to pure bending
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Figure 2.4 Nomenclature and loading for the application of the Net-Section-Collapse criterion to
a pipe with a circumferential surface crack subjected to combined pressure and
bending
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3. NONLINEAR FEA FRACTURE MECHANICS ANALYSES

The analyses described in the previous section make liberal use of engineering assumptions to
intentionally induce conservative estimates of flaw behavior. Foremost among the assumptions that
contribute to the conservatism are:

(1)  The fracture and pipe response are assumed to be decoupled
(2)  An elastic stress analysis is used

(3)  The transient nature of dynamic loads is ignored, i.e., stresses are applied statically and
in a load-controlled manner

(4) "Design" values for material properties are used in a number of the methods.

From a plant design and operation perspective, this conservatism is generally desirable. From the
point of view of analysis margin assessment, or the point of view of pipe fracture experiment design,
tne inherent conservatism of the engineering fracture mechanics analyses is not appropriate. To
address this issue, a state-of-the-art nonlinear FEA pipe fracture analysis method that directly deals
with the four points listed above was developed in the IPIRG-1 program, Ref. 3.1. In the current
program, the state-of-the-art has been refined to incorporate additional known dynamic pipe fracture
phenomena.

3.1 Prior State-Of-The-Art

Prior to starting this program in January 1992, the state-of-the-art in dynamic fracture analysis had
been advanced to the point where the time to failure and maximum moment of a surface-cracked test
section in a dynamically loaded expansion loop could be predicted with reasonable accuracy, Ref. 3.2.
Because the development of this basic capability formed the foundation for the advancements needed
to analyze the HDR-E31 experiments, a review of the state-of-the-art at the beginning of this program
will be useful.

There are at least three different categories of cracked-pipe dynamic analyses. These are;
. Complete three-dimensional finite element modeling

. Substructuring, using beam elements for the uncracked pipe and three-dimensional
elements at the crack location

. Using beain elements for the uncracked pipe and a nonlinear spring element to simulate
the crack response.
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Complete three-dimensional, elastic-plastic, dynamic analysis is extremely costly, time consuming,
and is not a practical engineering tool. Subrtructuring with beam elements and three-dimensional
elements at the crack is more practical, but for a surface-crack problem, the finite element mesh is
very complicated. Griesbach, Ref. 3.3, conducted a substructured dynamic analysis for a through-
wall crack with a relatively coarse shell element mesh, see Figure 3.1. Mesh development and
computer time for a more detailed analysis, particularly for surface cracks, makes such an approach
very expensive.

The final approach, the one used by Battelle during the IPIRG-1 program, has proven to be very
economical, and is possibly the most accurate approach. In this approach, the crack response is
represented by a nonlinear spring and the dynamic response of the pipe system becomes an inherent
part of the fracture analysis.

3.1.1 Nonlinear Spring Dynamic Analysis Options

There are several different approaches which could be used to simulate the response of a cracked pipe
using a nonlinear spring. Some of these are:

. Reduce the thickness of a short length of pipe and/or change the stress-strain curve to
give the proper nonlinear response that the crack would cause. This is similar to the
engineering approach used in developing the Battelle’s through-wall-crack J-estimation
scheme LBB.ENG method, Refs. 3.4 and 3.5, see Figure 3.2.

. Completely embed one of the J-estimation schemes within the beam element code.
. Determine a nonlinear stiffness and implement it with a nonlinear spring element,

Of these, the first two require more computationa! time than the third. The first approach requires
that the constitutive equations be solved for the simulated cracked pipe section. The second requires
that an estimation scheme such as LBB.ENG, GE/EPRI, LBB.NRC, LBB.GE, Ref:. 3.4, 3.6 and
3.7, for through-wall-cracked pipe or SC.TKP or SC.TNP for surface-cracked pipe, Ref. 3.8, be
solved at every matrix update. This method was pursued by CEA in France, Ref. 3.9, but to date
only a rigid-elastic, perfectly-plastic fracture element has been incorporated. The last methed was
adopted by Battelle for the IPIRG-1 program and has proven to be efficient, reliable, and accurate.

3.1.2 Nonlinear Spring Element

The method that Battelle pursued and refined in the IPIRG-1 program for the dynamic analysis of
flawed piping established the stiffness (moment-rotation relationship) of a nonlinear spring
representation of a cracked pipe using the J-estimation schemes described in Section 2.5. Although
experimental data (i.e., results from a quasi-static pipe fracture experiment with the same material and
flaw size) might be available, the J-estimation scheme approach for predicting the moment-rotation
response is more consistent with data that are likely to be available for a flaw evaluation, i.e.,
specimen material properties. In calculaing the stiffness of a cracked-pipe section using a
J-estimation scheme, the material properties and crack section geometry (i.e., pipe diameter,
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thickness, crack length, and crack depth) need to be well defined. In addition, several assumptions
are made in generating the crack stiffness:

. For low-cycle bigh amplitude loading, the cyclic load effects on the circumferential
crack growth are assumed to be small; crack growth is dominated by ductile tearing
under increasing load amplitude.

. High strain rate effects on crack growth and on the constitutive relationship are typically
ignored, even though they may tend to influence crack growth and the plastic flow for
some materials. Rarely, however, will one have access to dynamic material property
data (i.e., dynamic tensile or J-R curve data).

. Only a separation mode (Mode I) of crack propagation under bending is assumed. This
implies that the crack section is considered to be rigid in all degrees of freedom except
the rotation corresponding to the crack opening.

. The rotational deformation due to the crack and relevant plastic deformations are
confined to the crack section.

The nonlinear cracked section model developed in the IPIRG-1 program was implemented using
spring-slider elements (STIF40, Combination Element) in the ANSYS Version 4.4a computer
program. The spring-slider element, one of which is shown in Figure 3.3, is a two node, two
degree-of-freedom element with a linear spring and a friction slider in series. At low loads, the slider
is locked and the two nodes behave as if they have a linear spring between them. When the spring
load reaches a magnitude of +F ., the force between Nodes | and J remains constant. If the
spring-slider reaches the limiting force and then is unloaded, a permanent displacement will remain
when the load is brought back to zero. Putting two or more spring-slider elements in paraliel with
different stiffnesses and F;, values allows one to model a multi-linear load-deflection curve. Figure
3.4 iilustrates the modeling of a 3-segment curve.

Under monotonically increasing load, a multi-linear spring-slider representation of a crack follows the
curve shown in Figure 3.5. With load reversals, compressive yield and hysterisis effects are
exhibited. Referring to Figure 3.5, at the point of first unloading, the spring-siider model unloads
along a line parallel to the slope of the initial segment of the defined moment-rotation curve.
Unloading continues along this line until the load reaches a value of 2F, below the load at which
unloading took place. At this point, the system unloads along a line parallel to the slope of the
second segment. If the system continues unloading to a load level that is 2(Fy, - Fp,) below the
slope change (yield), the system unloads along a line parallel to the third segment. Subsequent
yielding and load reversals continue with the same pattern. The behavior of the spring-slider
elements described above is a model of the Baushinger effect, i.e., kinematic hardening in a plasticity
analysis. The implication of using a model like this is that energy is absorbed at the crack under
cyclic loading.

The multi-linear spring-slider model is attached to a pair of coincident nodes at the crack location in

the pipe model, coupling the two nodes together in the relative rotation bending degree-of-freedom of
the attached pipe elements. The remaining five degrees of freedom; the two shears, the torsion, the
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tension, and the remaining bending degree-of-freedom, are rigidly coupled with constraint equaiions.
To accommodate crack closure in the nonlinear spring model, a very stiff spring is inserted that is
"activated” when the rotations try to become negative.

3.1.3 Nonlinear Spring Performance

The nonlinear spring model discussed above was used to design the [PIRG-1 pipe system and inertial
loading experiments. Figure 3.6 shows the configuration of the IPIRG-1 cracked pipe inertial loading
test facility. In these experiments, a straight pipe with large masses at each end and a crack in the
middle is supported at two points near the middle of the span. Load is applied to the crack when the
support points are moved vertically. If the frequency of the imposed motion is near the first resonant
frequency of the pipe, the inertial masses will oscillate in the vertical plane, and thus load the crack.
Figure 3.7 shows a typical applied support displacement for an IPIRG-1 Subtask 1 experiment.
Figures 3.8 to 3.10 show a comparison of predictions using the nonlinear spring model and an IPIRG-
1 inertial loading experiment. Figures 3.11 to 3.16 show the test facility, typical loading, and a
comparison of nonlinear spring analysis results and an IPIRG-1 pipe system experiment. The
agreement between the analysis and experimental data suggests that the basic cracked section
behavior, system dynamics, and flaw-structure interaction have been properly represented.

The model described above is quite simple, and as long as the loading does not take excessively large
steps, closed hysterisis loops are traced on unloading and reloading. The primary limitation of the
spring-slider representation of the moment-rotation response is that it cannot consider the crack
response past maximum load. Consequently, it is not possible to model the behavior of the crack
section as a surface crack penetrates the pipe wall and transitions into a through-wall crack, a
behavior that is important for analysis of the HDR-E31 experiments.

3.2 Advancements in the State-Of-The-Art

The state-of-the-art in dynamic pipe fracture m.chanics at the beginning of this program permitted an
analyst to calculate the maximum moment and e time required to attain this moiment for both surface
and through-wall cracks. Energy dissipation, due to cyclic loading of the nonlinear crack prior to
initiation, was an inherent part of the time-history analysis. Loading past maximum moment,
transition of a surface crack to a through-wall crack, and reinitiation of a crack that has already
extended were not possible. Because all of these features were thought to be important for analysis of
the HDR-E31 experiments, refinements and enhancements were made to the basic nonlinear spring
analysis capability.

3.2.1 Prediction of Flaw Behavior Past Maximum Moment

The first refinement of the dynamic nonlinear spring model of cracked pipe that was explored was
prediction of flaw behavior past maximum load, including potential flaw instability. The difficulty
with making these kind of calculations is that the tangent stiffness of the crack is negative past
maximum load, see Figure 3.17. The concept of negative stiffness, i.e., increasing displacement with
decreasing load, is somewhat foreign, in that it appears to be a manifestation of perpetual motion;
ordinary springs do not generally exhibit this kind of behavior. However, it must be recognized that
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the negative stiffness is local to the crack, because the overall pipe-crack system must have a positive
stiffness or the pipe will be unstable. The spring-slider elements used in IPIRG-1, because they
model simple mechanical springs and friction, cannot be used to define a negative local stiffness.
Thus, a different model is required to be able to analyze cracked pipe behavior past maximum load.

3.2.1.1 Model

The requirements for a crack model that will permit analysis past maximum load are as follows:
. The ability to model negative local stiffness
. The capability to accommodate unloading into the compressive regime
. Dissipation of energy through kinematic hardening-type plasticity behavior.

At the outset of this program, the plan was to use the nonlinear force-deflection element, STIF39, in
ANSYS for modeling cracks past maximum load. This element can use up to 40 linear segments to
describe a nonlinear force-deflection (moment-rotation) response, including portions with negative
tangent stiffness. Based on experience with STIF39 in IPIRG-1, the element needed some
modifications to meet all of the requirements. Basically, as shown in Figure 3.18, the original
STIF39 exhibits a ratcheting phenomenon wherein the moment-rotation curve is reset to the original
curve, but with an offset, whenever the element reloads to a positive moment after going below zero
moment. Fundamentally, this means that the third requirement for a model for analysis of cracked
pipe behavior past maximum load cannot be satisfied. The proposad remedy for the ratcheting-upon-
reloading problem with STIF39 was to modify the element.

Plans to modify STIF39 to remove the undesirable ratcheting behavior began when the source code
for STIF39 was purchased ‘rom Swanson Analysis System, Inc. (SASI), the authors of ANSYS.
With encouragement from SASI, we were led to believe that the changes were simple, and that we
could make them ourselves. Inspection of the source code for STIF39 suggested that the changes
needed were more substantial, so modifying STIF39 was abandoned.

Several ideas were proposed to achieve the effect of a modified STIF39 element. The most promising
idea was to use the standard kinematic hardening plasticity constitutive law in ANSYS as a vehicle for
obtaining the desired behavior, because it can be used to model post-yield behavior. Specifically,
rigid offsets from the pipe connected with a plastic pin-connected truss, as shown in Figure 3.19,
were proposed for creating the moment-rotation response for a crack. With suitable consideration of
the geometry of the offsets and size of the truss, it seemed reasonable that a prescribed nonlinear
moment-rotation curve could be converted to an equivalent nonlinear stress-strain curve that ANSYS
could inhereatly use.

Figure 3.20 shows a moment-rotation curve that was modeled as described above, and Figures 3.21
and 3.22 show analysis results for this "element”. The "element” traces closed hysterisis loops, it
unloads properly below zero moment, it displaces beyond maximum moment, and it unloads and
reloads properly even beyond maximum moment. In short, it is the behavior that was sought. The
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only limitation with this approach to crack section modeling is that only five stress-strain segments are
permitted.

3.2.1.2 Validation

A critical test of the nonlinear spring element is to see if the element can predict an instability for a
simple, quasi-statically loaded pipe in four-point bending, when the moment-rotation response and the
system compliance are known. Ideally, the element should also be able to predict how far the
moment would drop if there was a limited crack jump, i.e., the pipe did not break in half.

To make this assessment, five experiments from David Taylor Research Center (DTRC) on 8-inch
diameter A106 Grade B pipe have been modeled, Ref. 3.10. The five experiments chosen for this
analysis had different crack lengths and test system compliances, but the same pipe material and
nominal pipe size. The relevant experimental data are summarized in Table 3.1, while the test system
configuration modeled with ANSYS is shown in Figure 3.23.

The objective of the DTRC experiments was to provide data to evaluate the Tada-Paris and Zahoor
J/T instability analyses. With reference to Figure 3.23, if a crack has a large maximum moment and
the belleville springs are relatively soft, the applied load from the pistons will be large and hence, the
deflections of .ne springs will be large. At large spring deflections, there will be a large amount of
stored encigy in the springs available to drive the crack unstable after maximum load. Less
compliance in the test system or lower moment-carrying capacity of the crack tend to enhance
stability. The cracks in Experiments 7, 11, and 12 were stable while the cracks in Experiments 13
and 14 were unstable.

Prediction of the DTRC experiments using the post-maximum load feature of the nonlinear FEA
fracture analysis is straight forward:

(1)  The geometry of the basic pipe system is modeled using ANSYS pipe elements.

(2) A J-estimation scheme analysis is performed to define the moment-rotation response of
the crack.

(3)  The predicted moment-rotation response of the cracked section is implemented in the
ANSYS model using a nonlinear truss.

(4) Dynamic time-history analysis is performed. Any tendency toward instability should be
evident in the load-time or load-deflection curves. (It must be noted that dynamic
analysis must be used, even though the displacements to load the pipe were applied
quasi-statically, because the inertia of the pipe provides a significant restraint to
instability, i.e., some of the energy in the springs must be used to accelerate the pipe).

Obviously, the predicted moment-rotation response has a significant influence on crack stability in the
analysis of a compliant four-point bend experiment. Therefore, as a preliminary step to actually
performing the finite element analyses of the DTRC experiments, a quick check of the quality of the
J-estimation scheme predictions was made. Table 3.2 compares the maximum moments for the
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DTRC experiments and the NRCPIPE Version 1.4d predictions made using the LBB.ENG2 J-
estimation scheme analysis for a circumferential through-wall crack. Figure 3.24 compares
experimental and predicted force-deflection response for the only DTRC experiment with a compiete
data record in our files, DTRC Experiment 7. From Table 3.2, it is apparent that NRCPIPE does a
good job of predicting maximum moments, and from Figure 3.24, it is clear that the load-line
displacements and hence, crack rotations are quite good also. (The comparison in Figure 3.24 was
the worst of the maximum load predictions in Table 3.2.) The moment-rotation curves for all of the
relevant DTRC compliant instability cracks are shown in Figure 3.25. The J-R curve calculated by
DTRC from the pipe experiments was used in the LBB.ENG2 analysis.

As indicated previously, crack instability is a function of the compliance of the test system: very stiff
(low compliance) test systems tend to be stable, while soft (high compliance) systems promote
instability. To determine whether this behavior can be duplicated analytically, several analyses of
DTRC Experiment 7 were performed with varying machine stiffnesses. Using the measured stiffness
from the experiment, 87,563 N/mm (500,000 Ib/in), the finite element analysis predicts complete
stability, Figure 3.26. This is consistent with the experimental observation. Reducing the belleville
spring stiffness from 87,563 N/mm (500,000 Ib/in) to 2,627 N/mm (15,000 Ib/in), a crack jump just
after maximum load occurs, Figure 3.27. The abrupt drop in applied load for essentially no change
in displacement suggests that the crack ran some distance and then arrested. The moment rotation
curve in Figure 3.26b is identical to Figure 3.27b, as expected, indicating that the dynamic analysis
has not violated the prescribed crack element constitutive relationship and that the predicted
equilibrium configuration is valid.

Considering DTRC Experiments 11 through 14 with the measured test machine compliance, all of the
dynamic finite element analyses indicate that equilibrium cannot be found after maximum moment.
Figure 3.28 illustrates a typical result. Based on the results presented for Experiment 7, the correct
interpretation of this is that there is an instability and that it is so severe that the pipes are all
predicted to be severed.

Analysis of the DTRC 8-inch nominal diameter A106 Grade B pipe compliant instability tests was
concluded by examining the predicted stability of Experiment 7 and Experiments 11 through 13 using
the J/T stability analysis method and the Energy Balance stability method. Table 3.3 presents a
comparison of the predicted stability using all of the analysis methods and the experimentally
observed stability. The prediction of instability for DTRC Experiments 11 and 12 is not consistent
with the test observations. With regard to the severity of the instability of the unstable experiments,
based on the published report of the DTRC experiments, there are no data concerning how far the
crack actually grew when it went unstable. In a conversation with Mr. Richard Hayes who ran the
experiments, however, we were told that the magnitude of any instability was artificially limited by
stops designed to limit spring extension, probably to keep from throwing the pipe out of the test
machine. Thus, there is no way to assess the actual magnitude of instability in the DTRC tests.

Originally, the J/T analysis of the DTRC experiments was done using the Tada-Paris J/T formulation,
Reference 3.11. Unfortunately, this formulation suggested that instability would occur immediately,
because at Ji, Tyoopeq 18 greater than T . This, of course is nonsensical, because the
experiments were conducted under displacement-controlled loading and hence, crack growth is
inherently stable at least until maximum load is reached. Efforts to discover an obvious flaw in the
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Tada-Paris formulation were unproductive, so a more recent J/T EPFM analysis by Zahoor was used,
Reference 3.12.

The Zahoor EPFM J/T analysis required knowledge of load-displacement-crack growth behavior.
Because we did not have the experimental P-6-Aa data, we calculated these values using the
LBB.ENG2 option in NRCPIPE using the pipe J-R curve calculated by DTRC. The pipe and C(T)
specimen J-R curves were virtually identical, but the pipe J-R curve extends to much larger Aa values
than the C(T) specimen.

The universal disagreement between all of the predicticns and the observed stability for Experiments
11 and 12 raised the issue of the sensitivity of the stability predictions to stiffness changes. The
thought was that perhaps the measured stiffnesses were slightly in error, and that this was biasing the
predictions. To examine the sensitivity of the stability predictions to stiffness changes, several
hypothetical stiffnesses were considered for Experiment 13.

Figures 3.29 through 3.31 show Energy Balance stability assessments for Experiment 13 at various
stiffnesses and Figure 3.32 shows similar resuits for J/T analyses. Table 3.4 compares the
experimental and predicted stability results with various stiffnesses using the three stability prediction
methods. For Experiment 13, ANSYS predicts imminent stability at a stiffness of 19,264 N/mm
(110,000 Ib/in) stiffness, Energy Balance predicts imminent stability at 15,761 N/mm (90,000 Ib/in),
and the Zahoor J/T analysis suggests that stability is imminent at just over 10,508 N/mm (60,000
Ib/in). The conclusion from this investigation is that slight stiffness measurement errors cannot
explain why the stability of Experiments 11 and 12 is incorrectly predicted.

There is no clear explanation for the discrepancies, both in terms of incorrect prediction of some of
the DTRC experiments and predicted stiffness changes needed to bring about stability for Experiment
13. Because all of the experiments had the same belleville spring stiffness, however, it is not
surprising that the analyses predict Experiments 11 and 12 as unstable, because the predicted moment-
rotation curves for the stable experiments (see Figure 3.25) are virtually identical to the moment-
rotation curve for Experiment 13. The root cause of the incorrect prediction of instability for
Experiments 11 and 12 is not apparent. To resolve these discrepancies more compliant instability
testing will have to be conducted.

3.2.1.3 Summary of Analysis of Cracked-Pipe Behavior
Beyond Maximum Lead

The FEA model developed for analysis of cracked-pipe behavior beyond maximum moment is a
simple extension of the basic cracked-pipe element developed in the IPIRG-1 program. It
incorporates all of the features needed to capture expected crack behavior: the ability to model
negative local stiffness, the capability to accommodate unloading into the compressive regime,
dissipation of energy through kinematic hardening-type plasticity behavior, and the ability to predict
crack instability. Comparison of performance of the post-maximum nonlinear FEA cracked-pipe
element predictions with experiments and other prediction methodologies have shown reasonable
agreement, although the paucity of data and apparent inconsistencies in the experimental results are
problematic. The bounds for use of the element are: (1) it uses standard program capabilities that
should be available in any nonlinear finite element program, (2) dynamic analysis must be used so
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that the restraining influence of pipe inertia is included, and (3) the quality of the pipe-flaw system
analysis is a direct function of the quality of the J-estimation scheme prediction of the moment-
rotation behavior.

3.2.2 Prediction of SC to TWC Transitions

The second refinement of the basic nonlinear spring model of cracked pipe that was explored was
prediction of surface crack to through-wall crack transitions. During loading of a surface crack in a
pipe, the surface crack will initiate and propagate radially. Eventually, if the loading continues, the
surface crack will penetrate the pipe wall and the crack will become a through-wall crack which can
grow in the circumferential direction. The transition of the surface crack to a through-wall crack is
generally quite abrupt, because surface cracks tend to have a much higher moment capacity than the
resulting through-wall cracks, i.e., there is the potential for unstable crack growth during the
transition. Ideally, a nonlinear FEA dynamic cracked-pipe analysis should be able to address the
following:

. Whether or not the surface crack penetrates the pipe wall

. How far the through-wall crack propagates when the surface crack penetrates the pipe
wall

. Whether the resulting through-wall crack propagates during subsequent loading.

Prediction of this type of behavior can be obtained using refinements of the previously discussed
spring-slider and nonlinear-truss models.

3.2.2.1 Model

The first and last issues identified above can be addressed with the analysis tools already discussed.
A spring-slider model of a surface crack inherently permits one to determine if the surface crack
reaches maximum load. The nonlinear-truss model, because it can be used for analysis past
maximum load, can be used for predicting both the occurrence of maximum load and crack
propagation behavior.

Several concepts for modeling surface-crack to through-wall-crack transitions were explored. These
included:

. Multiple parallel nonlinear trusses with a break-away element. In this model, the 3
surface-crack moment-rotation response is modeled with one nonlinear-truss element and
the through-wall crack is modeled with another. The transition from surface crack to
through-wall crack occurs when a break-away element in series with the surface crack
element reaches a prescribed break-away force. Figure 3.33 shows a schematic of this
model.
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. Spring-sliders and a break-away element in parallel with a nonlinear truss. This model
uses three spring-sliders in parallel to model the basic surface-crack behavior while a
nonlinear truss models the through-wall crack. A break-away element "removes” the
spring-sliders from the analysis when the surface-crack maximum moment is reached.
Figure 3.34 shows a schematic of this crack model.

The results of analyses with the models described above were successful in that surface-crack to
through-wall crack transitions could be analytically modeled. The resuits were somewhat
disappointing, however, in that none of the crack models was as convergent as desired. Specifically,
if the load on any of the crack models was increased too rapidly, in many cases the break-away
element would "break” prematurely. Replacing a force-based break-away feature (ANSYS STIF40,
Combination Element) with a displacement-based break-away feature (ANSYS STIF37, Control
Element) did not improve the convergence.

After some further investigation, the most successful approach to modeling surface to through-wall
crack transitions was found to be the spring-slider with one nonlinear-truss model as shown in Figure
3.34. The crack "element” is actually an assembly of ANSYS elements that give the desired effect.
The surface crack is modeled as in the [PIRG-1 program with ANSYS spring-slider elements. Using
three spring-slider elements in paraliel with appropriately selected stiffnesses and slide forces, one can
model the moment-rotation of the surface crack up to the point of maximum moment. The through-
wall crack is modeled with a plastic truss connected by rigid links to the pipe. By suitable definition
of the nonlinear stress-strain curve for the truss, a through-wall-crack moment-rotation behavior that
extends beyond maximum moment can be described. The transition from surface crack to through-
wall crack is accomplished using a break-away element. Basically, when the maximum surface-crack
moment is achieved, the break-away element takes the surface crack out of the analysis leaving the
through-wall crack element.

In theory, one should be able to set the break-away element maximum load to the maximum surface-
crack moment and have everything behave properly. In practice, however, the break-away feature
has a propensity to "break” prematurely. Therefore, the procedure that had to be adopted for
conducting surface-crack to through-wall-crack transition analyses is as follows:

(1)  Set the maximum force of the break-away element to a high value.

(2) Conduct the dynamic analysis and note when the maximum surface-crack moment is
achieved.

(3)  Restart the analysis at the time step of maximum moment of the surface crack with the
correct break-away force in the break-away element. This will "remove” the surface
crack from the subsequent load steps.

This procedure, when implemented, works very well. It is not particularly elegant or easy to use, but

it is effective. One must be careful when assigning stiffnesses to be certain that all series and parallel
springs have been properly considered, otherwise the structure will be too stiff.
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A final note here is that the above procedure works well as long as the through-wall-crack curve is
below the surface-crack curve. For very deep and short cracks, the converse can be true (Ref. 3.13
and 3.14), but the current J-estimation schemes cannot predict these cases.

3.2.2.2 Validation

Verification of the surface-crack to through-wall-crack transition element was performed by analyzing
one of the IPIRG-1 pipe system test experiments, Ref. 3.1. Specifically, IPIRG-1 Experiment 1.3-7
was analyzed:

. Nominal 16-inch diameter, Sch 100 pipe

. Aged cast stainless steel material

. Initial surface crack: 53 percent deep, 50 percent around the circumference
. Pipe system at PWR conditions, 288 C (550 F) and 15.51 MPa (2,250 psi)
. Growing amplitude sinusoidal excitation.

Figure 3.11 shows a schematic of the IPIRG pipe system, while Figure 3.12 shows its dimensions.
The measured forcing function for Experiment 1.3-7 is shown in Figure 3.35.

The input for the crack response for Experiment 1.3-7 cousisted of the spring stiffnesses, slide forces,
stress-strain curve for the plastic truss, and the associated geometry. These data we-e generated from
J-estimation scheme analyses of the surface crack (SC.TNP) and through-wall crack TLBB.ENG2).
Using laboratory specimen J-R and stress-strain data, the J-estimation schemes predict the moment-
rotation response of the surface crack and resulting through-wall crack to be as shown in Figure 3.36.

Figure 3.37 shows a comparison of the predicted and measured moment-time response at the crack.
(The experimental data after 4 seconds are not valid). To the point of maximum moment, the
prediction agrees very well with the experiment. The prediction also is quite good during the surface
crack to through-wall crack transition. In fact, the analysis properly predicts the first small cyclic
load increase after maximum moment. When the through-wall-crack reaches its first positive peak in
load, the prediction is also good. In subsequent cycles of loading, however, the prediction shows the
crack always attaining a positive moment of about 113 kN-m (1.0 x 10° in-Ib), while the experiment
shows a progressive decrease in peak moment up to about 4 seconds. The predicted behavior is
counter intuitive, because as the through-wall crack grows to maximum load on any given cycle, we
expect the peak attainable moment to progressively drop off under continued cyclic loading.

To understand the predicted behavior after maximum moment, one need only look at the moment-
rotation response, Figure 3.38. The predicted through-wall-crack behavior represents classical
kinematic hardening, as can be seen in the hysterisis loops that are traced. In a case where there is a
stress-strain curve that softens after maximum load, as is the case with our crack model, the kinematic
hardening flow rule prescription that the next yield always occurs at 20, above or below a change in
loading direction increases the moment capacity of the crack as it gets to larger and larger cyclic
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rotations. There is no simple remedy for this anomalous behavior, because it is inherent to the
kinematic hardening model. The net result of this limitation is that through-wali-crack growth after a
surface to through-wall-crack transition can be predicted only for the first through-wal! loading cycle.

3.2.2.3 Summary of Dyngmic Surface to Through-wall Crack
Transition Behavior

The analyses discussed indicate that the procedures and elements used to model the crack are quite
reasonable. As a pioneering ccort, the results suggest that it is possible to predict dynamic pipe
fracture, including the surface *o through-wall-crack transition, with better than “good enough”
accuracy. Although there still is oom for improvement, particularly in the way of defining a new
hardening rule for cyclic through-wall-crack growth, a primary concern for design, the propensity for
a DEGB, can be addressed with tais analysis. Within the context of the HDR-EZ1 analyses, the
approach used here is all that is required because only one large load cycle is expected.

3.2.3 Cyclic Loading with Reinitiation

The third refinement of dynamic, nonlinear, cracked-pipe analysis that was examined in this program
was the behavior of through-wall cracks under cyclic loading. Up to the time when the validation
analyses for the surface-crack to through-wall-crack transitions were being conducted, no systematic
consideration of analytical prediction of cyclic ductile tearing had been undertaken. The observation
from experiments with through-wall cracks that were unloaded and reloaded several times is that there
should be a continuous degradation of maximum moment-carrying capacity with each increment of
crack growth. As described above, the kinematic ha. . =ning flow rule behavior is inconsistent with
this observation.

3.2.3.1 Model
Two technical features dominate modeling of cyclic ductile tearing episodes:

. A methodology to predict the moment-rotation curve of a crack that has previously been
extended

. Behavior of the crack when it is unloaded into the compressive regime.

The first feature must be addressed in such a fashion that the model incorporates progressive
degradation of maximum moment-carrying capacity and increasing elastic compliance with increasing
crack size. The second feature must incorporate only crack section yielding (no crack growth) and
crack closure during compressive loading. ’

Because of the limitations of standard plasticity flow rules (isotropic hardening, kinematic hardening,
etc.), reinitiation of previously extended cracks cannot be handled automaticaily by finite element
programs; the programs continue to refer back to the original input curve behavior. Rather, multiple
restarts with new through-wall-crack moment-rotation cw es have to be used. Basically when a
through-wall crack is reloaded, a new moment-rotation curve must be defined that is based on the
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amount of crack growth attained in the previous loading cycle. Implementing this process is quite
straight forward, but it is somewhat cumbersome.

As a part of developing this analysis procedure, a rational basis for generating the new moment-
rotation curve had to be defined. Several ideas were explored before a satisfactory one was found.
The first idea that was tested, and the simplest one, used the NRCPIPE J-estimation scheme with the
original stress-strain curve and the original J-R curve, but with an updated crack length. The results
of this analysis produced maximum moments in the longer crack that were substantially below the
moment at which the original crack was unloaded. Based on IPIRG-1 program, Ref. 3.15, results for
through-wall cracks that were unloaded and subsequently reloaded, the maximum moment upon
reloading should be almost the same as the moment at unloading.

The second idea assumed that as the crack gets longer, J; is raised to the value of J ;.4 before
unloading. This assumption satisfies the requirement that the reloaded maximum moment be
approximately equal to the moment at unloading. Furthermore, the moment-rotation response after
maximum moment for the longer crack is identical to the original moment-rotation curve. Figure
3.39 illustrates the results from using the two different procedures for considering crack growth. The
modified length with modified J-R curve is the one that makes the most sense.

The issue of the compressive loading behavior of a cyclically loaded through-wall crack is important,
because hysterisis loops traced during unloading of a through-wall crack appear to the pipe system as
damping. As a consequence, the shape of the moment-rotation response of a through-wall crack when
it unloads will influence the pipe system dynamics, and indirectly, the propensity of the through-wall
crack to grow.

The dynamic analysis model discussed in Section 3.2.2 used a kinematic hardening model, with the
compressive region being a mirror image of the tensile region. As presented in the discussion of
surface-crack to through-wall-crack transition, the kinematic model exhibits an anomaly when one
operates out at large rotations where the tangent stiffness is negative: on unloading, the reflected
tensile moment-rotation curve goes through a minimum and then moments become more positive, see
Figure 3.40. In fact, in the compressive region, the kinematic model implies some sort of "crack
growth” behavior, which is not appropriate. What is needed to correct these deficiencies is a
moment-rotation response that has distinctly defined tension and compressive moment-rotation curves
and some sort of flow rule.

A simple engineering model for pipe crack unloading has been hypothesized to behave as follows:

. The unloading stiffness is equal to the elastic stiffness at the crack length when the crack
is unloaded. This implies that if a crack has grown, it will unload with a stiffness less
than the elastic stiffness of the crack before it grew. Conversely, if a crack has not
grown, it will unload with the initial elastic stiffness.

. The behavior of a crack during unloading is governed only by material stress-strain

response and crack size until crack closure occurs. This implies that J plays no role and
that the crack location appears to the remainder of the pipe system as a yielding pipe
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section with reduced wall thickness. When crack closure occurs, the crack location must
behave like competent pipe.

. A simple flow rule is postulated: the crack unloads elastically to zero moment, then
loads in compression following the moment-rotation response consistent with the
nonlinear stress-strain curve as shown in Figure 3.41.

To implement the proposed crack unloading model, the nonlinear FEA cracked-pipe analysis and the
NRCPIPE through-wall-crack J-estimation scheme analysis are used as follows:

(1) Conduct a dynamic nonlinear FEA cracked-pipe analysis with a prescribed through-wall-
crack moment-rotation response.

(2) At the point of crack unloading, determine the amount of crack growth and save restart
files for the dynamic analysis.

(3) At the given amount of through-wall-crack growth, conduct an NRCPIPE through-wall-
crack analysis with the new crack length and J; set very high. This has the effect of
suppressing crack growth in the analysis, so that only material stress-strain nonlinearity
is considered.

(4) At the given amount of through-wall-crack growth, conduct an NRCPIPE through-wall-
crack analysis with the new crack length and J; set to the value attained when the crack
unloaded. This basically implements the change in compliance caused by the longer
crack while retaining the correct moment-rotation response when the crack reinitiaies.

(5) Restart the dynamic cracked-pipe analysis with new material properties. The tensile part
of the moment-rotation curve comes from Step 4 and the compressive part comes from
Step 3.

(6) Recycle to Step 1, as needed.

This model addresses the deficiencies of the kinematic hardening model and increases the quality of
dynamic predictions past maximum load.

3.2.3.2 Validation

To test the proposed crack unloading model described above, IPIRG-1 cyclic R=-1 through-wall-
cracked pipe data were used, Ref. 3.15. IPIRG-1 Experiment 1.2-4 was a nominal 6-inch, Schedule
120, A106 Gr B carbon steel pipe loaded quasi-statically in four-point bending under displacement-
control. The resulting cyclic moment-rotation response is shown in Figure 3.42.

Using the measured crack growth and quasi-static stress-strain properties, the unloading model, as
described above, predicts the performance shown in Figure 3.43 for several selected loading cycles.
As an alternative to using the measured crack growth data, a J-estimation scheme prediction of crack
growth can be utilized. To make the comparison as meaningful as possible, the J-estimation scheme
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(LBB.ENG2) used the J-R curve calculated froin the experimental load-dispiacement and crack growth
record. The unloading response for this case is shown in Figure 3.44. The differences between
Figure 3.43 and 3.44 exist because the crack length at a given rotation is predicted to be shorter by
the J-estimation scheme than was observed in the experiment, see Table 3.5.

3.2.3.3 Summary of Analytical Cyclic Loading
with Reinitiation

The crack growth and unloading model described above appears to work reasonably well, in that it
agrees fairly well with the limited R=-1 pipe test data that are available, and it certainly gets rid of
the objectionable behavior of the kinematic hardening model. As a first approximation of a very
complex problem, the model is judged be to quite acceptable for engineering applications. There are
certainly other issues that could be explored to refine the model such as the impact of cyclic stress-
strain behavior, and comparison with other experimental data. These will have to wait until a data
base of high temperature cyclic stress-strain data and companion cyclic R=-1 pipe test data become
available.

3.3 Summary of Analysis Methodology

The state-of-the-art in dynamic fracture mechanics at the beginning of this program was advanced to
the point that an analyst could calculate the maximum moment and the time required to attain this
moment for both surface and through-wall cracks. Energy dissipation, due to cyclic loading of the
nonlinear crack prior to initiation, was an inherent part of the time-history analysis. Loading past
maximum moment, transitior. of a surface crack to a through-wall crack, and reinitiation of a crack
that had already extended were not possible. Through exploration of the limitations of the available
tools within the ANSYS finite element program and with an emphasis on engineering solutions, the
boundary of the state-of-the-art has been moved outward to include these new features. Although
none of the new features has been fully validated, there is ample justification for their use in research
situations, based on the favorable comparison of predictions with experimental data. Although the
main intent of the ANL-Battelle HDR program was not to develop analysis tools, these modest
pioneering efforts are significant and permit better prediction of the HDR-E3! experiments.
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Table 3.1 Test matrix for instability assessments of A106 steel pipes
subjected to four-point bending

* 254 mm = 1.0 inch.
** 0.17513 N/mm = 1.0 Ib/in.

Table 3.2 Comparison of experimental and predicted maximum moments

Maximum Moment,
kN-m*

Actual

LBB.ENG2

95.38 87.92 0.92
11 127.10 131.80 1.04
12 132.19 129.59 0.98
13 138.72 133.19 0.96

* 1.0 kN-mm = 8,851 in-Ib.

3-17
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Table 3.3 Stability comparison for DTRC compliant instability experiments

(@ 0.17513 N/mm = 1.0 Ib/in.

(b)  Although not analyzed, these experiments are almost certainly unstable due to
similarity with Experiment 13.

Table 3.4 Stability comparison for DTRC compliant instability Experiment 13
with various hypothetical stiffnesses

(a) 0.17513 N/mm = 1.0 Ib/in.

(b) Not used in experiment.

{¢)  Although not analyzed, these experiments almost certainly unstable based on
comparison with higher stiffness analyses.

(d) Not analyzed, but aimost certainly stable based on other Experiment 13
predictions.
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Table 3.5 Crack size data for unloading stiffness calculations

0.01073
0.02784
0.04120
0.05541

20
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Figure 3.1 Cracked pipe analysis beam and shell piping system
model of Griesbach, Ref. 3.3
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Figure 3.2 LBB.ENG reduced section for modeling cracked pipe response
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Dispiocement
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Figure 3.3 Basic spring-slider element
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Figure 3.4 Modeling of & multi-linear load-displacement curve with spring slider elements
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Figure 3.7 IPIRG-1 Experiment 1.1-3 forcing function
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Figure 3.17 Artist’s conception of the IPIRG pipe loop test facility
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Figure 3.12 Dimensions of the IPIRG pipe loop test facility
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Figure 3.13 IPIRG-1 Experiment 1.3-3 (pipe system stainless steel
surface crack experiment) forcing function
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Figure 3.14 Flaw location moment for IPIRG-1 Experiment 1.3-3
(pipe system stainless steel base metal experiment)
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Figure 3.17 Post-maximum moment crack behavior
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Figure 3.18 ANSYS STIF39 (nonlinear force-defiection element)
response under reverse cyclic bending
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Figure 3.20 Input moment-rotation response for a through-wall crack in a pipe
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Figure 3.22 Nonlinear truss model analysis of a through-wall crack with unloads exhibiting
absence of ratcheting and proper kinematic hardening response
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Figure 3.23 Schematic of DTRC compliant instability pipe experiments
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Figure 3.25 LBB.ENG2 through-wall crack J-estimation scheme predictions of
moment-rotation hehavior for selected DTRC experiments
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Dynamic analtysis
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Figure 3.26 Stable crack growth behavier for DTRC Experiment 7 with 87,563
N/mm (500,000 Ib/in) system stiffness
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Figure 3.27 Limited instability behavior for DTRC Experiment 7 with
2,627 N/mm (15,000 Ib/in) system stiffness
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Figure 3.28 Completely unstable behavior for DTRC Experiment 13 with measured

system stiffness of 6,480 N/mm (37,000 Ib/in)
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Figure 3.29 Energy balance for DTRC Experiment 13 with
6,480 N/mm (37,000 Ib/in) system stiffness
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Figure 3.30 Energy balance for DTRC Experiment 13 with
12,959 N/mm (74,000 Ib/in) system stiffness
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Figure 3.39 Ideas for incorporating crack growth in a cyclically
loaded pipe specimen (1.0 in-Ib/in ? = 0.17513 kJ/m?)
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Figure 3.43 Unloading model performance using measured crack growth data (solid
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4. HDR-E31 EXPERIMENTS

In a postulated break and blowdown of a BWR feedwater line, the amount of cooling water outflow is
limited by the rapid closing of a check valve. The rapid pressure drop and subsequent water-hammer
waves, caused by the valve closure, produce severe structural oscillations of the piping system. Past
experience indicates that the resuiting loads can usually be sustained by the piping materials used in
modern nuclear plants. However, it is not clear that this also holds for a weakened pipe that may
have been damaged (cracked) by long term operational stresses. To address this question, two
blowdown experiments with predamaged piping were conducted as part of Phase Il of the HDR
Safety Program. The tests were designated E31.2 and E31.3 (Test Group E31). The overall
objectives of these tests included the following:

. Determine the global structural response of the pipe system subjected to water-hammer
loads and estimate the effect of the cracks on this response.

. Determine the failure loads and processes for the predamaged components, i.e., crack
growth, possible leaks, etc.

. Ascertain how a dynamically induced event influences the leak-before-break behavior
deduced from static experiments.

. Determine the pipe whip resulting from the possible break of the predamaged
components.

. Provide data for the validation and verification of linear and nonlinear analysis modeis of
the structural, fracture-mechanical, and thermohydraulic aspects of the blowdown event.

The next to last item is of primary interest in the current effort. As stated earlier, finite element
analysis was used to model both the behavior of the cracked pipe section as well as the overall
structural response of the pipe system. The intent is to assess the analyses by comparing predictions
with experimentally observed behavior.

To provide the background for performing the structural/fracture assessments, a description of the
HDR-E31 test facility is presented. Three topics are included:

. Description of the facility
. Discussion of the loading
. Details of the flaws.

The presentation is made at a level of detail sufficient that other researchers could model the
experiments. References from which these data have been extracted are all identified.
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4.1 Experimental Facility

The HDR Facility, where the E31 blowdown experiments were conducted in 1990 and 1991, is a
decommissioned superheated-steam BWR located in Karlstein, Germany. It is operated by the
Kernforschungszentrum Karlsruhe (KfK) and since 1975, has been used for a wide variety of
structural/seismic, thermohydraulic, and materials experiments,

4.1.1 Geometry

The pipe system used in the E31 tests was newly constructed for this purpose and is a model of a
BWR feedwater line. The line is approximately 25 m (82 feet) long and is attached to the reactor
pressure vessel (RPV) at one end as shown schematically in Figure 4.1. A nearly rigid sapport
(Fixed Point) is provided just upstream of the check valve and a second support is located near the
end of the rupture disc assembly.

The flawed section was a straight section of pipe in the pipe emanating from the RPV and located
close to the vessel. For the E31 experiments, predamaged sections were installed, tested, and then
removed for each test. Except for the predamaged section, the pipe system components remained the
same for all tests. The pipe system was nominally 425 mm (16.7 inches) in diameter (DN 425) and
ran from the S-nozzle of the RPV about 6 m (236 inches) in the radial direction, then proceeded
approximately 7 m (276 inches) vertically downwards and continued 3 m (118 inches) horizontally
perpendicular to the S-nozzle. Finally, the line continued through two more elbows to the Fixed
Point support. From there, the pipe continued with the feedwater check valve to the rupture disc
assembly. In contrast to eaclier blowdown tests conducted in this facility, the check valve was located
behind the Fixed Point support, i.e., outside the region of significant structural response.

The global dimensions of the pipe runs and components are given in the perspective view of Figure
4.2. Details of the pipe system geometry are contained in the experimental Design and Quick-Look
Reports for Tests E31.2 and E31.3, Refs. 4.1 t0 4.4. The geometry and overall length of the piping
for the two experiments was identical, except for some minor length differences in the predamaged
pipe component and the immediately adjacent sections. Most of the pipe system had a nominal wall
thickness of 25 mm (0.98 inches), but in order to ensure that the test sections were the weakest
component, their wall thickness was reduced by machining to 16 mm (0.63 inches). Table 4.1
summarizes the as-built dimensions of the pipe system.

The pipe system was insulated alonsg its entire length using mats with a thickness of 80 mm and a
density of approximately 100 kg/m” (1602 Ib/ft®). This gives an additional mass of about 14 kg/m®
(224 1b/ft®) of pipe length.

4.1.2 Boundary Conditions

The pipe system was rigidly supported at the RPV wall, Figure 4.3. The second nearly rigid support
was provided by the so called Fixed Point support, which was specifically designed to restrain all six
degrees-of-freedom of motion. A massive steel structure made up of beams, columns and plates
transmitted the load from the pipe to the building, Figure 4.4. A specially fabricated pipe section
with four trunnions welded to it, Figure 4.5, restrained the pipe at the Fixed Point. The trunnions
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were held by plates, which have holes of the same diameter as the trunnions. The plates in turn were
welded to the steel structure. This arrangement assured that all six degrees-of-freedom were
restrained, but no stresses were generated due to the radial expansion of the pipe during heat-up. Ali
four trunnions together carried the axial force and torsion. The two lateral forces and the bending
moments were carried in each case by two opposite trunnions.

Because the feedwater check valve and rupture disc assembly extend another 4.5 m (177 inch) from
the Fixed Point, an additional support was provided near the end of the assembly. This support was
designed to restrain horizontal forces of 255 kN (57,330 Ib) and vertical forces of 178 kN (40,020
Ib), Figure 4.6, and suppresses any unwanted oscillations that could possibly influence the functioning
of the valve. This support had no effect on the test system proper, because it was located past the
Fixed Point.

The design stiffnesses for the Fixed Point support were calcnlated to be 457 MN-m/rad (3.37x10% ft-
Ib/rad) for vertical bending and 637 MN-m/rad (4.7x10® fi-Ib/rad) for horizontal bending, Ref. 4.1.
To estimate the effect of the Fixed Point stiffness on the vibration behavior of the pipe system, the
piping was modeled as a beam rigidly supported at the RPV and having the above stiffnesses at the
Fixed Point, Ref. 4.5. Taking into account the effect of the piping components downstream of the
Fixed Point, as well as of the support at the rupture disc assembly, it was estimated that the first
eigen frequency of the pipe system was reduced by 3-percent in comparison to a pipe system
supported rigidly at both ends.

Using data from static displacement tests, as well as from the dynamic blowdown tests, it was found
(Refs. 4.5 and 4.6) that the actual Fixed Point stiffnesses were only about one half of the values
estimated from the design data. Further, it was shown that a slight softening (approximately 10-
percent) of the Fixed Point support occurred between the first (E31.2) and second (E31.3) blowdown
tests. However, the overall effect on the pipe system dynamic behavior of all these aspects is at most
a further 1-percent reduction in the fundamental frequency of the pipe system relative to piping rigidly
supported at both ends, Refs. 4.5 and 4.6. This clearly demonstrates, that the stiffness of the Fixed
Point support has, at best, a minor effect on the global dynamic response of the pipe system.

4.1.3 Pipe System Materials

All of the piping materials for the test system were German ferritic steels. Their designation
according to German Standards (DIN), as well as their nominal compositions are indicated in Table
4.1, where the various pipe system components are listed. The nominal mechanical and physical
characteristic, as obtained from standard data sheets, are given at three temperatures (20 C, 200 C,
300 C [68 F, 312 F, and 572 F]) in Tables 4.2 t0 4.6. For specific references to the material
property data, Ref. 4.1 should be consulted.

Extensive material characterization tests on the pipe materials were also performed by the Materials
Testing Institute of the University of Stuttgart - MPA, Stuttgart, Ref. 4.7. Their tests were, in
general, run at room temperature (RT = 20 C [68 F]) and at 240 C (464 F), the latter being
comparable to nominal blowdown test temperature. The MPA experiments included tensile tests,
some compression tests, notch (Charpy) impact tests, spectral analyses to determine the material
compaosition, and fracture-mechanical tests. In these tests, multiple samples were analyzed from

43 NUREG/CR-6234



HDR-E31 EXPERIMENTS Section 4

various components. Samples were taken from the components longitudinally and circumferentially,
both in the axial and radial (thickness) directions

Comparisons of the yield poini, tensile strength and elastic modulus between the MPA tests and the
data sheet values for the three most important materials at 240 C (464 F) are given in Figure 4.7
The averaged MPA data for the yield point and tensile strength are sigrificantly higher than the
minimum values from the data sheets. There is excelient agreement between the measured elastic
modulus values and those given in the data sheets. Some variability in the measured data for a given
material was also observed by MPA, depending on the component from which the test sample was
obtained. The actual measured stress-strain curves at a temperature of 240 C (464 F) for these
materials are shown in Figure 4.8

4.1.4 Instrumentation/Measurements

The pipe system in the E31 tests was fully instrumented to measure all important thermohydraulic and
structural response variables, Refs. 4.1 10 4.4 These included pressures, temperatures, flow rates,
strains, displacements, and accelerations. For the current application, of greatest significance are the
pressure, strain, and displacement measurements The pressure measurements in the pipe system
between the RPV and the Fixed Point support define the loading for the structure. The strain
measurements at the various cross-sections are used to determine the moments and forces acting at
these locations. Refs. 4.3 and 4.4, and these, in turn, can be compared with the predicted values
Finally, displacement measurements describe the global response of the pipe system and can again be
used to check the calculations

The behavior of the predamaged (cracked) sections 18 primarily inferred from post-test fracture-
mechanical and metallographic examinations. Details of these studies are given in References 4.8 and
4.9. Because of the large strains occurring at the cracks, the strain gages installed at these locations
can only follow the early history of the crack response

The pipe system cross sections at which strains were measured are shown in Figure 4.9. Typically,
at a straight pipe section, six strain gages were installed to allow the computation of all the forces,
moments. and stresses, Refs. 4.3 and 4.4. These include four longitudinal (axial) measurements, one
circumferential measurement and one diagonal measurement at 45 degrees, Figure 4.10. At elbows
and the cracked pipe section, as many as 22 strain gages were installed, Refs. 4.3 and 4.4. The
global cartesian coordinate system, as well as the local (pipe related) polar coordinate systems, are
indicated in Figure 4.11, These define the strain and displacement measurement directions, as well as
those of derived quantities such as forces and moments

While dynamic pressure measurements were made throughout the entire system, only those iocated
between the RPV nozzle and the Fixed Point support are essential for determining the
blowdown/water hammer loading of the pipe system. Due to gage malfunctions, only three such

measurements were made in test E31.2, but as many as six pressure-time histories were recorded in
test E31.3. The locations of these measurements are shown schematically in Figure 4 12

Global displacement measurements were made at three locations At two of these locations, triaxial
measurements were recorded and at the third location, displacements only In two directions were
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obtained. The locations of the displacement measurements are given in Figure 4.13. To check out
the instrumentation and global behavior of the pipe system, static displacement tests were performed
prior to each of the blowdown experiments. A vertically upward directed force appiied in the center
of the U-bend, Figure 4.13, was applied in stages up to a maximum of 100 to 110 kN (22,482 to
24,730 Ibs). These measurements can be used for a global check of analytical models.

4.2 Loading

4.2.1 Initial Test Conditions

The experiments were intended to simulate a feedwater line at thermohydraulic conditions typical for
a BWR. Table 4.7 gives a comparison between the thermohydraulic values achieved in the
experiments and the intended test design values. For the measured data, the mean value of the
appropriate gages are used and standard deviations are given

4.2.2 Rupture Disc Assembly and Check Valve

The blowdown/water hammer event in the E31 tests was initiated by the rapid bursting of double
rupture discs located at the end of the rupture disc assembly. The discs were held in a special fixture
as shown in Figure 4.14. The two rupture discs were arranged in series and each could sustain only
70 percent of the test starting pressure of 90 bars (1,320 psi). Therefore, it was necessary during the
pressurization and heat-up to adjust the pressure in the space between the rupture discs such that
neither disc exceeded its rupture pressure. Using a nitrogen gas supply and pressure regulators, the
pressure in that space was always maintained at one half of the system pressure.

The opening of a valve rapidly depressurizes the space between the rupture disc at the start of the
tests. This leads to the rapid bursting of the inner disc. Because the full system pressure now acts on
the outer disc, it also bursts out of its fixture. In this manner, the total break cross-section is opened
in approximately 3 ms

The feedwater check valve used in the experiments is designated SRV-350 and had also been used in
previous blowdown tests (for details see Refs. 4.1 and 4.2). It was designed to minimize the water
hammer effect, by rapidly limiting the outflow and thus preventing the development of high flow
velocities, and by providing a soft closure of the valve through hydraulic damping. In the E31 test
series, the objective was to produce large pressure waves and pipe system loadings. Hence, the valve
was modified to essentially close without damping. In order to allow the valve to remain open prior
to the blowdown, ever without flow through the pipe, it was installed with its stem at the shallow
angle of 15 degrees, relative to the horizontal. During the tests, the valve closed in approximately 51
to 53 ms (167 to 174 fps) and its maximum closing velocity was about 13.5 m/s (44.3 fps), Refs. 4.3
and 4.4. In spite of its large weight (24 kN [5,396 Ib]), the valve had no significant influence on the
pipe system dynamics because it was installed on the downstream side of the Fixed Point support
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4.2.3 Pipe System Pressure-Time Histories

The pressure-time variations in the pipe system were measured at a number of locations. However,
due to gage malfunctions, only three measurements were available in test E31.2, Ref. 4.10, whereas
in test E31.3, six measurements could be used, Ref. 4.11. The locations for the pressure
measurements are given in Figure 4.12. At all locations, there is first a rapid pressure drop from 92
(1,350 psi) to about 30 bar (440 psi), due to the rupture disc bursting. This is followed by an
oscillation due to pressure wave reflection at the RPV, and *hen by a very high pressure spike caused
by the closure of the vaive. The maximum pressures observed in the tests were respectively 237 bar
(3,480 psi) in Test E31.2 and 236 bar (3,470 psi) in test E31.3. These pressures are about 15-percent
lower than those that are estimated using water hammer equations and the measured maximum mass
flow rate, Refs. 4.3 and 4.4. It is thought that these discrepancies are due to the flow measurements
overestimating the actual flows.

The three usable pressure-time histories for test E31.2 are given in Figure 4.15, and the dynamic
pressures for test E31.3 are presented in Figure 4.16.

4.2.4 Elbow Pressures, Forces, and Moments

The pipe system in the E31 tests was essentially rigidly supported at the RPV and at the Fixed Point
support. Thus, the only substantial loads that acted on the structure during the blowdown/water
hammer event were the loads generated by the pressure waves passing through the elbows. The loads
resulting from the blowdown jet were taken-up by the Fixed Point support and have no effect on the
piping upstream of this point.

No detailed pressure or flow measurements in the elbows were made during the E31 tests. Even if
such information was available, it would still be necessary to derive the resultant time varying elbow
forces, either through the momentum equation or by the surface integral of the pressure over the
entire elbow. Most piping response analysis codes (and specifically ANSYS) do not have the
capability of generating the elbow forces from the surface integral of the pressures. Therefore, in the
current application it was necessary to provide as input to the calculations, approximate elbow forces
derived from the available pressure measurements.

It has been shown, Refs. 4.12 and 4.13, that a good approximation of an equivalent pressure for the
elbow center plane can be derived by arithmetic interpolation between pressure measurements at
locations upstream and downstream of the elbow. Multiplying this equivalent pressure by the pipe
cross-sectional area, one obtains forces that are applied at the ends of the elbow. The forces
determined in this manner are a good approximation of the actual fluid forces, Ref. 4.13. The
procedure is illustrated in Figure 4.17. Note that only two pressure measurements on opposite sides
of an elbow are necessary to derive the elbow pressure and hence, the forces acting on the elbow.
The force-time histories obtained in this manner for both Experiments E31.2 and E31.3 are shown
respectively in Figures 4.18 and 4.19. Althcugh they are nominally identical, the forces from the two
experiments are slightly different and thus, the crack driving force is also slightly different. These
forces were input into the ANSYS calculations to predict the gross piping response and to generate
the moments and forces acting on the cracked pipe section.
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The "measured” cross-sectional forces and moments in the piping can be inferred (calculated) from
the measured strains. However, the force and moment calculations are based on linear-elastic
formulas. Hence, the obtained values are only valid at locations which do not experience significant
plastic strains.

4.3 Flaws

4.3.1 Test Section

As indicated earlier, straight pipe test sections with circumferential cracks were subjected to
blowdown/water hammer loading in the E31 tests. The overall geometry of the test sections is shown
in Figure 4.20. The only difference between Experiments E31.2 and E31.3 is the depth of the initial
crack and some minor differences in the overall length of the test sections. The starter cracks were
produced by first errosively forming a 2 mm (0.079 inch) deep, narrow (0.2 mm [0.0079 inch]) notch
of the desired extent, and then subjecting the test section to cyclic bending, thus obtaining a fatigue
crack of the desired depth. The crack depthi was controlled by continuous surveillance during the
cyclic bending.

The wall thickness of the test sections was reduced by machining from 25 mm to 16 mm (0.98 to
0.63 inch). This was done to ensure that the test section would experience the highest stresses and
that other pipe system components would not be unduly stressed, thus limiting any possible failures to
the cracked section.

The important geometrical variables for the test sections in the two experiments are summarized in
Table 4.8.

The actual starter crack profiles, as measured ultrasonically prior to the test and as obtained by
sectioning after the experiment, are shown in Figure 4.21 for Experiment E31.2. As can be seen, the
MPA pretest measurement is in excellent agreement with the post-test measurements. For
Experiment E31.3, the ultrasonic pretest measurement of the starter crack profile is given in Figure
4.22. Post-test measurements for E31.3 were not available when these analyses were performed.

4.3.2 Test Section Materials

The material for the test sections containing the initial flaws is a German ferritic steel, 20

MnMoNi § §, containing about 1.28-percent Mn, 0.64-percent Ni and 0.46-percent Mo. Other major
constituents are 0.17-percent C, 0.18-percent Si, and 0.20-percent Cr, Ref. 4.7. Nominal values of
the mechanical and fracture related parameters, taken from standard data sheets, are given in Table
4.2. Density of the test specimen material is about 7.84 Mg/m® (489 Ib/ft°).

Extensive studies on the material were conducted by MPA Stuttgart, Ref. 4.7, and it was shown that
the laboratory determined yield stress and tensile strength are considerably higher than the data sheet
values, while the elastic moduli are in close agreement. The latter has an average value of 198 GPa
(28,710,000 psi) at 240 C (464 F) and increases to about 208 GPa (30,160,000 psi) at room
temperature. Tensile test stress-strain curves, Figure 4.8, indicate that there can be considerable
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variation in the material post yield behavior, depending on the component from vhich the test
specimens were obtained. On the other hand, orientation of the test samples has little influence on the
behavior.

The effect of temperature on the mechanical characteristics of the test section material, as obtained
from the tensile tests, Ref. 4.7, is illustrated in Table 4.9.

It is observed that while temperature has a significant effect on the yield point (0.2-percent offset),
there is virtually no influence on the ultimate tensile strength of the material. On the other hand, the
strain at rupture is significantly larger at room temperature, when compared to that at 240 C (464 F).

MPA Stuttgart, Ref. 4.7, also conducted extensive tests on the test section material to determine its
fracture toughness characteristics. They developed the crack resistance curves using the single
specimen technique and employing the method of partial unloading. In this approach, the J-Aa curve
is determined by indirectly calculating the crack growth from the changes in the sample stiffness or
compliance function. In addition to developing crack resistance or J-R curves, MPA also obtained
crack tip opening curves and determined crack initiation characteristics (energy values) in accordance
with various criteria.

The maximum value for J determined in the tests was about 750 kI/m? (4,282 in-Ib/in?),
corresponding to crack elongation of 3.2 mm (0.126 inch) and a CTOD of 0.75 mm (19.05 inch). It
was shown that the J-R curves are not very sensitive to the sample orientation. This also holds for
the J at crack initiation, J,. A typical J-R curve for the test section materials is given in Figure 4.23.

Finally, notch impact (Charpy) tests were conducted over a range of temperatures for the test section
material using samples at various orientations in the pipe component. The results are summarized in
a series of impact energy versus temperature curves shown in Figure 4.24 and taken from Ref. 4.7.
The results do depend on the orientation of the test sample, with the maximum impact energies
ranging from 200 to 250 J (147 to 184 ft-1b).
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Table 4.1 Table of the individual HDR E31 test system pipe sections

4388
1 0.285 0.427 439-453 x 111-30 |
1.6368 0. 0.631 453-424 x 32.5-26 |
Test section 1.6310 0.450 1.081 425x 16-25 |
Straight sections 1.6210 .461 4.542 425 x 25
0.284 4.826 425 x 25
0.522 5.348 425 x 25
First elbow 1.6310 1.088 36 429.3 x 29.6;
R=1000
Straight section 1.6210 0.522 - 425 x 25
4.373 11.331 425 x 25
U-bend 1.6210 0.482 11.813 425 x 25
(inductive bend) 1.570 13.383 425 x 25;R=1000
0.949 14.332 425 x 25
1.570 15.902 425 x 25;R=1000
0.037 15.939 425 x 25
Single elbow 1.6210 0.063 “,002 425 x 25
(inductive bend) 1.570 572 425 x 25;R=1000
0.508 18.080 425 x 25
Straight piece 1.6210 1.893 19.973 425 x 25 i
i :
Fixed Point fabricated 1.6368 0.824 20.797 425 x 41.5
section
Straight section 1.6210 0.534 21.331 425 x 25
Reducer 1.5415 0.254 21.585 371-425 x 18-25.5
SRV-350 valve 2 1.232 22.817 371 x 17.5
Reducer 1.5415 0.254 23.071 371-453 x 18-27.5
Pipe section 1.5415 1.045 24.117 444 x 32
Rupture disc nozzle 1.5415 0.520 24.637 453 x 30-61 |
Rupture disc fixture 453 x 88

* Matinal ldentification
1 23 NiMoCr 3 6
2 GS C 25 among others
1.636815 NiCuMoNb § (WB 36)
1.621015 MaNi 6 3
1.621015 MnNi 6 3
1.631020 MoMoN: S §
1.541515 Mo 3
e 1.0m = 3937 inches, 1.0 mm = 0.039 uxh
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Table 4.2 Mechanical and physical properties of the pipe materials,
from data sheets: 20 MnMoNi 5§ §

20 MnMoNi § 5

1.6310

Tent Picce and Elbow | :

Notch impact energy J (min) 3
00 - -
Density Mg/a”® 7.84 - -
Il Modulus of elasticity kN/mm? 211 199 192
f  Thermal conductivity WK P 3 4
I Specific heat 1K 0.46 0.52 0.56
| Coefficient of t*crmal 1K - 1320107 13.6°10°¢

eXpans’ »n

Table 4.3 Mechanical and physical properties of the pipe materials, from
data sheets: 15 MnNi 6 3

1.6210

Pipe sections except for
the
Tent Picce and
first Elbow

Yieid pount

Tensile strength
Elongation st rupture percent (min) 2 - -
Area reduction percent (min) 45 - -
Notch impact energy J (min) 100 - -
l Density Mg/m’® 7.84 . :
Maodulus of elagticity KN/mm? 211 199 191
I Thermal conductivity Wm 'K a2 43 4]

Specific heal k! 0.43 0.54 0.58
Coefficient of thermal 13.5*10°¢
CXPARSION
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Table 4.4 Mechanical and physical properties of the pipe materials, from data sheets: WB 36

Yield pount N/mm® (min)
1 6386 Tensile strength N/mm* 610-760 520 520
Elongation at rupture percent (min) 17 - -
Reducers at the :
$-pozzle and the Fixed Area reduction percent (mic) - - -
Pouidupod Notch impact energy J (min) 35 - -
resiranung piece
Density Mg/m® 7.84 - -
Modulus of elasticity KN/mm’ 210 198 190
Thermal conductivity Wm 'K 38 42 41
Specific heat gkt 0.46 0.52 0.56

Coefficient of thermal 1K - 12.8°10°¢ 13.3%10°¢

expansion

15 Mo 3 Yield point N/mm? (min)
15415 Tensile srength N/mm® 450-600 3%0 390 ,
Elongation st rupture percent (mun) 20 - - l
Reducers past the Fixed . -
Point and rupture disc Area reduction percent (min) - - &
ssscaibly Notch impact energy J (min) 34 . -
Density Mg/ 7.85 " . i
Modulus of elagticity KN/mm? 213 ! 193 i
Thermal conductivity wm 'K 49 ) 4 1
Specific heat I k! 0.46 0.50 0.54 i
Coeflicient of thermal - 13.1%10°¢ 13.6*10°¢
eXpanKIon
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Table 4.6 Mechanical and physical properties of the reactor pressure vessel material:
23 NiMoCr 3 6

23 NiMoCr 3 6

Reactor pressure vesse!
with
S-nozzle

Table 4.7 Initial thermohydraulic test conditions - comparison of measured and design values

Initial Test Coanditions
Measured Mean Value (Standard Deviation)
Test E31.2

Teat Vanabies
Di —

Sysem pressure (bar)

Tempernture of RPV - Upper
Part (C)

Temperature of RPV - Lower
Part (C) |

Pipe System Fluid
Temperature (C)

Pipe System Wall Temperature |
(©)

Valve Stroke (mm) |

240 238 (3.8) 23829
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Table 4.8 Initial geometrical parameters of test sections

QaterDmnew D,, mm

Wall Thickness - t, mm

Crack Length - 26, degrees

Crack Depth - d, mm

Depth Ratio, dt |

* 254 mm = 1.0 inch.

Table 4.9 Mechanical characteristics from tensile tests of test section

macerial 20 MnMeNi § §
-‘ 0.2-Percent | Teasie | Rupture |  Area
Sample | Tempersture, | Sample | Yield Point, | Streagth, | £-Modulus, | Strain, | Reductios,
Desiguation | C, () | Orieatation MPa MPa GPs perceat | percent
[ 1 ] 0we | L | e 662 | 208 | 214 59.0
i 240 (464) L 487 647 200 21.0 70.8
[ = 20 (68) L 551 658 208 25.0 760 |
K 240 (464) T 488 647 199 19.2 65.2
8 240 (464) T 485 652 192 19.0 62.8 I
27 20 (68) T 554 659 208 23.5 71.0

* 6.895 ksi = 1.0 MPs = 0.00]1 GPa.
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Figure 4.9 Strain measurement locations for the HDR-E31 tests
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Figure 4.11 HDR-E31 piping coordinate systems
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Section 5 PREDICTIONS OF THE HDR-E31 EXPERIMENTS

5. PREDICTIONS OF THE HDR-E31 EXPERIMENTS

Prediction of the behavior of flawed piping requires a structural analysis to define the crack-driving
force and a fracture analysis to determine if the crack resistance is exceeded. In the engineering
fracture analysis, these two elements of the evaluation are assumed to be uncoupled. That is, a
structural analysis is performed to find the maximum applied load, which is then used in a separate
fracture analysis to determine if this load causes some fracture criterion to be exceeded. In the
nonlinear FEA fracture analysis, the fracture criterion is an inherent part of the structural analysis.

In the section that follows, the previously discussed engineering fracture and nonlinear FEA fracture
analyses are applied to prediction of the HDR-E31 experiments. Because the methodologies have
already been discussed, the presentation for each mainly includes just 2 summary of the results.
Assumptions needed to complete each analysis are also stated. Prior to presenting the fracture
predictions, the basic structural modeling of the HDR test system is discussed, because it is an
integral part of either analysis.

5.1 Finite Element Modeling

Prediction of the behavior of flawed piping sections is very much dependent upon the specific
geometry, material properties, and globally applied loads of the piping system, i.e., to know the
crack-driving force, the piping system response must be precisely estimated. Finite element piping
stress analysis permits all of the essential features of a piping system to be rigorously included in a
structural analysis, in a routine fashion.

5.1.1 Finite Element Models

Separate finite element models were developed to analyze HDR-E31.2 and -E31.3. The reason that
separate models were developed was to include the modest section length variations between the two
experiments. As appropriate, the models were modified for conducting modal analyses, static point-
load analyses, and dynamic analyses of the uncracked piping system. In addition, a third, simplified
engineering design model of the E31.2 pipe experiment was developed. The more detailed HDR
models are referred to as refined models, while the less detailed model is called the engineering
model. Eventually, the refined uncracked dynamic piping system models were modified to include
the nonlinear-crack FEA fracture mechanics crack model.

In an attempt to preduce a very high quality structural analysis, the pipe system was rigorously
modeled to account for all of the pipe transitions, material changes, instrumentation locations, and
boundary conditions. The models of the E31.2 and E31.3 experiments were developed using the
HDR design reports for the specific experiment. Nodes were defined at locations where the material
properties or pipe geometry changed and where instrumentation was applied during the experiments.
Material properties were input as a function of temperature, when available.
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The refined system models were developed using ANSYS elastic pipe elements, a generalized mass
element, and linear spring-damper elements. The straight pipe runs were modeled using the elastic
pipe element, STIF16, and the four elbows were modeled using elastic curved pipe elements, STIF18.
The check valve was modeled using pipe elements with no material density and a generalized mass
element, STIF21, located at the center of mass of the valve to account for its weight. Single degree-
of-freedom spring-damper elements, STIF 14, were used at the Fixed Point support. A spring element
was connected in each local degree-of-freedom to model the stiffness of the support. The second
support, at the rupture disc, was modeled by constraining the lateral and vertical translational motion
of the piping system. Longitudinal translation and rotation of the pipe were allowed at this support.
Over 275 elements were used in each refined model.

The refined piping system model used six different materials. A complete listing of the elements,
including dimensions and element orientaton, is provided in Appendix A. A tabie of the material
properties used in the finite element analyses is also given in this app2ndix.

The third version of the HDR-E31 piping system model was a simplified model of the E31.2
experiment. An engineering model, similar to that used for design purposes, was developed so that
comparisons could be made with the results from the refined models. This model used the same
ANSYS elastic pipe elements; however, only a few sets of average pipe geometric dimensions were
considersed. The wall thickness and diameter of the pipe elements were only changed at two locations
in the piping system. The pipe element lengths were considerably longer in this engineering model
than in the refined E31.2 model. Approximately 50 elements were used in the engineering model.

One set of material properties was applied to all of the pipe elements, except for the test section, in
the engineering model. The boundary conditions at the reactor pressure vessel were fixed in all six
degrees-of-freedom, and the boundary conditions at the Fixed Point support were fixed against the

lateral and vertical translational motions. The analysis using the engineering model was conducted
under the same conditions of temperature and pressure as the E31.2 analyses.

Figures 5.1 and 5.2 show the basic HDR-E31 test system and the ANSYS finite element model,
respectively.

§.1.2 Modal Analyses

A modal analysis was conducted for each model to determine the natural frequencies and mode shapes
of the system. The modal analyses were conducted with the piping system at a temperature of 240 C
(464 F) and an internal pressure of 90 bar (1,323 psi). The value of the internal fluid density was
844.6 kg/m® (52.07 Ib/ft®).

The modal analysis of Experiment E31.2 was conducted using two versions of the E31.2 finite
element model. The first version used fixed-boundary conditions at the Fixed Point support, while
the second analysis used the linear-spring elements previously described. The natural frequencies for
the first five modes are shown in Table 5.1 for both versions of the E31.2 model. Plots of the mode
shapes from the E31.2 model with the fixed-boundary conditions at the first support are shown in
Figures 5.3 through 5.7. The plots of the mode shapes for the E31.2 model with the support stiffness
showed no discernable differences from the plots in Figures 5.3 through 5.7.
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The modal analysis of the E31.3 finite element model was conducted under conditions identical to the
E31.2 analysis, including the spring stiffnesses at the Fixed Point support. The natural frequencies
calculated for the E31.3 model are also shown in Table 5.1. Modal analysis of the engineering model
was also conducted, and the naturai frequencies are listed in Table 5.1.

An additional analysis was conducted to determine if elbow flexibility influences the natural
frequencies significantly. The reported ANSYS results used the standard ASME Section 1II elbow
flexibility factors, Ref. 5.1. An alternative to Section III flexibility factors, Code Case N-319-2, Ref.
5.2, provides a different "approved” method to calculate elbow flexibility factors. If the Code Case
flexibility goes up, the calculated natural frequencies using ASME Code Case N-319-2 should drop.
The Code Case N-319-2 flexibility factors changed the flexibility factor from 4.05 to 3.19 for Elbow
1 and from 3.11 to 2.45 for the remaining elbows. The resulting change was a very slight increase in
the calculated first natural frequency from 5.07 Hz to 5.17 Hz. Because the natural frequency of the
finite element model using the Code Case elbow flexibility factor was not significantly different when
the Section Il factor was used, the Section III flexibility factors were used in all subsequent analyses.

As a final effort, modal analysis of the HDR-E31.2 experiment was also conducted using the
experimentally measured values of stiffness against vertical bending and horizontal bending at the
Fixed Point support. A summary of the stiffness values is shown in Table 5.2. The design values for
the translational stiffnesses and the stiffness against torsion were used in both analyses. The resuits
showed a slight decrease in the frequency of the piping system for each mode; however, the change
was typically less than one percent. The mode frequencies using each set of stiffness values are
summarized in Table 5.3.

5.1.3 Static Analyses

The HDR-E31 uncracked piping system was analyzed with a static point load applied midway between
the two elbows in the U-bend. All three versions of the HDR-E31 finite element model were used in
the analyses. The static point-load analyses were conducted at a temperature of 22 C (72 F), with no

internal fluid pressure. An internal fluid density of 998.0 kg/m? (62.3 Ib/f:®) was used to account for
the mass of the water. Displacements and moments at selected sections were calculated.

Figures 5.8 and 5.9 show the pipe system geometry and the location of calculated displacements and
moments for the engineering and the HDR system models, respectively. The displacements were
measured at sections along the pipe system slightly up stream from each elbow. The bending
moments were calculated at three locations in the pipe system. Section Q02 corresponds to Elements
5 and 26 in the engineering model and refined pipe system model, respectively. The flaw was located
at Elemenis 8 and 43 in the respective models. The third set of moments was calculated at Section
Q91, near the Fixed Point support, and corresponds to Elements 38 and 194 for the engineering and
refined system models, respectively. Tables 5.4 to 5.8 present the static point load predictions. The
results of the engineering model agree with those of the detailed pipe system models to within 10
percent.
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5.1.4 Linear Dynamic Analysis

Linear-elastic, time-history, uncracked pipe calculations were conducted using the finite element
models previously described. These analyses were performed to provide inputs for the engineering
fracture mechanics flaw assessments. Forces equivalent to the pressures, per the discussion presented
in Section 4.2 4, were applied at the appropriate elbow nodes as a function of time. The analyses
were conducted with pipe system material properties at a temperature of 240 C (464 F). Moments
and nodal displacements at the instrumentation locations were calculated.

The dynamic analyses were conducted using the ANSYS KAN =4 (Nonlinear Transient Dynamic
Analysis) option. The KAN=4 option was not required for the linear analyses but, because it must
be used for the nonlinear FEA cracked pipe analysis, it was decided to utilize it for all analyses.
KAN =4 uses the Newmark direct-time-integration scheme. The default unconditionally stable
integration parameters were used, and all linear elastic analyses were conducted using the complete
1.0 second force-time history with a time step of 0.0002 seconds.

Rayleigh damping (mass and stiffness damping) of 0.5-percent in the first and fourth modes was
assumed in the analysis. This is justified on the basis of past experience with the IPIRG-1 pipe loop
test system, Ref. 5.3, in which the measured damping in the pipe loop, which had no hangers (only
hydrostatic pipe supports), was less than 0.5-percent.

Force and displacement data were extracted from the finite element results during post-processing of
the data. Moments were extracted at three locations along the pipe system: Section Q02 in the
reducer leading to the test piece, Section QP1 at the crack, and Section Q91 near the first support.
Displacements were also extracted at three locations along the pipe system: near Elbows 1, 2, and 4.
Figures 5.8 and 5.9 show schematics of the pipe system with the location of selected nodes and
elements for the HDR E31.3 engineering and refined system modeis, respectively. The moments are
at the end of the designated elements and the displacements are at the nodes.

Linear dynamic analysis results are plotted as a function of time using the engineering model and
E31.3 loading in Figures 5.10 through 5.15. The corresponding results for the refined system model
analyses are shown in Figures 5.16 through 5.21. As indicated in Section 4.2.4, the forces for the
two experiments are slightly different, hence the two curves for the refined system model analysis
results.

The maximum moment attained in the refined HDR-E31.2 linear analysis was 1,757 kN-m
(15.55x10° in-Ib). This moment occurred at 0.1084 seconds from initiation of the test. The
maximum moment attained in the refined HDR-E31.3 linear analysis was slightly lower, 1,627 kN-m
(14.4x10° in-Ib), and it occurred at 0.1170 seconds from initiation of the test. As expected, the
engineering model and the refined model results are virtually identical. The maximum moment data
for all three analyses are summarized in Table 5.9.

It is important to point out that the "equivalent” water-hammer forces applied to the elbow elements
in the dynamic finite element model do not include all of the load effects that pressure causes in an
elbow. In almost all cases, a pressurized elbow will tend to "open”, creating moments at the straight
pipe to elbow junction. At the outset of this program, it was planned to use the measured pressures
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and the ANSYS pipe system pressure loading capability to induce the moments at the crack section.
This did not work, and in the course of our investigation we discovered that pressure loading of
elbows is not correct in ANSYS. The fall-back position that we adopted was to use the "equivalent”
elbow forces, recognizing that some part of actual load is not being applied. In addition, it must also
be pointed out that the "equivalent™ elbow forces ignore static effects. This does not pose a problem
in the analysis, however, because all of the measured strains and displacements are also dynamic.

5.2 Engineering Fracture Predictions

The basic procedure to utilize any of the engineering fracture mechanics assessment methodo! vgies in
a flaw evaluation is as follows.

(1) Conduct a linear elastic finite element analysis of the pipe system with no crack to find
the moment at the flaw location. This analysis could be a time-history analysis or it
could be a response spectrum analysis.

(2)  Calculate the predicted flaw maximum moment-carrying capacity.

(3)  Check the result of Step 2 against the applied moments determined in Step 1. If a time-
history analysis has been used in Step 1 and the maximum moment-carrying capacity has
been exceeded, one can find the time when the flaw is predicted to "fail". If a response-
spectrum analysis has been used in Step 1, then "failure” is a go/no go proposition.

(4) If “failure” is predicted in Step 3, a J/T or Energy Balance analysis can be performed to
assess flaw stability.

5.2.1 Analysis Assumptions

There are several assumptions that are inherent to all the engineering fracture analyses. Among the
important assumptions are:

. Flow stress has been taken as the average of yield plus ultimate from Specimens 195-1
and 195-2 (574.4 MPa [83.3 ksi]) in all but the ASME Section XI evaluation.

. For ASME Section XI, the Section III Code definition of S, for the material is supposed
to be used in the analysis. Unfortunately, the test material, 20 MnMoNi 5 §, is not in
the ASME Section III Appendices, but it has been judged to be similar to AS08 Cl 3.
material.

o An equivalent surface crack flaw size has been used in all of the analyses except the
ASME Section XI evaluation. As can be seen in Figures 4.21 and 4.22, the flaw tapers
at the edges, unlike the idealized radial edges shown in Figure 2.4. The equivalent flaw
uses the actual maximum crack depth and a length that makes the actual crack area and
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equivalent crack areas equal. This has the effect of "shortening” the crack length, as
measured on the inside diameter of the pipe.

. For ASME Section X1, crack length is prescribed to be based on the length of the crack
at the inner pipe wall. Table 5.10 compares the flaw sizes used in the analyses.

. The initial size of the resulting through-wall crack is assumed to begin at the ends of the
machined surface crack notch.

In addition to these important global assumptions, there are assumptions more specific to a particular
analysis.

5.2.1.1 R6 Assumptions

In the R6 calculations, the quasi-static deformation J-R curve at the pipe test temperature was used.
The yield strength used was an average value at the pipe test temperature. The cut-off point on the S,
axis is the ratio of the flow stress to the vyield strength, where the flow stress was the average of the
vield and ultimate strengths.

5.2.1.2 J-Estimation dcheme Assumptions

The J-estimation scheme analysis follows the process described in Section 2.5. For this effort, the
SC.TNP surface-cracked pipe J-estimation scheme, Ref. 5.4, implemented in P  elle’s NRCPIPES
computer program was used to predict the surface-crack behavior. Through-v . crack behavior was
predicted using the LBB.ENG2 method, Ref. 5.5, as implemented in Battelle’  YCPIPE through-
wall-cracked pipe J-estimation scheme analysis computer program.

The data used as input to the SC.TNP analysis are the engineering estimate of the flaw geometry, see
Table 5.10, and the material properties. Figures 5.22 and 5.23 show the stress-strain data and J-R
curve data used in the analysis. Of particular interest in these figures is the fact that the Ramberg-
Osgood fitted stress-strain curve has a high "n" value. Note the extremely good fit to the Ramberg-
Osgood curve. The "n" value is very high compared to typical U.S. piping materials. 1 Figure
5.24, the scatter band on the predictions was due to the difference in the Ramberg-Osgood fit of the
stress-strain data in the low strain, high-strain or entire strain regions. The stainless steel pipe tests
had a much larger scatter in the Ramberg-Osgood fits and predicted failure loads. The carbon steel
pipe had a lower scatter and the experimental loads fell closer to the upper bounding curve. The
HDR pipe material follows the Ramberg-Osgood curve very well, see Figure 5.22, hence it was
expected that the upper bound curve in Figure 5.24 would give an accurate prediction of maximum
loads. The measured J-R curve data are extrapolated using a power-law fit to the data out to many
times the measured crack growth. (As a peripheral issue, 20 MnMoNi 5 5 was tested for
susceptibility to dynamic strain aging. It was found not susceptible, as indicated by no anomalies in
the hardness versus temperature curve, Figure 5.25, using the DSA screening criteria procedures
developed in the NRC's Short Cracks in Piping and Piping Welds program, Ref. 5.6. Therefore, one
would not expect crack jumps during flaw growth and the J-R curve should not be rate sensitive.)
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Comparisons between predictions using SC.TNP and experimental data suggest that, on average,
SC.TNP tends to over predict the moment-carrying capacity of a given flaw, Figure 5.24, particularly
at the R,/t ratio of the HDR test pipe, Ri/t=13.3. To remove this known bias, all of the raw SC. TNP
data were scaled by a factor of 0.714, the upper bound at R;/t=13.3 in Figure 5.24. Pressure
corrections were applied to the SC.TNP and LBB.ENG2 data per the discussions in Section 2.5.2.

5.2.1.3 Energy Balance Stability Analysis Assumptions

The data needed to perform an energy balance analysis are the moment-rotation prediction of the
initially surface-cracked pipe, the moment-rotation prediction for the resulting through-wall-cracked
pipe, and the elastic compliance of the pipe system. The moment-rotation predictions were made as
described above. The pipe system compliance was determined with the ANSYS finite element
computer program using the methodology outlined in Ref. 5.7.

For an Energy Balance Stability Analysis of a pipe system, it is necessary to identify load-controlled
versus displacement-controlled moments. Displacement-controlled moments are moments which are
relieved by pipe system deformation. Thermal expansion and anchor displacements cause
displacement-controlled moments. Load-controlled moments, on the other hand, are moments which
are not shed as a result of deformation. Dead-weight loading and eccentric axial forces from pressure
caused load-controlled moments. For the HDR system case, the only significant load-controiled
moment is the moment caused by the eccentric axial forces from the internal pressure. The dead-
weight loads are insignificant.

To account for the pressure induced moment, several possible approaches may be considered. One
method is to incorporate the axial tensile forces in the calculations of the moment-rotation curves of
the surface-cracked and through-wall-cracked pipe analyses. This is the most straight forward
approach, but J-estimation schemes including pressure and bending of surface-cracked pipe have not
been sufficiently validated to date. Another approach is to perform the moment-rotation calculations
under pure bending, and then determine an equivalent load-controlled bending moment caused by the
axial tensile load. This is the method that was used herz. The equivalent bending moment, M., was
determined by using the Net-Section-Collapse analysis:

Mg, = My =M, (5.1)

where M, is the moment calculated by the Net-Section-Collapse analysis at failure for pure bending of
the through-wall crack, and M, ,  is the moment calculated by the Net-Section-Collapse analysis at
failure for combined bending pressure of the through-wall crack. This correction is also a
function of crack size. It should be noted that M_ contains terms that include induced bending

effects from the axial tension from the internal pressure. If the pipe system restrains the induced
bending, then the Mq will be less.
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5.2.2 Predictions

Table 5.11 summarizes the results of the engineering fracture predictions for the HDR-E31
experiments. As expected, the E31.3 predictions are lower than the E31.2 predictions because of the
deeper flaw. la addition, the ASME Section XI ferritic pipe evaluation procedure, with its
conservative flaw size estimate, predicts the lowest moment-carrying capacity of all of the methods.
Figure 5.26 shows the predicted moment-rotation behavior of the flaw from the J-estimation scheme
analyses. (Note: rotation in this report is always the total rotation or rotation of the pipe on one side
of the crack relative to the pipe on the other side of the crack, i.e., 2¢.)

Strict application of ASME Section XI requires one to use S, from Section III of the Code and the
inner wall crack length and maximum depth to define the flaw size. To explore the impact of these
restrictions, two alternative interpretations were considered. First, the engineering flaw size was
used. Because the length is shorter, Table 5.10, the moment-carrying capacity should go up.
Second, the use of the A508 Cl 3 S may be biasing the predictions downward. An alternative for
deﬁning S, is to calculate an S based on actual properties. For ferritic steels, this S value, called

xs the lowest of ¢,/3 ax temperature, 0.90, at temperature, o1 20,/3 at room temperature,
pel’ the ASME definitions. Usmg S m(Actual) accounts for material variability, and essentially considers
the pipe as if it had minimum ASME Code properties. (It should be noted that the ASME Code is
limited to lower streng* ferritic steels, and that the HDR German piping steel has a higher sirength
than the ASME Code upper bound. Hence, strictly speaking, the ASME Code should not be applied
to German piping steels.)

The impact of "lifting" some of the restrictions on ASME Section XI is shown in Table 5.12. The
change is as great as 28-percent higher predicted capacity when actual S and the engineering flaw
size are used.

Comparing the predicted engineering fracture analyses maximum moment-carrying capacity of the
flaws, Table 5.11, with the linear elastic finite element results, Table 5.9, all of the flaw evaluation
methods would predict that the surface crack would easily penetrate the pipe wall, because the load
capacity is much less than the applied moment. In light of the fact that all of the engineering analyses
predict that the surface crack will penetrate the pipe wall, stability analyses were performed to predict
the stability of the resulting through-wall crack.

The stability of the resulting through-wall cracks was assessed using both J/T and Energy Balance
analyses. Current J/T analysis methods make a distinction between load-controlled and displacement-
controlled stresses, and are not able to consider combined stresses. Energy Balance, on the other
hand, is able to consider the effect of each type of stress.

The applicable J/T solutions are EPFM solutions, Refs. 5.8 and 5.9. The analysis proceeds according
to the discussion presented in Section 2.6.1, with both the load-controlled and displacement-controlled
J/T solutions utilizing the GE/EPRI h-functions. Unfortunately, the crack rotation h-functions
required for the displacement-controlied J/T analysis are limited to Ramberg-Osgood "n" values less
than 7. Because the E31 experiment "n" is beyond this limit, no displacement-controlled J/T stability
analysis can be performed. Load-controiled J/T stability analyses can be conducted and are shown in
Figure 5.27. In both cases, the through-wall crack is predicted to be unstable.
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Energy Balance stability assessments were performed according to the descriptions given in Sections
2.6.2and 5.2.1.3. Figures 5.28 and 5.29 suggest that for both E31.2 and E31.3, the driving and
absorbed energies can be balanced before the through-wall crack has run out of moment-carrying
capacity. Because the balance point is well above the load-controlled moment of either the iest
pressure (90 Bar [1,323 psi]) or the saturation pressure at 240 C (464 F) and 24 Bar (353 psi), the
cracks are predicted to arrest, after a limited instability.

5.3 Nonlinear FEA Fracture Predictions
The basic procedure to perform a nonlinear FEA fracture mechanics flaw evaluation is as follows:
(1) The geometry of the basic pipe system is modeled using finite elements.

(2) A J-estimation scheme analysis is performed to define the moment-rotation response of
the crack. Moment-rotation response must be defined for the surface crack and the
expected through-wall-crack after surface-crack penetration.

(3)  The predicted moment-rotation response of the cracked section is implemented in the
finite element model using nonlinez:r springs, a nonlinear truss, and a break-away
element. The maximum force of the break-away element is set to a high value.

(4) Conduct a dynamic time-history analysis and note if and when the maximum surface-
crack moment is achieved. If the maximum surface-crack moment is not achieved, then
the analysis terminates and the conclusion is that the surface crack does not penetrate the
pipe wall. If maximum moment is attained, continue with Step 5.

(5) Restart the analysis at the time step of maximum moment of the surface crack with the
correct break-away force in the break-away element. This will "remove” the surface
crack from the subsequent load steps.

(6) Continue the analysis of the piping system as a through-wall crack problem. At some
point, the moment capacity of the through-wall crack may be exhausted, in which case
one would predict that a DEGB had occurred. If the through-wall crack unloads before
reaching zero moment capacity, then continue with Step 7.

(7) At the point of crack unloading, determine the amount of crack growth and save the
restart files for the dynamic analysis.

(8) At the given amount of through-wall-crack growth, conduct a J-estimation scheme
through-wall-crack analysis with the new crack length and J; set very high. This has the
effect of suppressing crack growth in the J-estimation scheme analysis, so that only
material stress-strain nonlinearity is considered.

(9) At the given amount of through-wall-crack growth, conduct a J-estimation scheme
through-wall-crack analysis with the new crack length and ], set to the value attained
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when the crack unloaded. This basically implements the change in compliance caused

by the ionger crack while retaining the correct moment-rotation response when the crack
reinitiates .

(10) Restart the dynamic cracked-pipe analysis with new material properties. The tensile
part of the moment-rotation curve comes from Step 9 and the compressive part comes
from Step 8.

(11) Recycle to Step 6, as needed.
5§3.1 Assumptions

The principal assumptions needed to conduct a nonlinear FEA fracture mechanics analys.s of the
HDR-E31 experiments are the same ones listed in Section 5.2 for the J-estimation scheme analysis,
i.e., use of the engineering flaw size, through-wall crack behavior begins with the crack tips at the
ends of the surface crack machined notch, all of the assumptions associated with the J-estimation
scheme analysis, no torsional loads, and moments are in a plane symmetric with the center of the
surface crack.

In addition to the assumptions noted above, it was assumed that the surface crack moment-rotation
response could be adequately represented with three linear segments and that the through-wall crack
could be represented with five linear segments.

5.3.2 Predictions

The predicted moment-time and moment-rotation responses for the HDR-E31 experiments are shown
in Figures 5.30 through 5.33. The interpretation of information presented in these figures is as
follows; the E31.2 surface crack is predicted to penetrate the pipe wall at 0.1066 seconds and will
propagate as a through-wall crack and arrest at an included angle of 83 degrees, while the E31.3
surface crack is predicted to penetrate the pipe wall at 0.1018 seconds and will propagate as a
through-wall crack and arrest at an included angle of 85 degrees.

Review of the detailed outputs for the surface-crack portion of the analysis (through Step 4 in the
procedure listed above), suggests that the E31.3 flaw and loading combination easily causes the
surface crack to penetrate the pipe wall. E31.2, on the other hand, is quite marginal. The loading on
the crack is only just sufficient to cause surface crack penetration. If the predicted maximvm moment
had been only 2- to 3-percent higher, surface-crack penetration would not be predicted to occur.

5.4 References

5.1  American Society of Mechanical Engineers Boiler and Pressure Vessel Code, Edition July
1989, Section III Article NB-3686.2.

5.2  American Society of Mechanical Engineers Boiler and Pressure Vessel Code, Edition 1992,
Code Case N-319-2.
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Table 5.1 Predicted natural frequencies of the HDR pipe system

Table 5.2 Fixed point stiffness values for Experiment E31.2

* (0.17513 MN/mm = 1.0x10°%, 112.98 GN-m/rad = 1.0x10'? in-Ib/rad

NUREG/CR-6234

Cx, MN/mm

Cy, MN/mm 0.571 -

Cz, MN/mm 0.77 -
Cxx, GN-m/rad 1.54 -
Cyy, GN-m/rad 0.457 0.409
Czz, GN-m/rad
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Table 5.3 Mode frequencies for Experiment E31.2

Freguency Using Design Frequency Using Measured |
Mode Stiffness Values, Hz Stiffness Values, Hz

1 5.105 5.068

Table 5.4 Summary of displacements due to static loading*

* 1,000 Ib = 4.4482 kN; 1.0 m/s = 39.37 in/s, 25.4 mm = 1.0 inch.
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Table 5.5 Moment and displacement results for the engineering finite
element model with F, =100 kN (22,481 1b*)

MN461 (14)
MN471 (25)
load pont (30)
MN481 (35)

| Location |
| (element) n
Q02 (5)

crack (8)
Q91 (38)

* 254 mm = 1.0 inch, 0.11298 N-m = 1.0 in-lb.

Table 5.6 Moment and displacement results for the E31.2 finite
element model with F, =100 kN (22,481 Ib)*

Location
‘ (node)
MN461 (93)

MN471 (142)

load point (153)

-186,070 -12,835
-12,990

Q02 (26)
crack (43)

Q1 (194) |

-174,210

-165,290 +41,530

* 254 mm = 1.0 inch, 0.11298 N-m = 1.0 in-lb.
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Table 5.7 Moment and displacement results for the engineering finite
element model with F, =110 kN (24,729 Ib)*

MN461 (14)
MN471 (25)

load point (30)

MN481 (35)

Location 5
| () ‘

Q02 (5) -193,780 -15,265
crack (8) -181,350 -15,310 :
Q91 (38) -190,900 +44,165 »

* 254 mm = 1.0 inch, 0.11298 N-m = 1.0 in-lb.

Table 5.8 Moment and displacement results for the E31.3 finite
element model with F, =110 kN (24,729 Ib)*

MN461 (93)

MN471 (142)

load point (153)

MNA4R]1 (171) 3.299 0.101 7.381
Location | Moment at §=0° Moment at £=90° |

-204,690 -14,115
-14,280

+45,680

Q02 (26)
crack (43)

Q91 (194)

-191,650

-181,810

* 254 mm = 1.0 inch, 0.11298 N-m = 1.0 in-Ib.
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Table 5.9 Linear finite element piping stress analysis moment summary
for the HDR-E31 test system

Refined E31.2
Refined E31.3

* 1.0 MN-m = 8.85x10° in-lb.

Table 5.10 Flaw sizes used in the HDR-E31 fracture assessments

* 254 mm = 1.0 inch.

Table 5.11 Engineering methods predictions

NSC (NP-192)
ASME Section XI

(TWB-3650)
AS08 Cl 3, Sec. Il flaw

R6, Rev 3, Option 1
DPZP screening critenion
SC.TNP (Adjusted)

* 1.0 MN-m = 8.85x10° in-Ib.
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Table 5.12 Comparison of IWB-3650 maximum moments for the HDR-E31 experiments
with various flaw ard material assumptions®

ASME Code S,
(508 Cl 3)

. 6.895 MPa = 1.0 ksi, 1.0 kN-m = 8,850 in-lb.
**  Based on actual properties.
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(at the second elbow from the reactor pressure vessel)

5-33

NUREG/CR-6234



PREDICTIONS OF THE HDR-E31 EXPERIMENTS

DISPLACEMENT, mm

DISPLACEMENT, rnm

MISPLACEMENT, men

0.0

01

02 03 04 05 05 07 DB
TIME, seconds

(a) X direction

60 p

50

40
el o

20

10F

=10}
=20}
-30+
-40 F

-5C

L £31.3 1
\ / \\ / \ [ \ ]
W SO O
VAL
% .
V ]

c4 05
TIME, seconds

(b) Y direction

ne ©7 08

-10¢

02 03 04 085 06 €7 0B
TIME, seconds

{¢) Z direction

Figure 5.21 Displacements at Transducer MN481 (Node 171) in the refined system models
(at the third elbow from the reactor pressure vessel)

NUREG/CR-6234



Section §

STRESS, MPa

700

600

500

400

300

200

100

PREDICTIONS OF THE HDR-E31 EXPERIMENTS

1 i 4 - i 1 1
——.

T

l - 4

—e—  Measured

--------- Ramberg-Osgood Fit
€, = 0.00197
o = 0.0553
n=13.408

5 100
90
80
70
1 60
150
{ 40
130
20

10

VI O SRR S . |

STRESS, ksi

P DI Y

0
0.00 0.01 0.0

A 4 - 1 4 1 I 0
2 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

STRAIN, mm/mm

Figure 5.22 Stress-strain curve used in the J-estimation scheme analysis
for 20 MnMoNi § 5 test section material (Specimen HDR195-2)

5-35

NUREG/CR-6234



PREDICTIONS OF THE HDR-E31 EXPERIMENTS

Section §

800 ' ‘
Ji = 152.9 kJ/m2 (873 In-1b/ing)
700 | 4{ 4000
600
500 | . {3000
» c
»
% 400 | o~ i
- '..’ 12000 =
300 | i =
i 41000
100 G l
0 . - - i 0
0 1 2 3 4
(a) L-T orientation C(T) data
8000 +
7000 1 40000
8000 + ‘
E 5000 | £ 4 30000 %
= 4000 /./ * i
q 7
» {20000 =
3000 + .
’.
2000 - | *
4 10000
1000 |

" A o
¢ 100 200 300 400 500 600 700 800 900 1000

Delta-a, mm

(b) Extrapolated to large crack growth

Figure 5.23 J-R curve used in the J-estimation scheme analysis for 20 MnMoNi § §
test section material (Specimen HDR195-2)

NUREG/CR-6234 5-36



ured

Predic ted /Meuas

MAXIMUM LOAD

PREDICTICONS OF THE HDR-E31 EXPERIMENTS

T Sy

SRS ——

R/t

Figure 5.24 SC.TNP J-estimation scheme prediction accuracy
for Degraded Piping Program experiments

(Scatter due to Ramberg-Osgood fits in different strain regions.)

250 1 —-— [ :
} l | German Steel | |
i " \‘%‘-G—A 2 A 1 .
E | , * é i = M
= : { | |
2 150 ‘ ! :
o b !
& L
T , | | |
= ‘ ]
= 100 - - -
z 3 1 i “
t 3
& , 3
50 ' RSN P g
| i | 4
' E
:
0 bt P T fut. o n o T e
0 100 200 300 400 500

Temperature, C

Figure 5.25 Dynamic strain-aging screening test data for 20 MnMoNi 5 § test section material
(Lack of 2 peak hardness indicates that the material is not sensitive to dynamic

strain aging.)

5-37

NUREG/CR-6234



PREDICTIONS OF THE HDR-E31 EXPERIMENTS

S lala

E ~”

1000 Surface Crock .
i’ ......... ThFOUgh—-wcH C'OCk
Z  BOOF )
=
= ™
i olU F .
=
o 400} .
&
g 200t j
O

b
G 4 1 1 1 L " I
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10
ROTATION, rodians
(a) E31.2

200 -
= r 4
1 000 k Surfoce Crack
B Al N e B fam e, 0 et TR ThrOUQr-"WO" Crc:k
< B
z 800} :
3
3 a
Z 600 F
= |
j__ 400 + .
N 4
® 200F -
: L

g _—

00 .01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
ROTATION, rodians
() E31.3

Q

Figure 5.26 Predicted crack behavior from J-estimation scheme analyses
(Rotation is total rotation.)

NUREG/CR-6234 5-38



Section 5 PREDICTIONS OF THE HDR-E31 EXPERIMENTS

2000 =ry . ' . -
i
senn L 0 .
<108 :
e ) ) ]
500 + \\ —- E321.2 Applied 7
1400 K =% o T Vi £31.3 Applied '
$i6 [ A, AR B RSe® Mctef.c|
~ 1200 F \ il
g ) -
& - \
— } 000 - \ -
,1 L A 4
< BOO} ; -
\-
dala \~
600 F i .
400 S i o s
__________ ]
200 :
i
i

F4h 8
!
= - . -
w ' T UL P o~
- SUTTAC e Lrac « 4
v Throuah=Wall Cra ]
9.8 r~ OUgnN=wal Crag K
-oam o Sviete PO R B 4
e & =Yy§Sie e gnce
BLUE S B < soc—=Conirolled Moment. 724 Bar
sveG w SOILTUHCU WIC eni, £% O
e oA e 2 22 PP B - P M ANMarmaant OO Bar
= SUU P LRoo~=Lontrolied Momenti, Y0 Sor <
i S
g Vo r A |
™. t ] |
= 600} | :
= A
- END - \ -
= )
= ;
- 4 \
$ 400} 1
-~ \
OO -
o W A
FAPIEE o \ -
9 \ 4
-~
0 [. o o e e e e e oy e o . S S S, o e i i . . S . s i -
\ 4
I e e o iy R e e pomma e ¢
o P AR, Fa P e A M AE e A AT oA A AR M
v AL 0.0z 0.03 Q.04 005 0.06 00 0.08 0.09 0.1C

KOTATION, radigns

Figure 5.28 Energy Balance stability analysis of HDR-E31.2
(Rotation is total rotation.)

5-39 NUREG/CR-6234



PREDICTIONS OF THE HDR-E31 EXPERIMENTS

m

N

1
K

MOMENT .,

m

CRACK SECTION MOMENT, kN

P = S o ™o bl
| Surrace Crock
a2l 8 i rad el Thrmiimbh e Wall Dea
oo J roug WOl LUrgc K -
/ % e Suetery Comolione e
| ' o gt 64 womplonc e
{
f %, = ememecas PR B e e ~ + 94 B
A (WG LS L0} AT guﬁ‘ﬁu eni, £4 S50
| Z 3 ] P
= L { —— ——— nof-={nntrolied Moment © - 4
= 1015 (L LY w8 QHeu vy ey, v QU
600 F -
|
r 1
400 ¢ 1
|
| \
s
- \ -
aVs |
|
r—n—-————n—u————-—ul-——~———————-—-n——a———-——--—c————-v-——— }‘
P I o bt Y el e Sttt et et e ied St At bt |
~ ~ -~ - ~ = ~A P E A AAT AR AAS ™A
LU ® WoVL o V.I® UUO v\.)e v U.U0 W.UY U
ROTATION radian
ROTATIC adians

Figure 5.29 Energy Balance stability analysis of HDR-E31.3

(Rotation is total rotation)

TIME, seconds

T ﬁ
| I
\ ]
! 4
; .
4
‘ -l
= A 1
\\ \ i
\ \\ / ]
\ \/ 4
| \ 4
a \ 3
| =

|
0.0 0.1 0.2 0.3 0

Figure 5.30 Nonlinear FEA fracture mechanics prediction of the moment-time response
of the E31.2 flaw (Rotation is total rotation)

NUREG/CR-6234

5-40



PREDICTIONS OF THE HDR-E31 EXPERIMENTS

-
RN IF Ry TR el b R R p g B i ]
z ]
a =
Z =
= .
O 4
=
z
) ]
& !
I‘ 7
& Response ]
g o input SC Doto 4
--@-- Input TWC Datg 1
l " F. ' e L "

0.000 0.002 0.004 0.006 0.008 0.010 0.012 C.014 0016 0.018
ROTATION, radions

Figure 5.31 Nonlinear FEA fracture mechanics prediction of the moment-rotation
response of the E31.2 flaw (Rotation is total rotation)

(

o ﬂ ‘\[\

-m
o O N
o O O
i B
L3
Loato a

o O
T

A

s O
o O

O
T

.

0]

o

o
T

AN
- 20M
200 F

CRACK SECTION MOMENT, kN

_a00} |
{ 4
~600 F ‘\ 4
3 | E
-800 | | I 1
]
-1000 t | .
\ ‘ .
0.0 0.1 0.2 0.3 0.4

TIME, seconds

Figure 5.32 Nonlinear FEA fracture mechanics prediction of the moment-time
response of the E31.3 flaw

541 NUREG/CR-6234



PREDICTIONS OF THE HDR-E31 EXPERIMENTS

m

;\_ r‘l

p—
——
POy PR

Z
D —
-
-
=
i
:; -’:V: - -J
- I
e ~400 F 3
78 L /
X ~600 | _. <
& s S Response .
5 3 | Sy g +
= ~800 b o Input SC Data ]
l W s
b
--@-- Input TWC Data
-1000 f .

| 1

0.004 0.006 0.008 0.010 0.012 0.014 0.016 0.018
ROTATION, radions

o
o
o
o}
o
N

L

Figure 5.33 Nonlinear FEA fracture mechanics prediction of the moment-rotation
response of the E31.3 flaw (Rotation is total rotation)

NUREG/CR-6234 5-42
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6. COMPARISONS OF PREDICTIONS AND THE
HDR-E31 EXPERIMENTS

As indicated in Section 4 of this report, the HDR-31 test system was extensively instrumented. Data
either directly recorded in the experiments or derived from the recorded data can be compared with
the predictions presented in the previous section. The comparisons can then form the basis for
assessing the margins that the various analysis schemes imply.

6.1 Structural Behavior Comparisons

6.1.1 Eigenvalues

Table 6.1 compares the predicted and measured natural frequencies of the HDR-E31 test system. The
predicted and measured frequencies are quite similar, although the finite element results suggest that
the piping system model is slightly too stiff. As previously discussed in Section 5.1.2, changing the
elbow flexibility factors did not have a very significant impact on the natural frequencies. The fact
the agreement is quite close, does suggest that the mass and stiffness of the piping system, for the
most part, have been properly modeled.

6.1.2 Static Behavior

The static point load test of the HDR-E31 experiments provides a means to benchmark FEA analysis
programs with measured experimental data. Tables 6.2 and 6.3 compare the displacements and
moments at selected locations in the two experiments. The comparisons are quite good. In general,
the static predictions, like the natural frequency predictions suggest that the models are slightly too
stiff. This is the same result as the Brosi analyses, Ref. 6.1. Clearly, however, the fact that the
measured and predicted results are so close indicates that the stiffness of the model is basically
correct.

6.1.3 Dynamic Time-History Response

Dynamic time-history data from displacement transducers and moments calculated from measured
strains on the test system can be compared with the predicted response of the system. By making
these comparisons, one can assess whether or not the dynamic finite element analyses capture the
essential behavior of the test system.

As indicated in Section §, linear and nonlinear analyses were performed. In addition, an engineering
model and refined system models were developed. Rather than show results for all of the
combinations of analyses, some selected subset will be presented. To provide a perspective for
interpreting the comparisons, a brief summary of the outcome of the experiments is required; in
E31.3, the surface crack penetrated the pipe wall at 0.110 seconds and grew a small amount as a
through-wall crack, while in E31.2, the surface crack did not penetrate the pipe wall.
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6.1.3.1 Displacement Comparisons

Figures 6.1 through 6.3 compare predicted and experimental displacements for Experiment E31.2. In
these figures, the predictions were based on linear elastic analyses. Figures 6.4 through 6.6 show
similar comparisons for E31.3.

In reviewing these displacement data, it is clear that the finite element results have the same character
as the measured data, but that magnitudes and phasing are not precisely matched. The finite element
analysis does make the correct distinction between the four peak event at transducer MN461
measuring the y-displacement, Figure 6.4a, and the three peak event at transducer MN471 measuring
the x-displacement, Figure 6.5a. Some of the finer detail near the peaks and valleys, see Figure
6.2b, for instance, is missing in the finite element analysis.

All of the predictions match the experiments quite well for the first 0.1 seconds, but then deviate. It
was expected that the linear E31.2 predictions would more closely match the experimental results
because the E31.2 surface crack did not penetrate the pipe wall. In fact, transducer for transducer,
the E31.3 predicted displacements appear to more closely track the measured data in this experiment.
This may be due to a systematic error in the measured data in Test E31.2. In this test, the
displacement gage attachment lugs, which are welded to the pipe, underwent considerable deformation
(bending) due to interaction with the shifting insulating mats. The actual deformations during the test
are unkuown, but the measured post-test deformations range from 18 to 60 mm (0.709 to 2.362
inches), Ref. 6.2.

6.1.3.2 Moment Comparisons Remote from the Test Section

Comparisons of moments at two sections remote from the crack location, one near the reactor
pressure vessel, and one near the Fixed Point support are shown in Figures 6.7 to 6.10. The
predictions in these cases are from nonlinear FEA analyses.

The agreement between the predicted and experimental moments is extremely good. There is
occasional higher frequency detail in the measured data that is missed by the finite element results,
but the general amplitudes and phasing of the moments are excellent.

Relative to the fracture event, Transducer Q02 in the horizontal direction, in Figure 5.9, is the
primary crack opening moment. Figures 6.7a and €.9a suggest that the nonlinear finite element

analysis predicts this behavior very well, although there is some finer detail in the measured data that
is smoothed in the finite element results.

6.2 Fracture Mechanics Comparisons

6.2.1 Loads and Stresses at Cracked Section

The test section, including the crack location, in the E31 tests was heavily instrumented with strain
gages. In addition, clip gages on the pipe interior monitored the crack opening. However, a number
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of strain gages close to the crack exceed their measurement range and failed in both tests. Hence, it
is not possible to directly establish the cross-sectional loads and moments as well as stresses at the
crack location. These must be inferred by extrapolation/interpolation techniques from measurements
both upstream and downstream of the crack (Refs. 6.2 and 6.3).

Using this approach, as well as some of the individual strain measurements at the cracked section, it
was found that the maximum moments and stresses exhibited an asymmetry relative to the crack
center. The highest fictitious stress (assuming an undamaged crack cross-section) in Test E31.2 is
located at 30 degrees to the crack center and has a value of 575 MPa (83.4 ksi). The corresponding
values for Test E31.3 are 20 degrees and 710 MPa (103.0 ksi). In both tests, the locations radially
opposite to the crack at 180 degrees experienced strong compressive deformations. The measured
compressive strains were: -1.1 percent for Test E31.2 and -0.97 percent for Test E31.3.

In can also be established that high tensile loadings of the crack in both experiments are present only
for a short time interval, namely, between 97 ms to 124 ms in Test E31.2 and between 90 ms to 130
ms in Test E31.3. The tensile loading is applied in a number of steps with load plateaus or
reductions in between. The maximum bending moments at the cracked section, inferred from the
measurements at adjacent locations, are shown in Table 6.4. As indicated earlier, in both tests,
abrupt compressional deformations are observed at 180 degrees (opposite the crack, i.e., bottom of
pipe) as the crack experiences its’ highest tensile loading.

6.2.2 Crack Response

Following the tests, extensive fracture examinations of the cracked cross-sections were conducted.
Stable crack growth was found to have occurred in both tests, but in Test E31.2 with the shallower
starter crack, the crack arrested, while in Test E31.3 a through-wall crack (TWC) was formed. In
both tests, there was no circumferential extension of the crack on the interior surface of the pipe
beyond the initial circumferential flaw.

Video pictures taken during the tests at 40 ms intervals (25 frames/s), show the first indication of a
TWC in Test E31.3 as a small steam puff. The next frame shows no indication of leak, and the third
picture shows a well developed steam jet. Following pictures show steam jets of increasing size
indicating further crack opening, and by the 15th frame the picture is completely obscured by the
steam accumulation in the rocm.

Based on the examination of the cracked-section specimen, it was found that in both tests there are
two zones of stable crack growth. In the first zone, the crack is pulled apart while in the second zone
the sides of the crack are nearly parallel. This second zone also bears evidence of having undergone
strong compression. At the transition from the fatigue crack (formed in the laboratory prior to the
tests) to the stable crack growth, a very clear "stretched zone" can be identified in both experiments.
There are also indications of such a "stretched zone” between the first and second zone of stable crack
growth.

The clip gage measurements in Test E31.3 indicate that the crack on the inner surface opened up to
4 mm (0.158 inch). The circumferential extent of the TWC is found to be 43.4 degrees or about 174
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mm (6.85 inches). Finally, in both tests there was necking (cross-sectional area reduction) at the
cracked section. This necking was particularly strong in Test E31.3 and led to a relative radial
displacement of the crack sides on the inner pipe surface of 1.1 mm (0.043 inch). The major crack
characteristics for the two experiments, obtained from post-test examinations of crack-section
specimen, are shown in Table 6.5.

6.2.3 Comparison of Calculations and Test Results

Tables 6.6 and 6.7 compare the predicted and measured fracture behavior of the E31 tests. In these
tables, the measured values of moment are actually inferred from strains remote from the test section.
All of the engineering methods (engineering fracture analysis plus linear finite element analysis) are
conservative, in that they predict that the surface crack will easily penetrate the pipe wall for both
experiments.

The nonlinear FEA fracture analysis method correctly predicts the outcome of E31.3, and
conservatively predicts the behavior of E31.2. As mentioned in Section 5.3.2, the predictions for
Experiment E31.2 appeared in the finite element analysis to be marginal, in terms of whether or not
surface-crack penetration would occur. Because it was predicted to occur, the resulting through-wall
crack analysis showed that the through-wall crack would propagate.

Flaw stability for the E31 experiments is summarized in Table 6.8. By virtue of having predicted
surface-crack penetration, all of the methods were incorrect for Experiment E31.2. For Experiment
E31.3, Energy Balance and nonlinear FEA both suggest that the crack will arrest. The conventional
fully-plastic J/T analysis, on the other hand, only can predict whether an instability will initiate and
not if it will arrest, and hence it is usually assumed that a DEGB would occur. In these experiments,
J/T analysis predicted an instability for both experiments.

6.3 Conclusions
The conclusions regarding the comparisons are as follows:

° The basic finite element analysis does a good job of modeling the pipe system response.
This is almost certainly a consequence of the boundary conditions being so simple.

. The engineering fracture analysis methods all tend to make conservative predictions.
. The nonlinear FEA fracture mechanics analysis did the most accurate job of predicting

the fracture behavior of the E31 experiments, and using the current methodology was
slightly conservative.
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Table 6.1 Natural frequencies of the HDR pipe system

Table 6.2 Static loading results for Experiment E31.2, F 4= 100 kN (22,481 Ib)*

I . Diraction Prediction, Exveri
(node) mm mm
F load point (153) I A 9.0 10.3
I U, 6.9 7.4
| U, 1.8 1.2
MN461 (93) L 8.65 9.07
I MN471 (142)

MN481 (171)

Q02 (26)

Q91 (194)

* 254 mm = 1.0 inch, 0.11298 kN-m = 1,000 in-Ib.
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Table 6.3 Static loading results for Experiment E31.3, F_, 4. 4=110 kN (24,729 Ib)*

Location
(node)

load point (153)

MN471 (142)

Q02 (26)

Q91 (194) }

* 254 mm = 1.0 inch, 0.11298 kN-m = 1,000 in-lb.

ot 2

Table 6.4 Crack section behavior in the E31 experiments inferred from remote strain gage data

* 1.0 MN-m = 8.85x10° in-Ib.

6-7

T T T T L L L e T T s D e L I T T T L S LT I S R I T
Experiment Time, Angle, Bending Moment,
ms degrees MN-m*
E31.2 ~ 104 28.5 1.262
E31.3 ~ 99 27.3 1.383
. _T_._—
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Table 6.5 E31 experiment post-test crack examination results

Crack Zone
Starter notch 0.13 2.1 0.14 2.2
[ Fatigue crack 0.30 4.8 0.53 8.5
15t stable growth zoe 0.35 5.6 0.70 11.2
I 20d stable growth zone 0.39 6.2 0.90 14.4
Shear lip (leading to leak)

*25.4 mm = 1.0 inch.

Table 6.6 Fracture predictions for Experiment E31.2

Measured no SC penetration
| Linear FEA 1.757 no crack in analysis
NSC 1.610 SC penetration at 0.1034 sec
(NP-192)
ASME Sec XI
(TWB-3650) SC penetration at 0.0910 sec
AS08 Cl 3, Sec. III flaw
R6, Rev 3, Option 1 1.521 SC penetration at 0.1016 sec
l DPZP screemng criterion 1.158 SC penetration at 0.0956 sec
1.138 SC penetration at 0.0952 sec
nonlinear FEA SC penetration at 0.1066 sec

* 1.0 MN-m - 8.85x10° in-Ib.
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Table 6.7 Fracture predictions for Experiment E31.3

Comments

penetration at 0.110 sec

AS08 CI 3, Sec. III flaw

Linear FEA 1.627 crack in analysis
NSC 1.507 SC penetration at 0.1002 sec
(NP-192)
ASME Sec XI
(TWB-3650) SC penetration at 0.0874 sec

R6, Rev 3, Option 1 1.307  [SC penetration at 0.0966 sec
DPZP screening criterion 1.083 |SC penetration at 0.0924 sec
SC.TNP 1.063 ISC penetration at 0.0922 sec
nonlinear FEA SC penetration at 0.1018 sec

* 1.0 MN-m - 8.85x10° in-lb.

Table 6.8 Flaw stability predictions for the E31 experiments

E31.3

6-9

| Manod | Bz |
Experiment no SC penetration TWC growth to 26=43° on OD |
T unstable TWC unstable TWC
(load controlled)
Energy Balance TWC growth to 26=99° TWC growth to 26=94°
Nonlinear FEA TWC growth to 26=83° TWC growth to 26=85°
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Figure 6.1 Displacements at Transducer MN461 (Node 93) for E31.2 (at the first elbow
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7. SUMMARY, DISCUSSION, AND CONCLUSIONS

The behavior of flawed pi; 'ng under accident conditions is a major concern in the nuclear power
industry, with significant resources devoted to developing and improving tools to predict such events.
Simplified engineering methods have been developed as well as newer "state-of-the-art” fracture
analysis methods. However, most of these analysis methods have only been va'idated with static
experimental pipe fracture data. High-rate dynamic loading comparisons are rare because high-rate
experimental data are scarce. Dynamic pipe loads are frequently classified as either repeating, i.e.,
seismic, or non-repeating (i.e., waier hammer). Seismic loading evaluations are being conducted
within the NRC's IPIRG program, Ref. 7.1.

The Test Group E31 series, part of a study of the behavior of flawed piping subjected to dynamic
loads in the HDR Safety Program (PHDR) Phase Il conducted by the Kernforschungszentrum
Karlsruhe (KfK) in Germany, provided a unique opportunity to validate analytical and computational
methods used in predicting the behavior of flawed piping. Argonne National Laboratory and Battelle
have jointly conducted a research program for the USNRC to evaluate the ability of current
engineering and a state-of-the-art analysis methods to predict the behavior of the E31 water-hammer
experiments.

7.1 Summary
In this report, five major subjects were addressed. A brief summary of the important points is:

Review of Current Engineering Fracture Mechanics Analys<i. The important concepts and
equations for Net-Section-Collapse, ASME Section XI, Dimensionless Plastic-Zone Parameter,
R6 Revicion 3 Option 1, J-Estimation Scheme, and J/T and Energy Balance Stability

¢ ng fracture methods were defined.

tion of the State-of-the-Art Fracture Analysis Method. The nonlinear-spring model
ced piping was described in detail, as were three major advances in nonlinear FEA
ure analysis; modeling of crack behavior past maximum moment, surface-crack to through-
[I-crack transition modeling, and modeling of cyclic ductile tearing with reinitiation. This
nvolved validation with data from other programs. A noteworthy aspect, is that for the first
tme dynamic crack growth during a pipe instability test was modeled.

Description of the HDR-E31 Experiments. A very detailed description of the HDR-E31 test
system geometry, boundary conditions, pipe system materials, loading, and test section flaws
and material properties was presented.

Predictions of the HDR-E31 Experiments. Structural response and flaw behavior predictions
for the HDR-E31 experiments were presented. The structural response predictions included
static, modal, and dynamic linear analyses. Engineering method flaw behavior predictions
were made using Net-Section-Collapse, ASME Section XI, Dimensionless Plastic-Zone
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Parameter, R6, and J-estimation scheme analyses. Nonlinear FEA fracture analysis was also
used to predicted the experimental behavior.

Comparison of the Predictions and the Experiments. The structural and fracture behavior of
the experiments was compared with the predictions. In general, the static, eigenvalue, and
global dynamic predicted responses were slightly stiffer, but quite similar, to the measured
behavior. All of the engineering fracture mechanics analyses, by virtue of the finite element
analysis overestimating the applied moments and/or the fracture analysis underestimating the
moment capacity suggested that both E31 surface cracks would penetrate the pipe wall and that
the resulting through-wall cracks would be unstable. The nonlinear FEA fracture analysis
indicated that both flaws would penetrate the pipe wall and that the through-wall cracks would
propagate and then arrest. The behavior observed in the experiments was that the E31.3 flaw
did penetrate the wall and then arrest, whereas the E31.2 flaw did not grow enough to
penetrate the wall.

7.2 Discussion
7.2.1 Accuracy of the Elastic Stress Analysis

The accuracy of the elastic stress analysis was determined by dividing the moment from the elastic
analysis by the experimentally determined moment at the crack location. Table 7.1 gives the ratio of
the moment from the elastic stress analysis to the experimentally determined imoment. In examining
the results in Table 7.1, it can be seen that the moment ratio was greater than one, but less than 1.5.
This suggests that the linear analysis overpredicts the moment. The moment ratios for the HDR-E31
tests are far less that the ratio of 15 to 30 observed in the EPRI/NRC Piping and Fitting Dynamic
Reliability program on uncracked pipe, Ref. 7.2, but are close to the results observed in the IPIRG-1
Subtask 1.1 pure inertial loading experiments, and the IPIRG-1 pipe system experiments, Ref. 7.1.
(Note, the precise manner of calculating the elastic stress analysis moment (or stress) ratio differed
slightly between this program, the IPIRG-1 program, and the EPRI/NRC Piping and Fitting Dynamic
Reliability program, but it is expected that they would give the same order of magnitude.)

The obvious question here is why do these different programs have different moment or stress ratios.
To assess this, the following specific differences must be recognized.

First in the IPIRG-1 program, there were large cracks put in the piping system, so that the
failure loads would be near, or below, yield in the uncracked pipe. Furthermore, the pipe
system was mostly made from a high strength material so that it would behave elastically and
hence, reuseable for multiple tests, Consequently, nonlinear behavior was limited to just the
crack plane and elastic stress analysis did a reasonable job of calculating the stresses. Hence,
the low elastic stress to experimental stress ratio was an artifact of the large flaws used and the
higher strength pipe loop materials.

Secondly, for the EPRI/NRC Piping Reliability Program, there were no cracks in the piping
system, so the loads were very high. The stress ratio in this EPRI program was the ratio of

NUREG/CR-6234 7-2



Section 7 SUMMARY, DISCUSSION, AND CONCLUSIONS

the elastically calculated stresses to the ASME code maximum allowable stresses, i.e., 38, or
25, The ASME stress indices at elbows, for instance, greatly increases the calculated ehsnc
stresses Here, the material was either A106 B or TP304 stainless steel, both having a low
yield to ultimate strength ratio. Hence, the high ratios were due to no cracks being present,
and the denominator in the stress ratio being the ASME Section IIl maxu .m allowable value
rather than the actual stress.

Finaily, for the HDR E31 experiments, the cracks were much smaller than the IPIRG-1
program pipe system cracks, but the material used had a much higher yield to ultimate strength
ratio. Additionally, the cracked pipe section was a reduced thickness section of pipe (16-mm
[0.630 inch)] versus 25-mm [1.0 inch] thick), so fracture occured at nominal stresses slightly
above yield everywhere but in the cracked pipe section. Hence, the stress ratio for the clastic
stress analysis in the HDR E31 experiments was similar in magnitude to the IPIRG-1 stress
ratios.

Experiments with smaller cracks in pipe systems with low yield to ultimate strength piping (typical of
U.S. materiais), where yielding may occur other than at the crack section, have yet to be done. This
is in part due to the expense of haviug to replace the pipe loop (or major portions of it) in every test.
Hence, the margin in elastic stress analysis that might exist under higher stresses for shorter cracks
has not been assessed experimentally by any of these programs. This could be assessed analytically,
to some degree, with the capabilities developed in this and the IPIRG programs. This may be a more
important issue with the potential changes to ASME Section Il that propose to increase the maximum
elastic design stresses from 35 to 4.55 .

7.2.2 Accuracy of the Fracture Analyses

The inherent accuracy in the various fracture analyses was calculated by dividing the maximum
moment in the experiment by the predicted maximum moment. This accuracy may be thought of as
the margin on the pipe to resist fracture, whereas the elastic stress analysis ratio may be thought of as
a margin on the stress or crack driving force. Table 7.2 summarizes the fracture prediction margins
for the HDR-E3! experiments using the various engineering fracture analysis methodologies.

From Table 7.2, the following observations can be made about the various analyses.

. The Net-Section-Collapse analysis predicted load was 20 percent higher than the
experimental loads. This is because the toughness is sufficientiy low enough with the

higher strength material and the reasonably large pipe diameter, that elastic-plastic
failure is a possibility.

¢  The ASME Section X1 flaw evaluation procedures for ferritic piping (IWB-3650) using
the Code values of S, and Section X1 flaw size definition, has the highest fracture ratio,
i.e., it is the most conservative of all the analyses used. This fracture ratio does not
include the ASME Code applied safety margins of 2.78 for normal and test conditions or
1.39 for emergency and faulted conditions. Inclusion of these factors would further
increase the conservatism for this method. This large fracture ratio for the ASME
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Ferritic Pipe Fiaw Evaluation criteria is consistant with past results in the IPIRG-1 and
Degraded Piping Programs.

e The Dimensionless Plastic-Zone Parameter analysis is one of the simplest means of
modifying the Net-Section-Collapse analysis for elastic-plastic fracture considerations.

The fracture ratio was slightly greater than 1.0 for the two experiments, showing this
method was slightly conservative in predicting the maximum moments.

. The R6 Revision 3, Option 1 analysis overpredicted the experimental failure stresses for
Experiment E31.2 and underpredicted the failure moment for Experiment E31.3.

Generally, the R6 Option | method underpredicts the failure stresses. Hence, the
overpredicted load for Experiment E31.2 was surprising.

Note, that in our analysis, it was assumed that all the stresses were primary stresses.
This is consistant with the R6 approach which would classify global secondary stresses
like thermal expansion and seismic anchor motion stresses as primary stresses.

v The SC.TNP J-estimation analysis tended to give values which slightly underpredict the
maximum load for both experiments. The predicted maximum moments are very close

to the DPZP values.

A common thread with all these predictions was that the fracture ratios were lower for Experiment
E31.2 than for Experiment E31.3. In examining the experimental data, there is the discrepancy that
the reported experimental moment is lower for the shallower surface crack in Experiment E31.2.
This fact, along with the applied dynamic forces being about 10 percent higher in Experiment E31.3
than Experiment E31.2, raises the question of the accuracy of the experimental moment data. MPA
has indicated that they experienced some unexpected plasticity and failure of a strain gage in
Experiment E31.3, and that they have done their best to adjust what data they have to estimate the
moment at the cracked section. Assuming the MPA adjustment is correct, the only explanation for a
lower maximum moment in the shallower E31.2 flaw is a difference in strength and/or material
toughness between the two test sections.

7.2.3 Limitations in Engineering Methods Stability Analyses

The fully plastic J/T and Energy Balance Stability analyses are quasi-static based ar.alyses that assume
that the loads remain essentially static during the fracture event. During the HDR-E31 experiments,
the pipe pressure, after surface-crack pcnetration, does change and cause the loads to decrease at the
crack. J/T and Energy Balance Stability analyses are also bending ioad driven formulations. An
attempt has been made in the Energy Balance to incorporate the effect of the membrane stress by
including a Net-Section-Collapse analysis pressure equivalent bending moment, but the legitimacy of
handling the membrane stress this way has not been fully verified. In any event, neither of these
stability analyses rigorously accounts for dynamics and membrane stresses.

Another limitation of the current quasi-static analyses is that they assume that there is no restraint of

bending induced from the pressure loading. That is, virtually all piping fracture analyses assume the
cracked sections are free to rotate without restriction. In fact, in the HDR-E31 piping system and
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probably in most plant piping, the piping remote from the crack provides a significant restraint to free
rotation of the cracked pipe section, thus making the through-wall crack much more stable than
predicted by J/T or Energy Balance methods, although under normal operating conditions this
restraint would reduce the crack opening and the subsequent leakage. Figure 7.1 shows an analytical
assessment of the effect of restrained bending. Without induced bending from pressure loading,
significantly longer flaws can be tolerated without failure. J/T and Energy Balance Stability analyses
incorporate a piping system compliance feature, but in both cases, the piping system compliance is
used to account for energy that could be used to drive the through-wall crack, rather than to
incorporate bending restraint.

Two other aspects differentiate the J/T and Energy Balance Stability Analyses. First, the energy
balance approach can predict not only the start of an instability, but also how far the crack may
propagate. The J/T analysis predicts only the start of an instability. The energy balance approach
also can predict the surface to through-wall crack transition. Furthermore, under constant load or
constant displacement conditions, the Energy Balance Stability Analysis was verified by dynamic FEA
in this program. However, neither method can account for dynamically changing loads.

7.2.4 Limitations in Nonlinzar FEA Fracture Analysis Methods

The nonlinear FEA fracture analysis method predicted the HDR-E31 experiments better than any of
the engineering fracture analysis methods. The fact that so many of the first order effects in the
fracture process and loading are an inherent part of the method accounts for the quality of the
predictions. In spite of the superior accuracy of the nonlinear FEA fracture analysis, however, there
are limitations that need to be mentioned.

First, there is the issue of the scaling factor on surface-crack moments. For this study, all of the
SC.TNP J-estimation scheme moments, as stated in the list of assumptions, were scaled downward by
a factor of 0.714 to account for the inherent conservatism in the method. The fact is, however, that
some other scaling factor might be equally legitimate and may cause the analysis to be less accurate.
For instance, a 1.0 scaling factor could be applied. Table 7.3 shows the effect on maximum moment
that this assumption makes Using the unscaled moment, neither of the E31 flaws would have been
predicted to penetrate the pipe wall. The point is that the approach taken is acknowledged to be
conservative, i.e., the maximum moment is the lowest of the options, and that the SC.TNP
J-estimation scheme, although they are good, are not perfect.

The second limitation that must be acknowledged when the nonlinear FEA fracture analysis is
evaluated is that the crack rotation data predicted by the SC. TNP J-estimation schemes has not been
fully validated. The rotations are an essential element of the nonlinear FEA fracture analysis, because
the crack is characterized as being nonlinear in moment-rotation coordinates. The amount of energy
dissipated by the cracks in a dynamic analysis and crack growth are dominated by the rotations.

Most of the attention in the development of the SC.TNP J-estimation schemes has focussed on
prediction of the initiation moment and the maximum moment. The rotations, on the other hand,
have not been extensively evaluated, because there simply has not been a need and good experimental
rotation data have not been routinely acquired in most pipe fracture experimental programs. With the
emergence of the nonlinear FEA fracture analysis as a legitimate pipe fracture analysis tool, the need
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for accurate rotation predictions becomes apparent. The qualitative sense is that the SC.TNP J-
estimation scheme predicted rotations are reasonably accurate, because of the good agreement found
between nonlinear FEA fracture analyses and dynamic pipe system experiments. A systematiz effort
is required, however, to validate the predicted rotations. Such an effort is underway in the USNRC's
Short Cracks in Piping and Piping Welds research program, Ref. 7.3, where improvements to the
SC.TNP analysis and development of a new and independent finite-length circumferentially surface-
cracke. pipe J-estimation scheme are underway.

The final limitation of the nonlinear FEA fracture analyses is that surface-crack penetration is
assumed to occur when the maximum moment is attained. The need to make this assumption is driven
by limitations in the SC.TNP surface-crack J-estimation scheme; it has not been validated past
maximum moment, and in fact, it frequently termin.tes the calculations just after maximum moment
is predicted. As shown in Figure 7.2, surface cracks frequently experience some almost perfectly
plastic displacement (rotation) after maximum moment, out before surface-crack penetration, and in
fact the experiment in the Degraded Piping Program showed that the moment could be decreasing
with increasing rotation during stable crack growth prior to surface-crack penetration. The
J-estimation scheme crack growth estimates are consistent with this, in that the predicted radial crack
growth estimates do not indicate growth through the wall at maximum moment. Assuming that
surface-crack penetration occurs when the maximum moment is reached in the nonlinear FEA fracture
analysis is conservative.

7.2.5 The HDR-E31 Experiments as an Analysis Validation Tool

The HDR-E31 water-hammer experiments are a very valuable data source for evaluating finite
element and fracture analyses. Because the pipe system boundary conditions are very simple, finite
element analysis results should compare very favorably with measured results. In fact, this has been
demonstrated in this programa. Concerning the fracture analysis, the loading on the flaws is only just
adequate to achieve surface-crack penetration in the E31.3 experiment. Because of this, it is essential
that the maximum moment, moment-rotation, and surface crack *o through-wall-crack transition
behavior be accurate, in addition to proper modeling of the basic system structural dynamics, to be
able to make good predictions. If any of these elements of the analysis is not correctly modeled, the
predictions will not match the experiments.

The marginal nature of the loading relative to the flaws became very apparent during the nonlinear
FEA fracture analyses. The first analysis performed was for Experiment E31.3, the experiment with
the deeper flaw. It was apparent from the analysis results that the loading just barely caused the
surface crack to penetrate the pipe wall. Having not examined the loading for the two different
experiments closely, we assumed that they were identical, and thus expected that the E31.2 flaw
would be predicted not to penetrate the pipe wall because of its higher moment-carrying capacity. In
fact, the loading for E31.2 is different enough from E31.3 (and marginally larger) that it caused
E31.2 to penetrate the pipe wall in our analysis. Thus, the subtle difference in the loading played a
big role in the outcome of our analysis.
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7.2.6 Other HDR-E31 Analysis Efforts

The HDR-E31 experiments have been analyzed by other researchers. Brosi, et al., Ref. 7.4,
performed extensive elastic and plastic global analysis of the piping system under static, modal, and
dynamic loading. In general, he found reasonably good agreement between predictions and the global
response in his plastic calculations. His elastic calculations, like ours, tend to be slightly stiffer than
the measured values. Brosi modeled the crack in a separate 3-D brick element substructure analysis,
using bending loads from the global structural analysis. Using approximately 2400 nodes and in
excess of 400 elements, he predicted J-integral values along the crack front and predicted that the
crack would initiate in Experiment E31.3 and grow only 0.5 mm (0.020 inch) radially, and that the
crack would not even initiate in Experiment E31.2. Neither of these predictions was correct, and the
error was on the nonconservative side. One of the interesting findings from Brosi is that J along the
crack front is not symmetric with respect to the centerline of the crack. The moment at 90-degrees to
the principal bending plane causes this.

Kussmaul, et al., Ref. 7.5, also did extensive finite element analysis of the global behavior of the
system and found good agreement with the measured values. Like our nonlinear FEA fracture
analysis model, Kussmaul, et al., included the crack directly in their finite element piping system,
after they had completed a series of uncracked piping analyses. In their case, shell elements and
ABAQUS line-spring elements were used to model the crack. Their cracked pipe analyses showed
that the Experiment E31.2 crack would initiate. Experiment E31.3 was problematic for them because
compression loading of the crack prior to the large crack-opening moment caused the line-spring
elements to cease correctly evaluating J. Kussmaul et al., also did a 3D-brick substructure analysis of
the crack area and essentially duplicated Brosi’s asymmetric J behavior.

It is interesting to note that neither of the other researchers that have analyzed the E31 experiments
have predicted the behavior as accurately as the nonlinear FEA fracture method that we have used.
This is especially significant in light of the fact that Kussmaul, et al. indicates that CRAY2
supercomputers were used in both Brosi’s and their work, and that several investigations had to be
abandoned because costs were getting unmanageable. Our analyses were easily performed on a small
Apollo DN5500 work station, basically a desk-top computer.

7.3 Conclusions
A great deal of effort has been spent in this program to evaluate current engineering fracture analysis
methods and to advance the state-of-the-art in predicting pipe fracture behavior. From the work done
in this study, the following conclusions can be made:
. The magnitudes of the maximum moments tend to be underpredicted for all analysis
methods except the Net-Section-Collapse for both experiments and the R6 Option 1
analysis for Experiment E31.2.

. The engineering fracture methods combined with linear FEA is conservative.
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. The nonlinear FEA fracture analysis, in spite of its relative simplicity when compared
with 3-D brick and shell models of cracks, does a good job of predicting crack behavior,
and was extended to being able to make crack velocity predictions and the transition
from a surface crack to a through-wali crack.

. The nonlinear FEA fracture analysis is the only method that currently can be used to
assess the propensity for a DEGB, i.e., growth and possible arrest of the through-wall
crack after surface-crack penetration.

. For the HDR-E31 experiments, slight changes in assumptions, i.e., the "equivalent”
water-hammer load, or the J-estimation scheme scaling factor, could have a large impact
on the margin between predictions and the experiments.

. Although "best engineering” practice was used to calculate the experimental moment for
E31.3, the data are counter intuitive because the shallower E31.2 flaw has been reported
to have a lower maximum moment than in Experiment E31.3. The only other
explanation is differences in strength and toughness between the two flawed pipe sections
in the E31.2 and E31.3 experiments.
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Table 7.1 Elastic stress analysis moment ratio at maximum
moment for the HDR-E31 experiments

| MomentRatio |
i  Experiment (prediction/experiment)
E31.2 1.38 |
E313 | 1.18 :

Table 7.2 Experiment/predicted maximum moments for the HDR-E31 experiments

[ pcrimm MnximMommts
B2 | B3

[R6, Rev 3, Option |
lDPZP screening criterion
-estimation scheme analysis

Table 7.3 SC.TNP predicted maximum moments for HDR-E31 experiments

Maximum Moment,

MN-m*
Unscaled : 1.587
Scaled* 1.138 1.063

* 1.0 MN-m = 8.85x10° in-Ib.
**  Unscaled 0.714 based on past experimental data.
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Figure 7.1 Net-Section-Collapse analysis predictions, with and without
considering induced bending effects for through-wall cracks
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Table Al. Material Property Data

Material Property Units 20C 200 C
Material 1 20 NiMoCr 36

“Elastuc Modulus GPs 185.0 185.0
Poisson's Ratio 0.285 0.285
Coefficient of 17K 12.9E-66 12.9E-06

Thermal Expansion
Density Mg/m® 7.84 7.84
Material 2 ¢'5 C 25 ua.

“Elastic Modulus GPa 200.0 200.0
Poisson's Ratio 0.285 0.285
Coefficient of 1K 13.1E-06 13.1E-06

Thermal Expansion
Density * Mg/m? 0 0
Material 3 15 NiCuMoNb §

“Elastic Modulus GPa 210.0 198.0
Poisson’s Ratio 0.285 0.285
Coefficient of 1K 12.8E-06 12.8E-06

Thermal Expansion
Density Mg/m® 7.84 7.84
Material 4 15 MnNi 63

“Elastic Modulus GPa 211.0 199.0
Poisson’s Ratio 0.285 0.285
Coefficient of 1K 12.9E-06 12.9E-06

Thermal Expansion
Density Mg/m3 7.84 7.84
Material 5 20 MaMoNi 55

“Elastic Modulus GPa 211.0 199.0
Poisson’s Ratio 0.285 0.285
Coefficient of 1K 13.2E-06 13.2E-06

Thermal Expansion
Density Mg/m’ 7.84 7.84
Material 6 15 Mo 3

“Elastuc Modulus GPs 213.0 202.0
Poisson's Ratio 0.285 0.285
Coefficient of K 13.1E-06 13.1E-06

Thermal Expansion
Density Mg/m? 7.85 7.85

* Density of the check valve set to zero. Total mass of the check valve material applied as &

point mass located at the center of mass.
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Table A2. Refined Model Geometry Data

Element Global Element 1ype Outside ~ Wall Element Cummulative
Number Direction Diameter  Thickness  Length Length
mm mm mm mm
RDB Wall, Material 1
1 +X Struight Pipe 1440 500.0 7.00 7
2 +X Struight Pipe 1440 500.0 27.00 34
3 +X Straight Pipe 1440 500.0 27.00 61
4 +X Straight Pipe 1440 500.0 27.00 88
N +X Straight Pipe 1440 500.0 27.00 115
6 +X Straight Pipe 1440 500.0 27.00 142
Nozzle, Matenal 1
7 +X Straight Pipe 660 111.0 25.00 167
8 +X Straight Pipe 660 111.0 25.00 192
9 +X Straight Pipe 660 111.0 25.00 217
10 +X Straight Pipe 660 111.0 25.00 242
11 +X Stivight Pipe 660 111.0 25.00 267
12 +X Streight Pipe 660 111.0 25.00 292
13 X Straight Pipe 596 78.5 27.00 319
14 +X Seraight Pipe 596 78.5 25.00 344
15 +X Straight Pipe 596 78.5 25.00 369
16 +X Straight Pipe 529 38.2 19.00 388
17 +X Straight Pipe 529 38.2 20.00 408
18 +X Straight Pipe 529 38.2 19.00 427
Reducer, Material 3
19 +X Straight Pipe 518 32.5 19.00 446
20 +X Straight Pipe 518 32.5 20.00 466
21 +X Straight Pipe 518 32.5 19.00 485
22 +X Straight Pipe 498 29.3 25.00 510
23 +X Straight Pipe 498 29.3 25.00 535
24 +X Straight Pipe 476 26.0 12.00 547
25 +X Straight Pipe 476 26.0 22.00 569
26 +X Straight Pipe 476 26.0 22.00 591
27 +X Straight Pipe 476 26.0 20.00 611
28 +X Straight Pipe 476 26.0 20.00 631
Test Section, Matenal 5
29 +X Straight Pipe 476 26.0 28.00 659
30 +X Straight Pipe 475 25.0 28.00 687
31 +X Straight Pipe 475 25.0 27.00 714
32 +X Straight Pipe 475 25.0 27.00 741
31 +X Straight Pipe 475 25.0 15.00 756
34 +X Straight Pipe 457 16.0 10.00 766
35 +X Straight Pipe 457 16.0 10.00 776
36 +X Straight Pipe 457 16.0 10.00 786
37 +X Straight Pipe 457 16.0 10.00 796
38 +X Struight Pipe 457 16.0 10.00 806
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Table A2. Refined Model Geometry Data (continued)

"Element Global “Element Type Outside “Wall Elemeat  Cummulative
Number Direction Diameter  Thickness Length Length
min mm mm mm
39 +X Straight Pipe 457 16.0 10.00 816
40 +X Straight Pipe 457 16.0 10.00 826
41 +X Straight Pipe 457 16.0 10.00 836
42 +X Straight Pipe 457 16.0 10.00 846
43 +X Straight Pipe 457 16.0 10.00 856
999 +X Nonlinear M-¢ 0.00 856
44 +X Straight Pipe 457 16.0 10.00 866
45 +X Straight Pipe 457 16.0 10.00 876
46 +X Straight Pipe 457 16.0 10.00 886
47 +X Straight Pipe 457 16.0 10.00 896
48 +X Straight Pipe 457 16.0 10.00 906
49 +X Straight Pipe 457 16.0 10.00 916
50 +X Straight Pipe 457 16.0 10.00 926
51 +X Straight Pipe 457 16.0 10.00 936
52 +X Straight Pipe 457 16.0 10.00 946
53 +X Straight Pipe 457 16.0 10.00 956
54 +X Straight Pipe 457 16.0 15.00 971
55 +X Straight Pipe 475 25.0 27.00 998
56 +X Straight Pipe 475 25.0 27.00 1025
57 +X Straight Pipe 475 25.0 28.00 1053
58 +X Straight Pipe 475 25.0 28.00 1081
Horizontal Straight Pipe Section, Material 4
59 +X Straight Pipe 475 25.0 41.00 1122
60 +X Straight Pipe 475 25.0  100.00 1222
61 +X Straight Pipe 475 25.0 54.00 1276
62 +X Straight Pipe 475 25.0 55.00 1331
63 +X Straight Pipe 475 25.0 41.00 1372
64 +X Straight Pipe 475 25.0  200.00 1572
65 +X Straight Pipe 475 25.0  200.00 1772
66 +X Straight Pipe 475 25.0  200.00 1972
67 +X Straight Pipe 475 25.0  200.00 2172
68 +X Straight Pipe 475 25.0  200.00 2372
69 +X Straight Pipe 475 25.0  200.00 2572
70 +X Straight Pipe 475 25.0  200.00 21712
71 +X Straight Pipe 475 25.0  200.00 2972
72 +X Straight Pipe 475 25.0  200.00 3172
73 +X Straight Pipe 475 25.0  200.00 3372
74 +X Straight Pipe 475 25.0  200.00 3572
75 +X Straight Pipe 475 25.0  200.00 3772
76 +X Straight Pipe 475 25.0  200.00 3972
7 +X Straight Pipe 475 25.0 62.00 4034
78 +X Straight Pipe 475 25.0 75.00 4109
79 +X Straight Pipe 475 25.0  150.00 4259
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Table A2. Refined Model Geometry Data (continued)

“Element " Global " Element 1ype Outside Wall Element  Cummulative
Number Direction Diameter  Thickmess  Length Length
mm mm mm mm
80 X Straight Pipe 475 25.0  150.00 4406
81 +X Straight Pipe 475 25.0 75.00 4484
82 +X Straight Pipe 475 25.0 58.00 4542
83 +X Straight Pipe 475 25.0 62.00 4604
B4 +X Straight Pipe 47§ 25.0 62.00 4666
85 +X Straight Pipe 475 25.0 62.00 4728
86 +X Strmght Pipe 475 25.0 62.00 4790
87 +X Straight Pipe 475 25.0 100.00 4890
88 +X Straight Pipe 475 25.0 100.00 4990
89 +X Straight Pipe 475 25.0 100.00 5090
90 +X Straight Pipe 475 25.0  100.00 5190
91 +X Straight Pipe 475 25.0 55.00 5245
€% +X Straight Pipe 475 25.0 55.00 5300
Displacement 1 ransducer MN 46XX
93 +X Straight Pipe 475 25.0 24.00 5324
94 +X Straight Pipe 475 25.0 24.00 5348
Elbow 1, Material §
95 +X-Z Elbow #1 45° 489 29.6 544.00 5892
96 +X-Z Elhow #1 45° 489 29.6 544.00 6436
Vertical Straight Pipe Section, Matenal 4
97 -Z Straight Pipe 475 25.0 22.00 6458
98 -Z Straight Pipe 475 25.0 100.00 6558
99 -Z Straight Pipe 475 25.0 100.00 6658
100 -Z Straight Pipe 475 25.0 100.00 6758
101 -Z Straight Pipe 475 25.0 100.00 6858
102 -Z Straight Pipe 475 25.0 100.00 6958
103 -Z Straight Pipe 475 25.0 39.00 6997
104 -Z Straight Pipe 475 25.0 69.00 7066
108 -Z Straight Pipe 475 25.0 100.00 7166
106 -Z Straight Pipe 475 25.0 100.00 7266
107 -Z Straight Pipe 475 25.0 69.00 7335
108 -z Straight Pipe 475 25.0 75.00 7410
109 -Z Straight Pipe 475 25.0 100.00 7510
110 -Z Straight Pipe 475 25.0 100.00 7610
111 -Z Struight Pipe 475 25.0 100.00 7710
112 -Z Straight Pipe 475 25.0 75.00 7785
113 -Z Straight Pipe 475 25.0 75.00 7860
114 -Z Straight Pipe 475 25.0 250.00 8110
115 -Z Straight Pipe 475 25.0 250.00 8360
116 -Z Straight Pipe 475 25.0 250.00 8610
117 -Z Struight Pipe 475 25.0 250.00 8860
118 L Straight Pipe 475 25.0 250.00 9110
119 -Z Straight Pipe 475 25.0 137.00 9247
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Table A2. Refined Model Geometry Data (continued)

"“Element Global Element 1ype Outside Wall Element  Cummulative
Number Direction Diameter  Thickness  Length Length
mm mm mm mm
120 = 4 Straight Pipe 475 “25.0  84.00 9331
121 -Z Straight Pipe 475 25.0 250.00 9581
122 4 Straight Pipe 475 25.0 250.00 9831
123 -Z Straight Pipe 475 25.0 250.00 10081
124 -Z Straight Pipe 475 25.0 250.00 10331
125 -Z Straight Pipe 475 25.0 250.00 10581
126 -Z Straight Pipe 475 25.0 250.00 10831
127 -Z Straight Pipe 475 25.0 250.00 11081
128 -Z Straight Pipe 475 25.0 250.00 11331
U-Bead, Material 4
129 -Z Straight Pipe 475 25.0 82.00 11413
130 -Z Straight Pipe 475 25.0 50.00 11463
131 -Z Straight Pipe 475 25.0 25.00 11488
132 -Z Straight Pipe 475 25.0 25.00 11513
133 -Z Straight Pipe 475 25.0 23.00 11536
134 -Z Straight Pipe 475 25.0 25.00 11561
135 -Z Straight Pipe 475 25.0 25.00 11586
136 -Z Straight Pipe 475 25.0 50.00 11636
137 -Z Straight Pipe 475 25.0 50.00 11686
138 -Z Straight Pipe 475 25.0 25.00 11711
139 -Z Straight Pipe 475 25.0 25.00 11736
140 -Z Straight Pipe 475 25.0 24.00 11760
Displacement Transducer MN 47XX
141 -Z Straight Pipe 475 25.0 26.00 11786
142 -Z Straight Pipe 475 25.0 27.00 11813
143 -Z-Y Elbow #2 45 475 25.0 785.00 12598
144 -Z-Y Elbow #2 45° 475 25.0 785.00 13383
145 -Y Straight Pipe 475 25.0 100.00 13483
146 -Y Straight Pipe 475 25.0 100.00 13583
147 -Y Straight Pipe 475 25.0 100.00 13683
148 Y Straight Pipe 475 25.0 75.00 13758
Displacement Transducer MN 49X X
149 -Y Straight Pipe 475 25.0 75.00 13833
150 <Y Straight Pipe 475 25.0 25.00 13858
Static load applied at node 153
151 -Y Straight Pipe 475 25.0 25.00 12883
152 Y Straight Pipe 475 25.0 19.00 13902
153 -Y Straight Pipe 475 25.0 50.00 13952
154 -Y Straight Pipe 475 25.0 100.00 14052
155 <Y otraight Pipe 475 25.0 100.00 14152
156 -Y Straight Pipe 475 25.0 50.00 14202
157 Y Straight Pipe 475 25.0 20.00 14222
158 -Y Straight Pipe 475 25.0 20.00 14242
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Table A2. Refined Model Geometry Data (continued)
“Flemeat Global TFlement Type  Outside Wall Element  Cummulative
Number Direction Diameter  Thickness  Length Length
mm mm min mm

159 Y Straight Pipe 475 25.0 40.00 14282
160 Y Straight Pipe 475 25.0 50.00 14332
161 Y+2Z Elbow #3 45° 475 250  785.00 15117
162 Y+Z Elbow #3 41° 475 25.0  720.00 15837
163 Y+2Z Elbow #3 4° 475 25.0 65.00 15902
164 +Z Straight Pipe 475 25.0 37.00 15939
165 +Z Straight Pipe 475 25.0 32.00 15971
166 +Z Straight Pipe 475 25.0 31.00 16002

Elbow 4, Material 4
167 +Z4X e Elbow #4 3° 475 25.0 48.00 16050

Displacement Transducer MN 48XX
168 +Z4X' Elbow #4 42° 475 25.0  737.00 16787
169 +Z4+X Elbow #4 45° 475 25.0  785.00 17572
170 +X' Straight Pipe 475 25.0  100.34 17672
171 +X' Struight Pipe 475 250  100.34 17773
172 +X Straight Pipe 475 25.0 49.74 17822
173 +X Straight Pipe 475 25.0 49.74 17872
174 +X’ Straight Pipe 475 25.0 49.74 17922
175 +X’ Straight Pipe 475 25.0 57.80 17980
176 +X' Straight Pipe 475 25.0  100.34 18080
177 +X' Struight Pipe 475 25.0  100.34 18180
178 +X’ Straight Pipe 475 25.0  100.34 18281
179 +X' Straight Pipe 475 25.0  100.34 18381
180 +X' Straight Pipe 475 25.0  100.34 18481
181 +X' Straight Pipe 475 25.0  100.34 18582
182 +X’ Straight Pipe 475 25.0  100.34 18682
183 +X' Straight Pipe 475 25.0 99.48 18782
184 +X' Straight Pipe 475 25.0 99.48 18881
185 +X' Straight Pipe 475 25.0 99.48 18981
186 +X’ Straight Pipe 475 25.0 99.48 19080
187 +X Struight Pipe 475 25.0 42.79 19123
188 +X' Straight Pipe 475 25.0 25.30 19148
189 +X' Straight Pipe 475 25.0 75.04 19223
190 +X' Straight Pipe 475 25.0 75.04 19298
191 +X' Straight Pipe 475 25.0 75.04 19373
192 +X’ Straight Pipe 475 25.0 75.04 19448
193 +X' Straight Pipe 475 25.0 75.04 19523
194 +X’ Straight Pipe 475 25.0 24.44 19548
195 +X Straight Pipe 475 25.0 24.44 19572
196 +X° Struight Pipe 475 25.0 75.04 19647
197 +X Straight Pipe 475 25.0 75.04 19722
198 +X’ Straight Pipe 475 25.0 75.04 19797
199 +X Straight Pipe 475 25.0 75.04 19872
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Table A2. Refined Model Geometry Data (continued)

" Element Global Element 1ype Outside Wall Element  Cummulative
Number Direction Diameter  Thickness  Leagth Length
mm mm mm mm
200 X Straight Pipe 475 "25.0  715.04 19947
201 +X Straight Pipe 475 25.0 25.30 19973
Fixed Support Component, Matenal 3
202 +X' Straight Pipe 508 415  112.00 20085
203 +X Straight Pipe 508 41.5  100.00 20185
204 +X' Straight Pipe 508 41.5  100.00 20285
205 +X' Straight Pipe 508 41.5  100.00 20385
Stiffness boundary condition applied to all 6 degrees-of-freedom at node 210
300 Local X' Ux Spring K = 2.560 x 10° N/mm
301 Local Y’ Uy Spring K = 0.571 x 10° N/mm
302 Local Z' Uz Spring K = 0.770 x 10° N/mm
303 Local X’ ©x Spring K = 1.540 x 10'? N-mm/rad
304 Local Y’ Oy Spring K = 0.457 x 10'? N-mm/rad
305 Local Z' Oz Spring K = 0.637 x 10'? N-mm/rad
206 +X' Straght Pipe 508 41.5  100.00 20485
207 +X Straight Pipe 508 41.5 100,00 20585
208 +X Straight Pipe 508 41.5  100.00 20685
209 +X' Straight Pipe 508 41.5 112,00 20797
Straight Section, Material 4
210 +X’ Straight Pipe 475 250  100.08 20897
211 +X’ Straight Pipe 475 25.0  100.08 20997
212 +X Straight Pipe 475 25.0 83.96 21081
213 +X’' Straight Pipe 475 25.0 80.87 21162
214 +X’' Straight Pipe 475 25.0 60.03 21222
215 +X' Straight Pipe 475 25.0 58.92 21281
216 +X' Straight Pipe 475 25.0 25.04 21306
217 +X' Straight Pipe 475 25.0 25.04 21331
Reducer, Material 6
218 +X' Straight Pipe 476 25.5 24.82 21355
219 +X’ Straight Pipe 476 25.5 22.98 21378
220 +X' Straight Pipe 476 25.5 22.98 21401
221 +X' Straight Pipe 442 21.8 22.98 21424
222 +X' Straight Pipe 442 21.8 27.68 21452
223 +X Straight Pipe 442 21.8 27.96 21480
224 +X' Straight Pipe 442 21.8 22.98 21503
225 +X' Straight Pipe 407 18.0 22.98 21526
226 +X Straight Pipe 407 18.0 20.57 21547
227 +X’ Straight Pipe 407 18.0 19.04 21566
228 +X Straight Pipe 407 18.0 15.04 21585
Check Valve, Material 2
229 +X’ Stimight Pipe 406 175  177.01 21762
230 +X' Straight Pipe 406 17.5  734.98 22497

232 Gen. Mass Mass = 2447.5 kg
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Table A2. Refined Model Geometry Data (continued)

"Element Global Element Type Outside Wall FElement  Cummulatve
Number Direction Diameter  Thickness  Length Length
mm mm min mm
233 X Struight Pipe 406 17.5  184.99 22682
234 +X' Straight Pipe 406 17.5 135.07 22817
Reducer, Material 6
235 +X’ Straight Pipe 407 18.0 24.46 22841
236 +X' Straight Pipe 407 18.0 24.01 22865
237 +X' Straight Pipe 458 22.8 24.01 22889
238 +X’ Straight Pipe 458 22.8 24.01 22913
239 +X' Straight Pipe 458 22.8 22.98 22936
240 +X’ Straight Pipe 458 22.8 22.45 22959
241 +X' Straight Pipe 458 22.8 24.01 22983
242 +X Straight Pipe 458 2.8 24.01 23007
243 +X’ Straight Pipe 508 27.5 24.01 23031
244 +X’ Straight Pipe 508 27.5 19.98 23051
245 +X’ Straight Pipe 508 2.5 20.07 23071
Horizonta! Straight Section, Material 6
246 +X' Straight Pipe 508 32.0 46.05 23117
247 +X' Straight Pipe 508 32.0 249.99 23367
248 +X’ Struight Pipe 508 32.0 249.99 23617
249 +X’ Straight Pipe 508 32.0 249.99 23867
250 +X' Straight Pipe 508 32.0 124.95 23992
Fixed boundary condition applied to 2 degrees-of-freedom at node 299, Y'=0 Z'=0
299 +X' Straight Pipe 508 320 125.04 24117
Break Nozzle, Matenial 6
251 +X' Straight Pipe 508 27.5 25.04 24142
252 +X' Straight Pipe 508 27.5 24.51 24166
253 +X' Straight Pipe 537 41.8 19.98 24186
254 +X’ Straight Pipe 537 41.8 19.62 24206
255 +X’ Straight Pipe 565 56.0 22.49 24228
256 +X' Straight Pipe 565 56.0 21.95 24250
257 +X' Straight Pipe 575 61.0 24.37 24275
258 +X’ Straight Pipe 575 61.0 39.96 24315
259 +X’ Straight Pipe 575 61.0 40.05 24355
260 +X’ Straight Pipe 575 61.0 39.96 24395
261 +X’ Straight Pipe 575 61.0 24.01 24419
262 +X’ Straight Pipe 565 56.0 22.54 24441
263 +X' Straight Pipe 565 56.0 21.95 24463
264 +X' Straight Pipe 630 88.5 16.48 24480
265 +X’ Straight Pipe 630 88.5 40.05 24520
266 +X’ Straight Pipe 630 88.5 39.96 24560
267 +X’ Straight Pipe 630 88.5 40.05 24600
268 +X’ Straight Pipe 630 88.5 36.96 24637

Rupture Disk Assembly, Material 6
269 +X' Straight Pipe 630 88.5 62.95 24700
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Table A2. Refined Model Geometry Data (continued)

" Element Global " Element 1ype Outside Wall Element  Cummulative
Number Direction Diameter  Thickness  Length Length
mimn mm mm mm
270 X Straight Pipe 630 885 72.04 24772

**  Local coordinate system of the last branch defined by & 210° rotation of the X-Y plane about the global Z
axis. Local coordinate system (X',Y',Z") defined with X' along the pipe axis, Y’ in the horizoutal plane,
and Z' vertical. X' = X *cos(210°) + Y *sin(210°), Y' = -X *sin(210°) + Y * cos(210°), Z' =
,
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