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Summary

The use of computer programs that employ relatively complex constitutive
theories and analysis procedures to perform inelastic design calculations
introduces questions of validation and acceptance of the analysis results.
We may ask ourselves the question, "How Valid are the answers?"

These questions, in turn, involve the concepts of verification and quali-
fication. Verification is a demonstration that a computer program does what
it is supposed to do, regardless of whether or not the model programmed is a
valid representation of any particular realistic system. Qualification is con-
cerned with the use of a computer program to solve the real problems encountered
in design. That is, does the combination of mathematical model, constitutive
equations, material properties, geometric discretization, representation of
the mechanical and theimal loading histories, and "boundary conditions, all con-
sistent with the program limitations, give an acceptable solution to the phys-
ical problem?

RDT Standard F9-5T1 states that verification and qualification of a com-
puter program used for design analyses is the responsibility of the manufacturer.
It is suggested that the verification and qualification effort be based on
performing benchmark calculations; that is, by solving a small number of care-
fully chosen problems with known solutions. Collectively, the selected bench-
mark problems should demonstrate those aspects of the computer program and the
user's ingenuity that are required in the design analyses to be performed.
Verification can be by comparison with relatively simple, but carefully cho-
sen, analytical solutions, and exact correlations can be expected. Qualifica-
tion, on the other hand, must be by comparison with experimental data, and,
in- the inelastic case, exact correlations cannot be expected.

Recognizing, in 19^9* "tb-s need for experimental bemchmark problem data,
particularly at elevated temperatures, RRD initiated, as a part of the Oak
Ridge National Laboratory program to develop high-temperature design methods,
plans for a series of inelastic structural tests on a variety of structural
geometries ranging from the simple to the complex. Many of these tests have
now teen carried out, and the results are available for benchmark calculations
and for assessing the validity, or accuracy, of inelastic analysis predictions.
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A wide variety of representative inelastic structural test results have been
published by the ASME in Ref. 2. Other results are presented in progress
reports of the OHNL High-Temperature Structural Design Program (see Ref. 3,
which also lists previous reports in the series).

In addition to tests performed under the ORNL program, additional high-
temperature inelastic structural tests, on both basic specimens and component-
type structures, are being carried out under a companion Westinghouse-ARD
program to validate high-temperature design methods. Also, the ASME published
an earlier verification and qualification booklet in 1972 (Ref. k) which con-
tains benchmark problem solutions.

A sizable body of test data thus exists for use in qualifying a computer
program for a specific job. Unfortunately, however, the correlation of ana-
lytical predictions with experimental results for inelastic problems is not
straightforward. Inelastic material behavior is a highly complex phenomenon
consisting of processes and interactions that defy complete understanding and
exact description. There can be considerable variations in behavior from
specimen to specimen. Current constitutive equations are only first approxi-
mations. Finally, accurate high-temperature test data are difficult to obtain.
What, then, is an "acceptable" correlation of analytical and experimental data
that will qualify an inelastic computer program?

Typical comparisons between measured and predicted inelastic responses
for a number of different simple structures are shown in Figs. 1 through 5.
All of these structures were of type 3(A stainless steel, and the basic test
temperature was 1100°F. The inelastic analysis procedures used were consis-
tent with the recommendations given in Ref. 1.

Each of the specimens represented in Figs. 1 through 5 was, with the ex-
ception of the plate with a circular hole (Fig. 2), from a single, well-
characterized heat of material, and the analytical predictions were based on
materials data for that heat. The results, however, can be misleading in
terms of real design analyses. The designer does not generally have available
inelastic materials data for his particular heat of material, so he is forced
to use representations that are intended to describe the response of all heats
and product forms of a given alloy. Tests at 0RÏÏL have shown the heat-to-
heat variation of the yield stress of type 30U stainless steel to be at least
±25$, and the creep response of various heats can vary by at least a factor
of. k. To examine the implications of these variations, a small sensitivity
study was conducted and the results are represented by the shaded bands in
Fig. 5. These results show, for example, that if the yield stress at all tem-
peratures is lowered by 20$, the predicted ratchetting strain at the end of
13 cycles is increased by kofi (a conservative prediction), but the predicted
creep-fatigue damage factor is decreased by 5 w (an unconservative prediction).
This example illustrates that when elevated-temperature elastic-plastic-creep
behavior and the attendant modes of failure are considered, the traditional
concept of a conservative calculation begins to lose its obvious rationale
and must be reevaluated.

In summary, each of the comparisons indicates that the basic trends and
features of the inelastic response are predicted, and the absolute agreement



between theory and experiment is generally good. However, there are obvious
discrepancies, and Fig. 5 illustrates that significant differences can result
from normal material variation. Thus, we might again ask the questions:
Are inelastic analysis predictions valid, and what is an acceptable corre-
lation between analytical and experimental data that will qualify an inelas-
tic computer program?

Actually, we should ask whether or not the combination of tfoe analysis
predictions and the associated design criteria lead to an acceptable level
of structural integrity. We believe that in this context the analysis pre-
dictions are generally valid, even though exact correlations between predic-
tions and actual behavior cannot be expected. Final judgment must be reserved
for each specific case, however.

The objectives of inelastic design analyses* should be to (1) predict the
basic characteristics, or the essential features, of inelastic response in
critical situations and critical regions, (2) provide a consistent bases for
evaluating critical areas throughout a high-temperature reactor project, and
(3) when coupled with design criteria provide a satisfactory level of struc-
tural integrity. Standards for judging qualification and validity must be
established for each particular application based upon these objectives.

*Reference 5 contains an interesting and informative summary of IMPBR
inelastic analysis applications.

References

1. BDT Standard F9-5T, Guidelines and Procedures for Design of Muclear Sys-
tem Components at Elevated Temperature, September 197U.

2. Pressure Vessels and Piping: Verification and Qualification of Inelastic
Analysis Computer Programg, edited by J. M. Corum and W. B. Wright, The
American Society of Mechanical Engineers, New York, 1975,

3. Pressure Vessel and Piping/1972 Computer Programs Verification - An Aid
to Developers and Users, edited by S. Tuba and W. B. Wright, The American

' Society of Mechanical Engineers, New York, I972.

k. J. M. Corum and C. E. Pugh, High-Temperature Structural Design Program
Progress Report for Period Ending December 31, 197*!-, ORKL-5OU8, Oak Ridge
national Laboratory, October 1975.

5. C, C. Bigelow, "Experience in the Implementation of Current High Tempera-
ture Structural Design Technology," presented at 3rd International Con-
ference on Structural Mechanics in Reactor Technology, London, September 1-5,
I975.



ORNL-DVW 74-13317

BEAM BIO. PRE-CREEP

2

S 1

o

<C -1

-2

1 ! 1 1

- (a) EXPERIMENTAL

A

1 1 1 !

1 1

CYCLE t

/ Scia.

i i

V

i i

i i i

/ /CYCLE Z /

/

i i i

-0.06 -0.64 0 0.04

CENTER DEFLECTION ( in.)
0.06 0.12

Fig. 1. Comparison of measured and predicted response of type 30U
stainless steel beam subjected to cyclic loading at 1100°F. Beasi vas
simply supported and subjected to a center load cycled between ±2000 1b
with a period of 2 min.
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Fig. 2. Measured and jirsdictftd residual stìaùns in it plate with a
circular hole. Plato was isaùe of t ^ e 3CÎ. v-tairdc^s steel, and was sub-
jected to an 850 hr load history at 1100"F.
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Fig. 3. Comparison of measured and predicted time-independent strain
response in type $Qk stainless steel shear-lag specimen tested at 1100* F.
Creep strains accumulated at constant loads between points 3 and k, 5 and
6, and 7 and 8 have been subtracted out.
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Fig. k. Measured and predicted time-dependent strain response of
the shear-lag specimen.



TTT-1
ORNL-DWG T4-I33I8R2

0.45

0.40

-0.05
320 640 960 1280 1600

ACCUMULATED HOLD TIME AT UOCF (hr)
1920

Fig. 5. Comparison of measured and predicted circumferential ratchetting
strains for pipe thermal ratchetting test TTT-1. The solid prediction curve is
baeei on the best available elastic-plastic and creep data for the specimen
nat'~?ial. The extremes of the shaded bands represent predictions based on in-
creasing or decreasing the yield stresses and the creep strain response as indi-
cated. The relative creep-fatigue damage factors shown to the right were cal-
culated according to the inelastic analysis rules of Code Case 1592. This fig-
ure illustrates the range of behavior that can result from normal heat-to-heat
material variations.


