INTERNATIONAL |OURNAL OF

Pressure Vessels
and Piping

International Journal of Pressure Vessels and Piping 75 (1998) 397-415

Crack-opening-area analyses for circumferential through-wall cracks in
pipes—Part III: off-center cracks, restraint of bending, thickness transition
and weld residual stresses

S. Rahman'*, N. Ghadiali’, G.M. Wilkowski?, F. Moberg?, B. Brickstad®

'Department of Mechanical Engineering, The University of lowa, fowa City, IA 52242, USA
2Battelle Memorial Institute, 505 King Avenue, Columbus, OH 43201 2693, USA
3SAQ Inspection Lid, PO Box 49306, S-100, 29 Stockholm, Sweden

Received 31 May 1996; accepted 30 June 1997

Abstract

This is the third of three papers generated from a recent study on crack-opening-area analysis of circumferentially cracked pipes for
leak-before-break applications. The first two papers [1,2] [Rahman, S., Brust, F. W., Ghadiali, N. and Wilkowski, G., Crack-opening-area
analyses for circumferential through-wall cracks in pipes. Part I— Analytical models. International Journal of Pressure Vessels and Piping,
(this issue). Rahman, S., Brust, F. W., Ghadiali, N. and Wilkowski, G., Crack-opening-area analyses for circumferential through-wall cracks
in pipes. Part II-—Model validations. International Journal of Pressure Vessels and Piping, (this issue).] dealt with crack-opening-area
analysis of pipes assuming simple loading, pipe and crack geometries, and boundary conditions. This paper (Part IlI—Off-center cracks,
restraint of bending, thickness transition, and weld residual stresses) examines several practical aspects of crack-opening-area analysis
involving off-center cracks, restraint of pressure-induced bending, girth-weld nozzle cracks at thickness transition, and weld-induced
residual stresses. Currently, there are no engineering methods or guidelines available to analyze pipes under these conditions. Both
linear-elastic and elastic—plastic finite element analyses were conducted to determine quantitatively their effects on various crack-opening
characteristics. From the results of these analyses, recommendations are made on how an off-center crack can be analyzed based on fracture-
mechanics equations for a centered crack. It was found when the restraint of bending effects become important and how they should be taken
into account. Cracks located in the thickness transition with thickness gradients on both sides of a nozzle girth weld were analyzed. Finally,
simplified finite element simulations were performed to determine if the residual stresses should be considered and when they become
important for crack-opening evaluations. © 1998 Elsevier Science Ltd. All rights reserved

1. Introduction plicated. For example, the crack in a pipe may become oft-
centered due to random imperfections around the pipe cir-
cumference, or pressure-induced bending may be restrained

if the crack is close to a nozzle, or the crack may be located

Traditionally, the developments of the crack-opening-
area (COA) models have been focussed on idealized con-

ditions for analyzing cracked pipes. For example, it is gen-
erally assumed that a simple circumferential through-wall
crack exists in the base metal or the weld metal of the pipe
with the crack located in the center of the bending plane.
The crack-opening area is calculated when this pipe is sub-
jected to remote loads that may include pure bending or pure
tension (generally pressure induced) or combined bending
and tension. The corresponding analytical models and their
evaluations are discussed in [1] (Part [— Analytical Models)
and [2] (Part II—Model validations), respectively. In rea-
lity, however, the loading conditions, the pipe and crack
geometries, and the boundary conditions can be more com-
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at the thickness transition (e.g. girth-weld crack in a nozzle),
or the pipe may have significant weld residual stresses in
addition to remote bending loads, etc. Currently, there are
no engineering methods or guidelines available to analyze
pipes under these conditions. While some of these aspects
are applicable to leak-before-break (LBB) analyses, other
aspects are more applicable to evaluating flaw stability for a
real rather than a hypothetical flaw [3].

The objective of this study is to investigate several prac-
tical aspects of crack-opening-area analysis involving off-
center cracks, restraint of induced bending from pressure
loads, cracks in thickness transition at a nozzle, and weld-
induced residual stresses in circumferentially cracked pipes.
Both linear-elastic and elastic plastic finite element analyses
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Fig. 1. Pipe cross-section with an off-centered through-wall crack.

were conducted to determine quantitatively their effects on
various crack-opening characteristics. From the results of
these analyses, recommendations are made on how an off-
centered crack can be analyzed based on fracture-mechanics
equations for a centered crack. It is found when the restraint
of bending effects become important and how they should
be taken into account. Cracks located in the thickness tran-
sition with gradients on both sides were analyzed. Finally,
simplified analyses were performed to determine if the resi-
dual stresses should be considered and when they become
important for crack-opening evaluations.

2. Off-center cracks

In conducting both leak-rate and flaw stability analyses, a
postulated through-wall-crack size (leakage flaw) is often
calculated based on its symmetric placement with respect to
the bending plane of the pipe [1-3]. This is usually justified
with the reasoning that the tensile stress due to bending is
largest at the center of this symmetric crack. However, fab-
rication imperfections will occur randomly around the pipe
circumference. Additionally, during the normal operating
condition of a plant, the stress component due to pressure
is more significant than that due to bending. As such, the
postulated leakage flaw may be off-centered and can thus be
located anywhere around the pipe circumference, see Fig. 1.
Furthermore, a symmetric bending plane under normal
operating stresses may be different than the plane under
normal plus safe-shutdown earthquake stresses, due to the
uncertainty in seismic ground motion. As a consequence,
there are two major effects on pipe fracture evaluations:

¢ For a given leak rate and identically applied load, the
detectable flaw size for the off-centered crack will be
larger (due to smaller crack-opening area) than that for
the symmetrically centered crack (detrimental effect);

o for the same crack length, the load-carrying capacity of
the pipe with an off-centered crack will be higher than that
with a symmetrically centered crack (beneficial effect).

Since these are two opposing effects, pipe-specific calcu-
lations are needed to determine the resultant effect on pipe
flaw evaluations. This study examines numerical pipe frac-
ture results to quantify the effects of off-centered cracks on
the crack-opening-area analysis of pipes. Both finite ele-
ment method (FEM) and a simple estimation scheme were
employed to compute the center-crack-opening displace-
ment and crack-opening shapes. Recommendations are
made on how an off-centered crack can be analyzed based
on the analysis of a centered crack and some additional
assumptions. Numerical examples are presented to illustrate
and support the findings of this study.

2.1. Crack-opening-area analysis of an off-centered crack

Consider a through-wall-cracked (TWC) pipe with mean
pipe radius, R, wall thickness, ¢, and through-wall-crack
angle, 26. The crack is off-centered by an angle, . The pipe
and crack geometric parameters are defined in Fig. 1. The
pipe is subjected to a pure bending moment, M, without any
internal pressure. The stress analysis was linear-elastic, and
both plasticity and crack-growth effects were ignored. This
is justified since the normal operating stress for typical
nuclear piping is well below the yield stress of the material
and the relatively short crack being considered should not
experience significant crack tip plasticity.

In assessing the crack-opening for an off-centered crack,
both finite element and estimation analyses were conducted
in this study. They are described below.

2.1.1. Finite element analysis

Standard three-dimensional, linear-elastic, finite element
analyses (FEA) were conducted to determine the crack-
opening displacement (COD) and the crack-opening shape
for a pipe with an off-centered crack. Due to symmetry
about loading, only half of the pipe was modeled (Note,
symmetry with respect to the crack geometry is violated
by the off-centered crack). Since this is a direct method,
no further approximations or assumptions are required to
evaluate crack-opening characteristics. This is referred to
as Method 1 in this paper.

When the crack-opening results are needed for several
values of Y (i.e. for several off-centered cracks), conducting
FEA for each of them is not efficient. In this regard, one
standard finite element analysis was performed to determine
the center-crack-opening-displacement, 6(0), for a sym-
metrically centered crack (i.e. when ¥ = 0) under bending
moment, M. Then, the center COD, 8(¥), under a bending
moment M, for an off-centered crack with angle ¢, was
estimated from

8(¢) = 6(0)cosy n

by resolving the applied moment into its components as
shown in Fig. 1. (Note, this is possible due to linear-elastic
assumptions). This method will be referred to as Method 2
in this paper. Since no explicit finite element analysis was
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conducted for an off-centered crack, exact determination of
the crack-opening profile, and hence crack-opening area and
leak rate, could not be made by Method 2. In Method 2, it
was assumed that the crack-opening shape is elliptical to
allow for the computation of the crack-opening area. The
justification came from the authors’ past studies [4—6] and
also from the results of the present study (see Part II paper)
[2] which showed that the crack-opening shape for a sym-
metrically centered crack would approximately follow an
elliptical profile. It would be interesting to see how much
the crack-opening shape for an off-centered crack would
deviate from the ideal elliptical profile [2].

2.1.2. Estimation analysis

For routine fracture calculations, when the finite element
analysis cannot be performed or is not needed, the estima-
tion methods discussed in Ref. [2] can also be applied to
determine the crack-opening for off-centered cracks. The
applications of these methods are similar to Method 2 of
the finite element analysis except that the center-crack-
opening-displacement, 6(0), for a symmetrically centered
crack is calculated by a suitable estimation scheme. These
estimation schemes may include the GE/EPRI method, [7]
the LBB.NRC method, [10] the Paris/Tada method, [11] the
LBB.ENG2 method, [12] the LBB.ENG3 method [13,14]
and others [3,15]. For example, using the GE/EPRI method,
the elastic solution of 6(0) can be obtained from [7-9]

2
5(0) = 4R,0

Vi, Rm/t)%l )

where I is the moment of inertia of the uncracked pipe cross-
section and V?(B/vr, R,/t) is the influence (elastic) function
tabulated in [7-9] for several combinations of 6/7 and R /t.
Note that 8(0) given above by the GE/EPRI method (and
also by other estimation methods) denotes the center COD
only at the mid-thickness level, because the elastic V; func-
tions, compiled in [7-9] were derived at the mid-thickness
of the pipe. See [3,7-9,15] for further details. Similar to
Method 2 in FEA, the crack-opening area by the GE/EPRI
method can also be approximated by assuming an elliptical
crack-opening profile.

2.2. Numerical results

For a numerical example, consider a pipe with outer
diameter D, of 406.4 mm (16 inches), wall thickness (7) of
26.19 mm (1.031 inch), and crack angle ratio (6/7) of 0.12.
The crack is off-centered by an angle (y). It is assumed that
the crack length is the same on the inside and outside sur-
faces in terms of percent of pipe circumference. The pipe is
subject to a remote bending moment, M = 522.6 kNm
(4.626 inch-kip) without any internal pressure. The material
behavior is assumed to be linear-elastic. The elastic
modulus, £ = 193.06 GPa (28,000 ksi) and Poisson’s
ratio, » = 0.3 were used.

Linear-elastic finite element analyses were performed for

2%

Fig. 2. Finite element model for a pipe with an off-centered crack
O/ =12%).

this pipe using the finite-element analysis code ABAQUS
[16]. A total of seven analyses were conducted correspond-
ing to the off-centered angles, ¥ = 0, 15, 30, 45, 60, 75, and
90°. In all cases, 20-noded three-dimensional solid elements
were used in the FEA. The total number of elements and
nodes were 1260 and 9030, respectively. The number of
elements through the thickness was one. Due to symmetry,
only half of the pipe was modeled. Fig. 2 shows the finite
element mesh for a pipe with an off-centered crack (the
shaded region represents the cracked area).

Figs 3 and 4 show the plots of COD vs the normalized
coordinate angle, £/26 representing detailed crack-opening
shapes in the inner and outer surfaces of the pipe, respec-
tively, for values of ¢ = 0, 15, 30, 45, 60, 75, and 90°. The
variable £ represents an angle from a crack tip and is defined
in Fig. 1. The results in Figs 3 and 4 were generated by the
direct FEM (i.e. Method 1) described earlier. From Figs 3
and 4, it appears that the maximum COD shifts from the
center when the cracks become off-centered. Also, the
values of COD for an off-centered crack can become
much lower than those for a symmetrically centered crack.
Consequently, the crack-opening area (and hence, leak rate)
can also be much lower. Hence, idealizing an off-centered
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Fig. 3. Predicted crack-opening displacement for various off-centered
cracks as a function of £/28 (inside surface).
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Fig. 4. Predicted crack-opening displacement for various off-centered
cracks as a function of £/28 (outside surface).

crack by a centered crack will yield a smaller crack length
for a given leak-rate. The comparison of the results between
Figs 3 and 4 show that the COD at the outer surface is larger
than that at the inner surface regardless of the value of .
Similar results predicting various crack-opening character-
istics computed by Method 2 of FEM are shown in Figs 5-8.
For comparison, the results from Method 1 are also pre-
sented. It appears that the center COD predicted by Method
2 compares extremely well with the corresponding Method
1 solutions. However, the elliptical shape assumed by
Method 2 underpredicted the COD for one-half of the
crack length and overpredicted the COD for the other half
of the crack length (see Figs 5 and 6). But, the comparisons
of crack-opening area, which are shown in Fig. 8, reveal that
it can be predicted with good accuracy with an elliptical
opening profile, i.e. by Method 2. This is an important find-
ing since for leak-rate calculations, accuracy in the predic-
tion of crack-opening area is more significant than that of
entire crack-opening shape. This justifies the use of Method
2 of FEM for analysing offcentered cracks in pipe fracture
evaluations.

For routine pipe flaw evaluation, when finite element
analysis cannot be performed, a suitable estimation method,
such as the GE/EPRI method described earlier (see Eq. (2)),
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Fig. 6. Comparisons of two finite-element solutions for predicting crack-
opening displacement for off-centered cracks as a function of £/26 (outside
surface).

can also be used. Using Eqs. (1) and (2), the predicted
center-crack-opening displacements by this estimation
method are also shown with the finite element results in
Fig. 7. The results of FEM in Fig. 7 are given at the inner,
middle, and outer surfaces of the pipe in which the mid-
thickness COD was calculated from the average COD
values at the inside and the outside surfaces. In the same
figure, the estimation results were calculated at the mid-
thickness level. The COD solutions by the estimation
method compare very well with those from more accurate
finite element methods. The comparisons of crack-opening
area, shown in Fig. 8, also indicate reasonably accurate
predictions by the GE/EPRI estimation method.

2.3. Status of crack-opening methodology

From the numerical results presented in this paper, the
effects of an off-centered crack are determined considering
only crack-opening area on pipe fracture evaluations. Their
effects on the load-carrying capacity and the fracture sta-
bility of a leaking crack have not been assessed yet. From a
qualitative viewpoint, one can, however, argue that when a
crack is off-centered, the crack-driving force, be it stress-
intensity factor in linear-elastic fracture or J-integral in
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Fig. 5. Comparisons of two finite-element solutions for predicting crack-
opening displacement for off-centered cracks as a function of £/28 (inside
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elasie —plasin fiaewwie, Wil B o them that 1o 2 won-
tered erack assurning drat e dending plare is e same fox
normal moments and seismic moments. However, it is more
likely st drsr eding Paars wild SRy, Hrucr, V-
centered crack, which may increase the length of the leak-
age flaw due to reduced crack-opening, can have positive
effiects on the maximum Yoad-carrying capactity ol pipes. In
this paper, the explicit effects on crack-opening area have
been quantified. It would be interesting (o see how they
would be countered by the positive effects related to the
structural integrity of the pipes.

3. Restraint of bending from pressure contribution in a
pilpe sys$tem

Current structural analyses for through-wall-cracked
pifes subijected (o axial teasion faads (geaerally gressuce
induced) or combined bending and tension loads assume
that the pipe is free to rotate. The restraint of the rotation
increases the failure stresses, {4,173 but can decrease the
crack-opening at a given load. If the pipe system restrains
the bending, for example from cracks being close to a nozzle
or restraint from the rest of the piping system, then the leak
rate will be less than the leak rate calculated by using analy-
ses Mnay assurne et Tne pape 15 Srep 10 roie. Tms Wb ravse
theedkage crack size1b'peharger than ina chrhiued oy the
current analysis methods for the same leak rate. Since stress
due to internal pressure is a significant component of the
total stress, this could have a significant effect on the LBB
analysis and pipe flaw evaluations. Some scoping cal-
culations were performed to assess the magnitude of the
trends.

3.1. Analysis for restraint of axial tension (pressure)
induced bending

Fig. 9 illustrates a TWC pipe with mean radius, R, wall
thickness, ¢, and an initial through-wall crack angle, 28. The
pipe is subjected to an axial tension load, P, (due to internal

pressure) with full restraint of axial tension (pressure)
induced bending at a distance, Lg on either side of the
cracked plane. Linear-elastic analyses by the finite element
method were performed to examine the effects of restraint
due to axial tension-induced bending in a piping system
when the pressure load was applied. The results of center-
crack-opening displacement as a function of ‘restraint
length’ were investigated. The restraint length (Lg)
defined here simply represents the location of the restrained
pipe cross-sections from the cracked plane and is shown in
Fig. 9.

The following steps were undertaken to determine the
effects of restraint of induced bending due to axial tension
from internal pressure:

¢ Step 1—create a finite element model of a cracked pipe
el URRIRSS, T, TIRUN TAPR AR, 13 p, Tl Sk
aaglk, 28, and el pipr Ragddy, 20y wiew Ly © YR
restraint length discussed previously.

« SRP 2—UPAY W WY PSR (RISVR) dsplacs-

ment loading, A, in the longitudinal direction of the pipe
to all the nodes in cross-section A-A located (see Fig. 9)
@ a diswance Ly from Tne cracked piane §1.e. the ppe
ends in this case). In this way, the complete restraint of
induced bending fom (ension is simulated symmetsi-
cally about the crack. (A non-symmetric restraint analy-
sis would require a more sophisticated model and was
not warranted in this initial investigation.)

¢ Step 3—conduct a finite element analysis and determine
the center COD resuiting from the remote displacement,
‘a1 ne"$tresses 4 ke cross-secuon ‘A-A are ot unfrorm
and can be decomposed into a bending component with
a linear variation and a tensile component. Denote the
ceater COD (uascaled) aad the teasion stess by dy, aad
Oen, TESpECtively.

s Step 4—compute the scaled COD, 6 = 6yns X (0ret/ Tren)s
whese o 1S any arbitracily defined reference (easile
stress. The center COD due to a reactive tensile stress,
0.er, With complete restraint of induced bending at cross-
sections Ly away from the cracked plane is represented
by &,. This scaling is permissible due to the linear-elastic
SUESS 2DAP5.

> Fep S—m e same Tmie TR ot Wy a en-
sion stress loading of magnitude o but allowing free
rotation. Denote the resultant center COD by 6., which
now represents the reference crack-opening displace-
ment due to an axial tensile stress, o, when there are
no external bending restraints present in the pipe, i.e.
when the restraint length, Ly approackes infinity.

e Step 6—divide the scaled COD, &, by the reference
COD, 6., to get the normalized COD, dnogr = 64/0-.
The restrained COD normalized by the unrestrained
COD is represented by dnor.

e Step 7—for a given crack geometry, repeat steps 1-6
for several values of Lg. Develop a plot of nor Vs L/
D, and hence, determine the effects of the normalized
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Fig. 9. Schematics of a through-wall-cracked pipe under pure tension (restrained locations prevent rotation and ovalization).

restraint length, Lg/D,, on the center-crack-opening
displacement.

3.2. Numerical applications

As a numerical example, consider a TWC pipe with a
mean radius of 355.6mm (14 inches), thickness of
35.56 mm (1.4 inches), R/t of 10, and two distinct cases
of initial total crack angles of 28 where for the two cases 6/7
= 1/8 and 6/7 1/4 (‘small’ and ‘large’ cracks). For
material properties, it was assumed that the modulus of
elasticity, E, was 200 GPa (29000ksi) and Poisson’s
ratio, », was 0.3. The pipe was subjected to remote axial
tension as shown in Fig. 9. Linear-elastic analyses by the
finite element method were performed using 20-noded
three-dimensional solid brick elements in the FEM code
ABAQUS [16]. The total number of elements and nodes
were 172 and 1252, respectively. The number of elements
through the thickness was one. Due to symmetry, only one-
quarter of the pipe was modeled. Fig. 10 shows a typical
mesh representing the finite element discretization.

Table 1 and Table 2 show the calculated values of various
crack-opening displacements for both ‘small’ (6/7 = 1/8)
and ‘large’ (0/7 1/4) cracks, respectively. These
were obtained following the steps described earlier. Several
values of restraint length, Ly were considered and are also

tabulated. For these calculations, the arbitrary applied dis-
placement, A, was set equal to 2.54 mm (0.1 inch) (Step 2).
The arbitrary elastic reference tensile stresses, o, were
assumed to be 849.12 MPa (123.15 ksi) and 650.97 MPa
(94.41 ksi) for 8/ = 1/8 and 0/x = 1/4, respectively
(Steps 4 and 5). From the finite element analysis, the corre-
sponding values of reference COD, 6., were computed to
be 2.569 mm (0.101inch) and 8.692 mm (0.342 inch),
respectively (Step 5).

Y

Fig. 10. Finite-element mesh for linear-elastic restraint of crack-opening
displacement.
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Table 1
Elastic crack-opening displacements for TWC pipe (§/7 = 1/8)
Unscaled COD (8 s) Tensile stress (0eq) Scaled COD (8;) Normalized COD
LpDy (mm) (MPa) (mm) (éxor)
1 2.460 849.12 2.460 0.9573
5 0.547 182.47 2.546 0.9909
10 0.290 95.83 2.569 1.000

Fig. 11 presents the results of the calculations for normal-
ized center-crack-opening displacement (8nor) as a function
of normalized restraint length, Lg/Dy,, in which D, = 2R,
represents the mean pipe diameter. As mentioned before, the
COD values are normalized with reference to the crack-
opening displacement when there are no external constraints
present in the pipe (i.e. when the restraint length becomes
infinity), allowing free rotation and ovalization. The results
suggest that when the crack angle is small (6/7 = 1/8), the
restraint effects are also small and may be neglected. How-
ever, for larger crack angles (8/7 = 1/4), the restrained COD
can be significantly different than the unrestrained COD,
and hence, should not be ignored in the crack-opening-
area analysis for leak-rate quantification. This is especially
true for small-diameter pipes in which the leaking crack size
for LBB analysis can be large. It is interesting to note that a
significant input parameter like the ‘restraint length’ is not
currently considered in either of the thermal-hydraulic
codes SQUIRT [5] or PICEP [18] or in any other leak-rate
analyses.

3.3. Status of crack-opening methodology

From the numerical results presented so far, the potential
reduction of crack-opening area due to the restraint of pres-
sure-induced bending has been evaluated for some specific
cases. It is recognized that for a pipe which restrains bend-
ing from pressure loads, the load-carrying capacity of the
pipe will tend to increase. However, it could be argued that
since the normal operating plus seismic loads have a higher
percentage of bending than axial membrane loads, the ben-
eficial effects on the fracture loads may not be as great.
Nevertheless, the restraint of pressure-induced bending,
which may have unfavorable effects on calculating leakage
flaw size, can have positive effects on the maximum load-
carrying capacity of pipes. In this paper, the effects on
crack-opening area have been quantified. It would be useful
to also quantify the possible increase in the failure loads and

Table 2
Elastic crack-opening displacements for TWC pipe (8/7 = 1/4)

then evaluate how it would counter the effects of crack-
opening-area reduction. Hence, further studies and develop-
ments are needed to assess quantitatively their resultant
effects.

In regard to the effect of restrained bending on failure
loads, the following experimental data exists. From one
pipe system experiment in the International Piping Integrity
Research Group Program (Phase 1), it was experimentally
determined that a guillotine break did not occur until the
growing through-wall crack was 95% around the circumfer-
ence [17]. From the pressure loads alone, it was expected
that a double-ended guillotine break would occur once the
crack reached 65% of the circumference. The 95% crack
length corresponded to the pressure-induced failure if the
induced bending was restrained. This crack was located 3.4
pipe diameters from an elbow. This is strong evidence of the
effect of pressure-induced bending restraint on increasing
the load-carrying capacity in a pipe system, even if only at
the instability crack length.

4. Circumferential crack at a thickness transition

A practical problem in leak-rate analysis involves evalu-
ating the effects of thickness transition on the crack-open-
ing-area analysis of a circumferential crack. Thickness
transition effects can occur, for example, when a crack is
postulated at a nozzle girth weld with thickness tapers on
both sides with the same or different gradients. Currently,
there are no engineering models for calculating crack-open-
ing displacements for such a girth weld nozzle crack. For the
case of taper on one side only, one could assume in the limit
that the thicker side is infinitely stiff. In that case, the COD
at worst is one-half of analysis results using thickness at the
thinner side.

This section discusses the analytical efforts undertaken to
assess the effects of a typical thickness transition and
geometric constraint associated with heavy integrally

Unscaled COD (6 yns)

Tensile stress (0ten)

Scaled COD (8;) Normalized COD

LrDn (mm) (MPa) (mm) (8nor)
1 4.873 650.97 4.873 0.5606
5 1.624 174.35 6.065 0.6977

10 0.870 75.84 7.469 0.8593

20 0.474 36.54 8.445 0.9716
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Fig. 11. Effects of fully restrained bending conditions from crack location
on COD normalized by unrestrained COD.

reinforced nozzles on the crack-opening displacements for a
circumferential through-wall crack in a carbon steel nozzle.
This study was conducted to obtain a better understanding
of the crack-opening characteristics for circumferential
cracks at a thickness transition.
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4.1. A girth weld crack at a nozzle with thickness taper

Fig. 12 shows a carbon steel nozzle between a 423.6 mm
(16.7 inch) diameter cold-leg pipe and a 333.2 mm
(13.1 inch) safety injection line. The outer diameter of the
nozzle varies from 534.9 mm (21.1 inches) to 333.2 mm
(13.1 inches) with the corresponding wall thickness varying
from 124 mm (4.88 inches) to 23.1 mm (0.910 inch). There
is thickness gradient on each side of Section D-D as shown
in Fig. 12. On one side of Section D-D, the thickness
decreases gradually with a constant gradient from 124 mm
(4.88 inches) to 46.7 mm (1.84 inches). The gradient is
smaller for the other side of Section D-D in which case,
the thickness varies from 46.7 mm (1.84 inches) to 23.1 mm
(0.91 inch). The thicknesses for the cold-leg pipe and the
safety injection line are constant and are equal to 85.1 mm
(3.35 inches) and 34.8 mm (1.37 inches), respectively. The
geometric properties defining lengths for each of these pipes
are given in Fig. 12.

A circumferential through-wall crack was placed in the
welded section of the nozzle (i.e. at Section D-D of Fig. 12)

Fig. 12. Geometric details of a carbon steel nozzle with a through-wall crack at thickness transition, dimensions in mm.
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Fig. 13. Idealized nozzle geometry with fixed boundary condition, dimensions in mm.

with thickness gradient on both sides. The crack length was
12.5% of the pipe circumference measured at Section D-D.
It was assumed that the crack length on the inside diameter
is the same as on the outside diameter in terms of percent of
pipe circumference (i.e. the crack tips are radial). The crack
was placed in the center of the bending plane of the pipe (i.e.
no off-center crack). The crack was assumed to be stationary
(i.e. no crack growth).

The material properties of the carbon steel nozzle at
288°C (550 F) are given in Table 3. The values in Table 3
represent the base metal properties of carbon steel. The
plastic behavior was represented by the standard Rainberg—
Osgood equation (see Eq. (1) of [1]). No weld metal proper-
ties were used in the finite element analysis. Also, the
material properties of the cold-leg pipe and safety injection
line were not used in the analyses.

4.2. Loading conditions

The nozzle was pressurized with an internal pressure of

15.51 MPa (2250 psi) at 288°C (550 F) representing typical
operating condition of a pressurized water reactor (PWR).
Four different bending moments in addition to the
pressure were applied at the free end of the nozzle.
The applied bending moments were: M = 0 [Load Case 1],
M =200 kNm (1770 inch-kip) [Load case 2], M = 600 kNm
(5311 inch-kip) [Load case 3], and M = 1000 kNm
(8851 inch-kip) [Load case 4]. For Load Case 1, the pipe

Table 3
Material Properties of carbon steel nozzle at 288°C (550 F) for crack open-
ing analysis

Material properties Values

Elastic modulus (E), GPa (ksi) 193.1 (28 000)
Poisson’s ratio (v) 0.3

Yield strength (o,) MPa (ksi) 237 (34.4)
Ultimate strength (o,) MPa (ksi) 610 (88.5)
Ramberg—Osgood coefficient (o) 2.157
Ramberg—Qsgood exponent (n)” 4,042

(*) The stress—strain (¢ — €) curve is represented by: e/ey = o/0q + a(a/ap)",
where 09 = gy, €9 = 0/E.
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is under pure tension, whereas for Load Cases 2—4 the pipe
is under combined bending and tension with increasing
values of moment shown above.

4.3. Finite element analysis

4.3.1. Idealized nozzle geometry

According to Fig. 12, the nozzle has a slanted configura-
tion which makes a full three-dimensional finite element
analysis difficult. In addition, modeling the slanted geom-
etry would require large computer resources. To simplify
the analysis, an idealized nozzle geometry was chosen and is
shown in Fig. 13. The nozzle in Fig. 13 has the same geo-
metric parameters as in Fig. 12 except that one end of the
nozzle is completely fixed. The distance between the fixed
plane and the nozzle section with largest wall thickness (or
outer diameter) is denoted by Lg and is shown in Fig. 13.
Due to the uncertainty in the location of this fixed plane,
three distinct locations denoted by sections A—A, B—B and
C-C and shown in Fig. 12, were considered. Based on the
geometric details given in Fig. 12, the values of Ly corre-
sponding to the fixed boundary conditions were:

e Case 1 Boundary Condition (Section A-A)—Lg
214.13 mm (8.43 inches);

e Case 2 Boundary Condition (Section B-B)—L¢
368.55 mm (14.51 inches);

e Case 3 Boundary Condition (Section C-C)—Lg
522.97 mm (20.59 inches);

All three boundary conditions were used in the finite
element analyses to determine the effects of Ly on COA
as opposed to full three-dimensional analysis of the
nozzle and the cold-leg pipe. For the analyses, the moments
were applied at the free-end of the idealized nozzle in
Fig. 13.

4.3.2. Finite element modeling

Standard three-dimensional, elastic-plastic, finite element
analyses were performed for the nozzle pipe in Fig. 13 using
the finite-element analysis code ABAQUS [16]. A total of
twelve finite element analyses were conducted for four dif-
ferent loading conditions and three different boundary
conditions defined earlier. In all cases, 20-noded, three-
dimensional solid elements were used in the finite element
model. Due to symmetry, only half of the pipe was needed
to be modeled. The total number of elements and nodes
were 260 and 2093, respectively. The number of elements
through the thickness was three. Fig. 14 shows a finite ele-
ment mesh for half of the nozzle (undeformed configura-
tion) with a crack at the thickness transition.

The ABAQUS analyses were performed using two load
steps. The first load step consisted of an internal pressure of
15.514 MPa (2250 psi) applied to the inside of the pipe and
also an equivalent tension load due to pressure at the end
was applied. In this way, both the axial and circumferential
(hoop) stress in the pipe due to internal pressure were

Hidden View

Fig. 14. Finite element model of a carbon steel nozzle with a through-wall
crack.

simulated. The second load step consisted of bending
moments applied in several substeps up to a maximum of
1.00 MNm (8851 inch-kip).

4.3.3. Results of analysis

Fig. 15 shows the sensitivity of FEM results to the fixed
locations defined by the Sections A-A, B-B, and C-C.
From this figure, the center-crack-opening displacements
calculated at the inner and the outer surfaces of the pipe
subjected to two extreme loadings (one was pure pressure
and other was combined pressure and bending of 1.00 MNm
[8851 inch-kip]) do not appear to be dependent on length,
Ly, which defines the location of the fixed plane. Clearly, the
crack-opening results are not affected by the choice of the
boundary conditions defined earlier. This also implies that
the analysis of an idealized nozzle geometry shown in
Fig. 13, instead of modeling the combined nozzle and
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Fig. 15. Center-crack-opening displacement versus location of fixed plane
for various applied moments.

cold-leg pipe of Fig. 12 is a useful simplification for crack-
opening-area analyses.

Fig. 16(a)—(d) provide detailed plots of crack-opening
displacement vs normalized distance from the crack-tip
for four different load cases showing the crack-opening
profiles of the nozzle crack. For better understanding of
the problem, the components of the COD in the direction
of both thinner and thicker sides of the cracked section are
shown. The ‘zero’ horizontal lines in Fig. 16 simply denote
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a straight line joining two crack tips at the deformed con-
figuration of the pipe. A positive value of the COD denotes
the component of COD in the thinner side of the crack,
whereas a negative value of the COD denotes the compo-
nent of COD in the thicker side of the crack. Both compo-
nents of the COD were calculated at the inner and outer
surfaces of the pipe from the finite element analyses and
are presented in Fig. 16. The results indicate that due to
thickness gradient on both sides of the crack, the component
of COD in the thinner side is much larger than that in the
thicker side, thereby breaking the symmetry of the crack-
opening profile about the crack length. The differences in
these COD components can be significant when the applied
moment is large, e.g. when M = 1.00 MNm (8851 inch-kip),
see Fig. 16(d).

Finally, Fig. 17 shows the variations of center-crack-
opening displacement as a function of the applied moment
which are calculated at both inner and outer surfaces of the
pipe. The results suggest that the crack-opening behavior is
still linear at M = 600 kNm (5311 inch-kip), but can be
significantly non-linear after that moment is exceeded.
This strong non-linearity is clearly exhibited when M =
1.00 MNm (8851 inch-kip). The results in Fig. 17 also
reveal that there are significant differences in the
center CODs at the inner and outer surfaces of the pipe,
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Fig. 16. Crack-opening profiles for: (a) M = 0; (b) M = 200 kNm; (¢) M = 600 kNm; and (d) M = 1000 kNm.
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Fig. 17. Center-crack-opening displacement as a function of applied bend-
ing moment.

particularly when the applied moment is large. Similar
trends were also found for the overall crack-opening shapes
which are shown in Fig. 16.

Fig. 18 shows a plot of center-crack-opening displace-
ment (half) vs wall thickness for a straight pipe without
any thickness gradient which has the identical crack size,
material properties, and inside diameter of the carbon steel
nozzle defined earlier. This plot was developed by perform-
ing simple linear-elastic analyses by the GE/EPRI method
[7-9] for this pipe that was subjected to a bending moment
of 200 kNm (1770 inch-kip) and an internal pressure of
15.51 MPa (2250 psi) for several values of wall thickness.
The elastic influence functions in the GE/EPRI method were
obtained from Ref. [7]. According to the results in Fig.
16(b), the components of center COD (average) in the direc-
tions of thinner and thicker sides are 0.067 and 0.031 mm,
respectively. Using these finite element results in Fig. 18,
the equivalent thicknesses of a pipe without any taper
would have to be 44.8 mm (1.76 inches) and 84.0 mm
(3.31 inches) to match the components of the center-
crack-opening displacement at the thinner and thicker
sides of the carbon steel nozzle, respectively. The corre-
sponding ratio of the effective thickness of a constant thick-
ness pipe to the thickness of the nozzle at cracked plane
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Fig. 18. Crack-opening displacement for a pipe with constant thickness and
same inside pipe diameter.

would be 0.96 and 1.8, respectively. Using these ratios,
one can then determine the crack-opening for a nozzle
crack by conducting simple estimation analyses of a straight
pipe without any thickness gradient. However, for general
nozzle analysis (elastic), these ratios depend on the angle of
taper on either side of the crack, crack size, and possibly, the
R/t ratio at the cracked plane. To determine the functional
relationship between these ratios and the above geometric
parameters quantitatively, one would require several finite
element analyses by varying these parameters. Hence,
further studies are needed to develop a simplified analysis
procedure so that the nozzle crack case can be analyzed
using simple constant-thickness pipe estimation methods.

5. Effects of residual stresses on crack-opening area

The effect of residual stress on crack-opening displace-
ment (COD) in leak-rate analyses is not well understood.
There are no simple analyses to account for those effects
and therefore, they are frequently neglected. One objective
of this study was to assess the magnitude of the residual
stress effects on the crack-opening displacement. The
effects of residual stresses are most pronounced on the
crack-opening variations through the thickness. The
thermal-hydraulic models can account for the effects on
leak-rates due to the differences in COD on the inside and
outside surfaces of the pipe {5]. The leak-rate aspects of
these differences are discussed in Ref. [5]. In this study,
standard linear-elastic, finite element analyses were con-
ducted to compute the crack-opening displacement for a
pipe with and without residual stresses.

5.1. Simulation of residual stresses

Attempts to understand the effects of weld parameters on
residual stresses have been made through experimentation
by various researchers at Battelle [19-23], General
Electric [24], Argonne National Laboratory [25-27] and
others [28—34]. A computational model for predicting resi-
dual stresses due to girth welding of pipes has also been
developed [19-23]. This model, verified with past experi-
mental data, usually involves two parts: (1) a temperature
model; and (2) a thermal stress model. The temperature
analysis is based on the steady-state heat flow due to a
point source moving at a constant speed in an infinite
solid. The thermal stress model is an axisymmetric finite
element analysis which allows temperature-dependent
material properties and elastic unloading. The output from
the thermal analysis consists of the temperature vs time
histories in each finite element for each individual pass.
These temperature histories then provide the input for the
finite element analysis to compute stresses and strains in the
body. In this way, the weld residual stresses in a pipe can be
accurately simulated.

The computational approach, defined above, involves
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Fig. 19. Measured axial through-wall residual stress as a function of radial
distance through the pipe wall for austenitic stainless steel pipe welds.

comprehensive numerical modeling for both temperature
analysis and thermoelastic or thermoplastic analysis.
While it is possible to perform a full-scale, three-
dimensional finite element analysis of the welding problem,
the computational cost can be enormous. As an alternative,
the residual stress field can be specified directly from a
suitable experimental database. The database, which might

300

409

have been developed for a set of specific conditions, is some-
times difficult to apply because of the need to extrapolate to
other cases of interest. Nevertheless, this approach can be
valuable for prescribing weld residual stresses. It is dis-
cussed in the next section.

5.2. Residual stress field in a pipe weld

There is significant residual stress variation from weld-
ment-to-weldment even for large-diameter pipes. Substan-
tial effort has been made in the past to calculate and/or
experimentally measure the magnitude and distribution of
residual stresses in austenitic pipe welds [25-31].

Fig. 19 shows the available experimental data for the
axial residual stress in large diameter pipes as a function
of radial distance into the pipe wall from the inside
surface [26—32]. Few experimental measurements of cir-
cumferential through-wall residual stress distributions
have been reported. Fig. 20 shows the data available for
circumferential, inside surface residual stress as a function
of pipe diameter. Inside surface measurements on 101.6 mm
(4 inch) to 304.8 mm (12 inch) pipe weldments with smaller
wall thicknesses show that the circumferential residual
stresses are tensile and are similar in magnitude to the
axial residual stresses [25,33]. The data in Fig. 20 and finite
element calculations presented in [27] and [29] suggest that
the circumferential stresses on the inner surface of large-
diameter (diameter =405.4 mm [16 inch]) pipe-to-pipe
weldments that are thicker can become compressive,
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Fig. 20. Circumferential residual weld stress in heat-affected zone at the inside surface of the pipe as a function of diameter of Schedule 80 pipe.
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Table 4
Prescribed residual stress field from ASME Section XI IWB-3640 analyses

Wall thickness Through-wall residual stress®
Circumferential Axial
t =89 mm \\\\i\\\\\\\\ S
0 0 0.5t
L
D oD D oD
t = 26.41 mm 138
05S
MM
0 0 -028
] W,
| .
02> b=
- 05 M
~ 06
he—1.0 t—>

S = 207 MPa (30 ksi).

although this may depend on the heat input during
fabrication.

Finite element calculations, [27,29] supported by limited
experimental measurements [25,26] suggest that there are
significant differences in through-wall residual stress distri-
butions between thinner-wall small-diameter (i.e. less than
102 mm [4.0inch]) and thicker-wall large-diameter (i.e
greater than 406 mm [16 inch]) pipe weldments. The calcu-
lations also suggest that the form of the stress distributions
in intermediate thickness and diameter (254 mm [10 inch]
to 305 mm [12 inches) weldments depends strongly on the
weld heat input [29]. The residual stress differences are due
primarily to the increased heat capacity of thicker-wall pipe
and are only coincidentally associated with the diameter.
Consequently, the recommended residual stresses are
given in terms of wall thickness with a transition chosen
somewhat arbitrarily at 25.4 mm (1 inch).

Based on the available data and FEM computations, the
axial and circumferential through-wall residual stress dis-
tributions recommended by the Task Group on Piping Flaw
Evaluation of ASME section XI are presented in Table 4
[34]. Because there is a lack of data, through-thickness uni-
form axisymmetric distributions were recommended for the
circumferential through-wall residual stresses.

Pipe-to-pipe welds represent only a portion of the welds
in nuclear power plants. Little experimental data is available
for other configurations. However, finite element calcula-
tions have been carried out for a variety of weld geometries
including a 304.8 mm (12 inch) pipe-to-sweepolet weld, a
304.8 mm (12 inch) pipe-to-reducer weld, and a 558.8 mm
(22 inch) pipe-to-valve weld. In all three cases the weld
induced axial stresses are compressive, and an upper
bound of stress distribution is shown in Table 4. The stress
field given in Table 4 was used in this study to evaluate the
effects of the residual stresses on the crack-opening-area
analysis.

5.3. Applications of residual stresses for COA analysis

Once the residual stress field is calculated from a numer-
ical analysis, or defined from an experimental database, the
pipe flaw evaluation can be performed to study the effects of
residual stress on crack-opening characteristics. Ideally, one
can apply the residual stresses as ‘‘initial’’ locked-in
stresses and then introduce a through-wall-crack to conduct
crack-opening-area analysis. In this way, the redistribution
of stresses that occurs due to the presence of the crack can
be automatically accounted for in the subsequent finite ele-
ment analysis.

In this study, a simpler alternative approach [35] was under-
taken. In this approach, the residual stresses were applied as
crack-face pressure since the superposition principle is
applicable for linear-elastic stress analysis,The stresses
were applied as force-controlled as for a very long pipe
far from restraints. The superposition principle implies
that the state of stress due to two or more loads acting
together is equal to the sum of the stresses due to each
load acting separately. The redistribution of stresses that
occurs due to the presence of the crack, growing or non-
growing, does not imply that the superposition principle is
invalid. This fact has been pointed out by Parker [36] for
fatigue crack growth and demonstrated by Quinones and
Reaugh [37] for stress corrosion crack growth. Also, in
the present work, no circumferential residual stresses were
applied for the circumferential crack since they would have
negligible effects in a linear-elastic analysis [35].

5.4. The pipe crack problem

In this analysis a through-wall-cracked pipe was used

Table 5

Geometric details and applied bending moments for large and small diameter pipes used in finite element analysis.

Pipe Outer diameter Wall thickness Oln Bending moment
(mm)(inch) (mm)(inch) (%) (kNm)

Thicker-wall, large-diameter pipe 402.6 (15.85) 26.41 (1.04) 12 522.07%

Thinner-wall, small-diameter pipe 102.0 (4.02) 8.9 (0.35) 20 8.83M

(*) The corresponding elastic stress = 189.4 MPa (1.08 X ASME service level A limit).
(1) The corresponding elastic stress = 158.23 MPa (0.9 X ASME service level A limit).
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with outer diameter, D, and wall thickness, 7. Two pipes
were chosen, one with large diameter and thickness,
e.g. D,=402.6 mm (15.85inches) and ¢+ = 26.41 mm
(1.04 inches), the other with small diameter and thickness,
eg. D, = 1020 mm (4.02inches) and ¢t = 8.9 mm
(0.35 inch). The pipe has a circumferential through-wall
crack Wi szt wienk agRR, 20, Tik pipR e viek gomir-
tries are defined in Table 5. The crack sizes were smal
enough to be representative of typical situations encoun-
tered in leak-before-break analyses. In both pipes, the cracks
are symmetrically located on the bending plane and have the
same length on the inside diameter and the outside diameter
in terms of percentage of pipe circumference.

In both pipes, the material was TP304 stainless steel at
288°C (550 F). The modulus of elasticity and Poisson’s ratio
were assumed to be 193.06 GPa (28000 ksi) and 0.3,
respectively. The design stress intensity, S, defined by
Section I of the ASME code {38] is 116.9 MPa
(16.95 ksi) at 288°C (550 F). However, since this is an elas-
tic analysis, the results should be applicable to ferritic
welds, assuming thev have a similar residual stress field.
The resibug) swress OisuTponons 1 Tavie & came from
experimental work on statufess sceel welds, a8 meationed
previously.

FFor this studv. both pipes were unpressurized and were
subjected to pure bending moments agplied at the remate
enchs. "Tne momeriis were 22 KNm Y552 intnX)ip) anb
8.83 kNm (78.16 inch-kip) for the thicker-wall large-
diameter and thinner-wall small-diameter pipes, respec-
tively, see Table 5. These moments correspond to elastic
bemding swesses 1d@t lne ourer tUoer dt ucradked goe
cross-section} of 1894 MPa (2747 ksi} and 158.23 Mpa
(22.95 ksi) for the thicker-wall large-diameter and thinner-
wall small-diameter pipes, respectively. These stresses were
larger than typical normal operating stresses (axial plus
bending combined) in a nuclear plant piping. Comparisons
with the ASME Service Level A stress limit, which is
defined as 1.5 S, show that the above stresses correspond
to 1.08 and 0.9 times the Service Level A stresses, respec-
tively. However, since the analysis is linear-elastic, the
COD results can be linearly scaled for any given applied
moment or stress. Scaled COD results are discussed in a
forthcoming section.

For the crack-opening-area analyses, two different load
cases were considered. In the first case, the above bending
load was appiacd Riincwr ary SINNE JESISS. IR RS seTene
case, the bending load was applied with the residual stresses
prescribed m Table 4. In both cases the loadings were
assumed to pe elastic, so there was no plasicity andjor
crack growth. This was justified since normal operating
stresses associated with a feaking crack are (ypically elastic.

5.5. Finite element analysis

5.5.1. Results of analysis
Linear-elastic finite element analyses were conducted to

el LXLIN

Fig. 21. Finite element model for residual stress analysis: (a) finite element
mesh for one-quarter pipe; (b) crack-tip mesh refinement.

determine the crack-opening for each pipe with the two load
cases defined above. The general-purpose commercial code
ABAQUS [16] was used in the analyses. The finite element
idealizations involved 3200 20-noded three-dimensional
solid elements. The number of elements through the thick-
ness was ten. Due to symmetry in both the longitudinal and
circumferential directions, only one-quarter of the pipe was
modeled. Fig. 21 shows the original (undeformed) finite
hemest sesh 555 sne sf the pipes

Table 6 shows the predicted values of center COD at the
inside, middle, and owiside surfaces caloulated by the finite
element analyses with and without residual stresses. The
results indicate that the center-crack-opening-displacement
at the inside ard the cutside surfaces could be increased
or decreased due to the inclusion of residual stresses.
Also, the prescribed residual stress field, defined by Table
4, did not significantly affect the crack-opening for the
large-diameter pipe (D, = 402.6 mm [15.85 inch]), but
could seriously affect the crack-opening for small-diameter
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Table 6

Center-crack-opening displacements calculated with and without residual stresses from finite element analysis

Center-crack-opening displacement (mm)

Pipe Outer diameter ~ Load case Inside surface Middle surface  Outside surface
(mmy)
Thicker-wall, large-diameter pipe 402.6 Bending moment* only 0.274 0.334 0.395
Bending moment'” and residual stress  0.286 (+4.4)"  0.326 (=2.4)®  0.408 (+3.3)®
Thinner-wall, small-diameter pipe ~ 102.0 Bending moment* only 0.111 0.137 0.164

Bending moment® and

residual stress

0.130 (+17.0)7  0.121 (=11.7" 0112 (=31.7)

(*) Moment = 522.07 kNm with corresponding elastic stress = 189.4 MPa (1.08 X ASME service level A limit).
(1) Percent change relative to center COD calculated without residual stress (+ = increase, — = decrease).
(1) Moment = 8.83 kNm with corresponding elastic stress = 158.23 MPa (0.9 X ASME service level A limit).

pipes (D, = 102.0 mm [4.02 inch]). More specifically, for
the large-diameter pipe, when the residual stresses were
considered, the center-crack-opening displacement
increased by 4.4% at the inside surface, decreased by
2.4% at the middle surface, and increased by 3.3% at the
outer surface of the pipe. For the small-diameter pipe, when
the residual stresses were included, the center COD at the
inside, middle, and outside surfaces increased by 17.1%,
decreased by 11.7%, and decreased by 31.7%, respectively.

More detailed results related to the effects of the above
residual stresses are provided in Figs 22 and 23, which show
the plots of center COD as a function of a normalized
distance, u/t, where u is the coordinate distance (radial)
from the inside surface of the pipe and ¢ is the pipe wall
thickness. The functional variation of center COD with
respect to u/t was calculated with and without residual stres-
ses for both the thicker-wall large-diameter pipe and the
thinner-wall small-diameter pipe and are shown in Figs 22
and 23, respectively. The analyses indicate that the effects
of residual stresses for the thinner-wall pipe are significantly
greater than those for the thicker-wall pipe.

5.5.2. Effects of residual stresses for various applied loads
At more typical normal operating stresses, which can
be much smaller than the applied stresses used in these
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E 940 [ p -402.6 mm (15.85 inch) 7
E [ = i
§ o038 | t = 26.41 mm (1.04 inch)
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Fig. 22. Effects of residual stresses on the through-the-thickness variation
of center-crack-opening displacement for the thick-walled large-diameter
pipe.

analyses, the effects of residual stresses on crack-opening
can be much higher. Since the analyses performed in this
study are linear-elastic, the effects of residual stresses for
pipes with any other applied loads can also be evaluated.
This is because the results of FEA conducted for the applied
moments in Table 5, can be sealed linearly for any other
moments Or stresses.

Based on linear scaling, Figs 24 and 25 show the percent
change in center COD due to the inclusion of residual stres-
ses for both thicker-wall large-diameter and thinner-wall
small-diameter pipes, respectively. In both figures, the
horizontal axis defines the applied moment that corresponds
to an applied elastic stress as a percentage of ASME Service
Level A stress limits. The vertical axis represents the dif-
ference of the calculated center COD with residual stresses
(6m4rs) and without residual stresses (8,) normalized by the
center COD without residual stresses. In general, the effects
of residual stresses are significant when the normal operat-
ing stresses are lower. For example, when the applied stress
is equal to 50% of ASME Service Level A stress, the center
COD for the thick-walled large diameter pipe will increase
by 9.46 and 7.11% at the inside and outside surfaces, respec-
tively, and decrease by 5.17% at the mid-thickness level.
Correspondingly, the center COD for the thin-walled small-
diameter pipe will increase by 30.9% at the inner surface

D oD
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017

I D,=102mm (4.02 inch) o
0.16 I =89 mm (035 inch) o907
015 [ em=02 o—"°
014 [ M= 8:83KN-m (78.16 kip-inch) e
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Fig. 23. Effects of residual stresses on the through-the-thickness variation
of center-crack-opening displacement for the thin-walled small-diameter
pipe.
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Fig. 24. Percentage change in calculated COD due to residual stress as a
function of applied moment for the thick-walled large-diameter pipe.

and decrease by 57.2 and 21.1% at the outer and middle
surfaces of the pipe, respectively. Relative comparisons of
the crack-opening results in Figs 24 and 25 indicate that at
any given applied load the residual stress effects are more
severe for the thin-walled small-diameter pipe than for the
thick-walled large-diameter pipe.

According to Fig. 24, for the thick-walled large-diameter
pipe, the calculated CODs which account for residual stres-
ses are always larger than those estimated without residual
stresses at both inner and outer surfaces of the pipe.
However, the COD at the mid-thickness level can be
smaller when the residual stresses are considered. For the
thin-walled small-diameter pipe, the results for which are
shown in Fig. 25, the calculated COD with residual stresses
are higher at the inner surface and lower at the outer or
middle surfaces than those without residual stresses. Con-
sequently, the crack-opening area and the subsequent leak-
rate calculations can be affected by the residual stresses in
those pipes. In particular, when the values of dyrs and oy
are such that (Oyirs — Om) X 100/8y (the variable in the
vertical axis) reaches a value of —100, the calculated center
COD with residual stresses becomes zero. Hence, there
would be no leakage even for a pipe containing a through-
wall crack, which clearly demonstrates how important the
residual stresses are for the leak-rate calculations. This is
especially true for the thin-walled small-diameter pipe in
which case the results in Fig. 25 predict that due to the
residual stress, the outer surface of the pipe will close
(thus preventing any leakage) when the applied load is
equal to 28.6% of the ASME Service Level A stress limit.
Similar calculations can also be made for the middle
surface of both pipes, but the trend curves in Figs 24 and
25 suggest that for closure to occur, the applied stresses
would have to be very small, i.e. 2.60 and 10.5% of the
ASME Service Level A stress limit for the thicker-wall
large-diameter and thinner-wall small-diameter pipes,
respectively.

Finally, the above results of COD should be viewed as the
preliminary estimates for the residual stress effects. No
efforts were undertaken to determine the accuracy of this
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Fig. 25. Percentage change in calculated COD due to residual stress as a
function of applied moment for the thin-walled small-diameter pipe.

approximate finite element analysis compared with more
rigorous thermoplastic finite element analysis, where the
residual stress field is numerically simulated. One major
difference between these two approaches, is that modeling
the residual stress field as a crack-face pressure, imposes a
load-controlled stress field, whereas, the actual residual
stresses are a local displacement-controlled stress field.
The load-controlled crack-face-pressure modeling should
produce a larger effect on the COD, than the thermo-plastic
modeling of the residual stresses (with unpinning of
the nodes to determine the COD). Considering these
aspects, the results from this analysis should overemphasize
predictions of the crack-opening displacements due to resi-
dual stresses. Nevertheless, the conclusion that the residual
stress effects on the COD for thinner-wall small-diameter
pipe are more severe than the thicker-wall large-diameter
pipe, is an important resuit.

6. Conclusions

Based on the results from this study, the following con-
clusions can be drawn:

¢ The crack-opening area for a pipe with an off-centered
crack can be determined by normal analysis procedures
for a centered crack by resolving the applied moment to
the effective moment at the center of the off-centered
crack and assuming an elliptical profile for the crack-
opening shape. This was an important finding since for
leak-rate calculations, accuracy in the prediction of
crack-opening area is more significant than that of the
entire crack-opening shape.

e The restraint of the induced bending due to an axial
(pressure) tension increases the failure stresses, but
can decrease the crack-opening at a given load. If the
pipe system restrains the bending (i.e. from cracks being
close to a nozzle or restraint from the rest of the piping
system), then the actual leak rate would be less than the
leak rate calculated by using analyses that assume that
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the pipe is free to rotate. This will cause the actual
leakage crack size to be larger than calculated by the
current analysis methods for the same leak rate. When
the crack angle is small (8/x < 1/8), the restraint
effects are also small and may be neglected. However,
for larger crack angles (8/w = 1/4), the crack-opening
displacement for the case where the induced bending is
restrained could be significantly smaller than the crack-
opening displacement for the unrestrained condition.
Hence, the restraint effects should not be ignored in
the crack-opening and leak-rate analyses, particularly
for small-diameter pipes where the leaking crack size
could be large for typical plant stresses and leakage
detection requirements.

Due to thickness gradients on both sides of the crack, the
component of crack-opening displacement in the thinner
side of the crack is much larger than that in the thicker
side, thereby breaking the symmetry of the crack-open-
ing shape with respect to the crack length. The
differences in these components can be significant
when the applied moment is large to induce plasticity.
The prescribed residual stress field from ASME Section
X1 technical basis document IWB-3640 affected the
crack-opening for the thicker-wall large-diameter pipe
much less than that for the thinner-wall small-diameter
pipe. For the large-diameter pipe with residual stresses
and an applied moment yielding a bending stress of 0.5
times the ASME Service Level A stress limit, the center-
crack-opening displacement:

increased by 9.46% at the inside surface,
decreased by 5.17% at the middle surface, and
increased by 7.11% at the outer surface of the pipe.

For the small-diameter pipe when the residual stresses
were included with an applied moment giving a bending
stress of 0.5 times the ASME Service Level A limit, the
center-crack-opening displacement:

increased by 30.9% at the inside surface,
decreased by 57.2% at the mid-thickness, and
decreased by 21.1% at the outside surface.

Relative comparisons of the crack-opening results for
these two pipes indicate that at any given applied bend-
ing stress, the residual stress effects are more severe for
the thin-walled small-diameter pipe than for the thick-
walled large-diameter pipe. However, this hypothesis
needs to be re-evaluated for other types of residual stress
field not explicitly considered in this study.

For both thicker-wall large-diameter pipe and thinner-
wall small-diameter pipe, plots of crack-opening dis-
placement vs applied moment showed that at some
value of this applied moment, the crack-opening could
be zero when residual stresses were included. For the
thinner-wall small-diameter pipe, the analysis predicted
that due to the residual stress, the outer surface of the
pipe would close (thus prevent any leakage) when the

applied load was equal to 28.6% of the ASME Service
Level A stress limit. Similar calculations could also be
made for the middle surface of both pipes, but the trends
in the results suggest that for closure to occur, the
applied stresses would have to be very small, i.e. 2.60
and 10.5% of the ASME Service Level A stress limit for
the thicker-wall large-diameter and thinner-wall small-
diameter pipes, respectively.

e The finite element modeling in the residual stress
analyses conducted in this work probably overpredicts
their significance on the crack-opening because of the
modelling technique used. This analysis applied the resi-
dual stress field as a load-controlled crack face pressure,
whereas the residual stresses are strain induced over the
weld region. A more sophisticated finite element analy-
sis (e.g. a thermoplastic analysis) is needed to account
for these effects.
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