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ABSTRACT

Using the elastic-plastic fracture mechanics (EPFM) procedure called J-integral versus
tearing modulus analysis (J-T), a methodology is proposed to carry out analysis of circumferential
through-wall cracked pipes under combined bending and tension. Numerical examples are
presented to illustrate the proposed method. Comparisons of results with experimental data from

the literature indicate the level of accuracy.

INTRODUCTION

The fracture mechanics analysis of cracked pipes is
an important step in the instability evaluation of high-
energy lines of nuclear power plants in a leak-before-break
(LBB) program. The systems of a nuclear facility for which
LBB is generally applied must be made of ductile
materials. Ductile fracture mechanics' methods employ
analytical techniques. These analytical techniques extend
from elaborate finite element models (FEM) to various
elastic-plastic fracture mechanics (EPFM) estimation
procedures, such as J-integral versus tearing modulus (J-T)
[1]. Also from deformation plasticity failure assessment
diagram (DPFAD) [2] to simple limit load (LL) [1] and
local flow stress (LF3) analyses [3]. FEM analyses are
expensive and very time consuming. The purpose of
simplified methodologies is to ease the performance of the
analyses in terms of time and cost.

Although all simplified methods are based on the
extent of the theory, it is necessary to include certain
idealizing assumptions related to crack shapes, consistent
crack geometry, and crack behavior. The crack behavior
assumption presupposes that the crack initiates and grows
as a result of increasing loads. Also, under most
circumstances, it is necessary to obtain other material
property data than those of the component being evaluated.

In reality, however, actual flaws may assume
complex shapes. For example, the component under
evaluation may deform under high leadings, particularly in
the vicinity of the flaw (e.g., a pipe may ovalize and its wall
may become thinner near the flaw). Also a growing crack

may develop shearing lips. These facts together with the
inherent wvariability of the material properties from
specimen to specimen lead to a simple and obvious
conclusion: perfect correspondence between analytical and
experimental results should not be expected at all. On the
other hand, to make analytical methods always useful, such
methods should be able to predict results within an
acceptable uncertainty band which can then be accounted
for by appropriate margins.

In this paper, evaluations of circumferential through-
wall cracked pipes under bending and tension, using J-T
analysis, are performed. An in-house computer code was
developed to conduct the assessment of crack stability. The
results obtained from J-T analysis are also compared with
experimental data available in the literature. At the end of
the paper, some comments and conclusions are addressed
based on the comparison of results .

EPFM J-T ANALYSIS

The EPFM is based on the concept of J-integral. The
parameter ] is emploved to characterize the crack imitiation
and extension in ductile materials. The circumferential
through-wall crack instability in pipes is predicted by J-T
analysis, an approach presented in [1]. According to this
reference, from the J-resistance curve obtained from
fracture specimens tests (relationship between J and crack
extension Aa), it is possible to compute the J-T curve for
the material. The crack driving force in terms of the applied
parameter J and the tearing modulus T is calculated for the



initial crack length as a function of the loading. The
intersection of this curve and the J-T curve, for the
appropriate material, gives away the instability value of J,

defined as J inst  The value of Jin_g,t., in a plot of the
parameter J versus the load, provides the associated
instability load value.

The J-T analysis procedure, represented in Figure 1,
can be detailed as following. From the J-resistance curve
for the material, showed in Figure la, it is possible 1o find a

correlation between J mat and Aa as expressed in the
equation below:

Jinar = cAa™ (1)
where ¢ and m are curve fitting constants which are
determined in an empirical way. From Figure la, it is
possible to get the J-integral at the initiation of the crack
growth, J .. In addition, the material tearing modulus as a
function of Aa can be defined as:

dl E
T oy =——
mat da S%

where E is the Young's modulus, and Sf is the flow stress.
For the appropriated material, the plot of J-T assumes the
shape shown in Figure 1b.

The J-T curve, for the applied loads in piping with
through-wall crack, can be computed from the parameter J
expressed in the following form:
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Japp(@) =Jc(a) +1,(a) (3)

In Eq. (3), Jo(a) and J,(a) are the J-integral in the
elastic and plastic regimes, respectively. They are available
in [1]. These values are functions of the loadings (axial

and/or moment), the crack dimension {E‘= a;"RL the

pipe geomelry parameter [Rf t], and also the material
properties from stress-strain curve (E, S},. Ramberg-
Osgood parameters).

The applied tearing modulus Tﬂpp is evaluated with
Eq. (2) with dJ calculated from Eq. (3), as the variation of

the computed J,p,(a) and -Tapp[ﬂ + Aa) . For small crack

arowth the applied J-T curve is a straight line, Such line is
obtained connecting the origin of the J and T axis with the

point P defined by (I,
the parameter J, at instability of the crack, is identified as

T, )- As illustrated in Figure 1b,

Jinst- The value of Jins may be obtained from the
intersection of the J-T curve, for the material, and the
pertinent straight line representing the applied J-T.

The load at instability corresponding to I inst can

be evaluated from Figure l¢ which is a plot of J appiﬂ] as
a function of normalized applied load.
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Figure | - Crack instability evaluation (J-T analysis procedure)



RESULTS

Tests are performed in order to assess the integrity
of cracked pipes and validate the analysis methods. In
Brazil, all the experimental data are referred to J-resistance
curve evaluation and, at the moment, the results from the
integrity tests are not vet awvailable. Therefore, the
approaches considered in this work to evaluate crack
stability will be compared with the resulls from tests
conducted in other countries and available in the literature.

Before presenting the results, it is important to
notice that some information were inferred so that the
material properties and the parameters required to perform
the analyses were acquired. The reason for that is that,
unfortunately, some data were not available in the test
references. The material data information source used in
this paper were [1], [4], [5]. In order to infer the material
properties and  corresponding  parameters,  some
recommendations of [6] are followed. They are
summarized as:

a.) range of stress-strain curve that must be fitted to
ensure proper results will vary with pipe and crack
geometries. To define appropriate Ramberg-Osgood
parameters, it was determined that strains of | percent and

less comprised the region of interest for the ferritic steel
pipe tests, while the appropriate strain for the stainless steel
pipe test condition ranged from about 2 to 8 percent;

b.) material resistance to ductile crack extension should
be based on a reasonable lower-bound estimation of the
material J-resistance curve;

c.) fracture toughness specimens having approximately
the same thickness as the pipe wall, and without side
grooves, tend to model actual pipe behavior most
accurately;

d.) J-integral computational method has certain limits of
applicability. Limitations are related to certain assumptions
regarding the stress-strain conditions in the region near the
crack tip. It is necessary to extrapolate the J-resistance
curve in J-T space when those limitations are exceeded.

To combine bending and tension in the EPFM
analysis it is necessary to do some assumptions to simulate
the non-linear material behavior. The loading sequence
must be realistic, since the superposition gives wrong
results. Thus, we assume that the internal pressure is
applied first, and, after, the external moments.

The obtained results and comparisons are shown in
Table 1.

TABLE I: Analytical versus Experimental Results. Through-Wall Circumferential Cracked Pipes under
Combined Bending and Tension

Tests? K8 K9 S4 R2 R3 R4 R3
Do (in) 4.38 488 315 16.81 16.81 6. 275
t(in) 0.337 0.337 1.85 0.63 0.63 0.394 1.858
Material 55304 S5304 NiCrMo ferritic ferritic ferritic bainitic St
Special Melt | bainitic St | bainitic St | bainitic St
Angle (20) | 76° 1359 60° 909 450 60° 60°
Internal
Pressure (psi)| 2493 1049 2175 1160 | 160 1160 2175
MExp Init? - - . 3.717E6 | 7.966E6 | 3.664E6 .
(Ibf in)
MExp Inst® | 1.221E5 | 8.348E4 4.868E7 7.028E6 1.133E7 4903E6 | 4.868E7 |
(Ibf in)
MJ-T Init@
+ - - - 0.59 1.11 0.59 -
MExp Init
MJ-T Inst®
+ 0.88 0.80 0.43 0.34 0.79 0.47 0.57
MExp Inst

a. Tests: K8 and K9 from [7], S4 from [8],and R2 to RS from [2]

b. MExp Init: Experimental initiation moment

¢. MExp Inst: Experimental maximum moment (failure of the pipe)

d, MJ-T Init: Initiation moment from J-T analysis
¢. MJ-T Inst: Instability moment from J-T analysis



CONCLUSIONS AND COMMENTS

The method used in this paper is an "engineering
approaches" based on fracture mechanics with assumptions
related to crack shape, consistent geometry, crack behavior,
load types and load combinations, material properties and
parameters. In some cases, there was a good consistency
between the analytical results and the experimental ones. In
other cases, the harmony was not so0 good. The
consistencies might be function of the adjustment of some
parameters and hypotheses adopted.

In general, the results show that the analytical
method gives initiation and instability loads smaller than
the experimental methods. There is a good agreement
between analytical and experimental results where the
material properties and the parameters are defined in a
more accurate way. It is meaningful to emphasize that
material data used in the analyses have different reliability
according to what was necessary to estimate for the inputs
to evaluate the material data. For example, [6] has almost
all material data necessary to perform the analyses and, in
consequence, the analysis results related to those tests are
more precise and reliable.
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