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SSM perspective

Background

Leak-before-break (LBB) piping assessments have shown that piping
systems can withstand long through-wall cracks before pipe rupture is
expected. This is somewhat because pipe ends are restrained. In LBB
assessments analyses are often performed for a pipe segment uncoupled
from the piping system, as pipe ends are assumed unrestrained. This
assumption is conservative for crack assessment. However, predictions
of the crack opening displacement will be overestimated and hence the
calculated leakage rate.

The present study aims to investigate what impacts the assumption
degree of restraint at the ends of an analysed piping segment have on
leak-before-break assessments and leakage rate calculations.

Results

The study conclude that crack opening displacements were influenced
by restraint length, relative crack length, degree of restraint and mate-
rial constitutive properties in the same way as the J-values. However, the
relative difference was generally smaller for the crack opening displace-
ment. The crack opening displacement values and subsequently the leak
rates may be overestimated in leak-before-break assessments if pipe ends
restraints are not carefully considered.

It is recommended that the influence from restraint is studied in detail
as a leak-before-break assessment of a selected case based on a real
piping system analysis. The results from a detailed simulation of loadings
and structural stiffness should be compared with the results obtained
from common practice methods. Reliable conclusions can only be drawn
taking the margin against fracture, leak detection as well as degradation
mechanisms into account.

Relevance

The work has increased the understanding for how the degree of
restraint at the ends of an analysed piping segment will affect leak-
before-break assessments and leakage rate calculations. The results can
also lead to improved recommendations for how to perform analyses of
cracked piping components

Need for further research
SSM have not identified any need of further research at the moment.
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Sammanfattning

Analys av lickage fore brott hos rorledningar utvarderar forhallandet
mellan ldckagefloden och begriansande faktorer sdsom brott och
plastisk kollaps. Det forvéntas att dessa i okdnd grad kan paverkas av
inspanningen vid dndarna av ett analyserat rorsegment.

Denna rapport redovisar en undersdkning av inspanningens inverkan
pa J-integralen och sprickdppning for ett flertal olika kombinationer
av genombrytande omkretssprickor 1 rorsegment och global bojning.

Den linjért elastiska sévél som elastisk-plastiska J-integralen visade en
betydande variation lings de analyserade sprickfronterna och det kan
vara n0dvandigt att diskutera tillimpning och relevans for
anvindningen av idealiserade genombrytande omkretssprickor.

Efter den elastiska fasen 6kade den elastisk-plastiska J-integralen
framst utmed den inre delen av sprickfronten. Marginalen mot brott
utifran en elastisk-plastisk analys har darfor utvarderats med hiansyn
till tillstdndet ldngs den inre delen av sprickfronten, i motsats till R6-
utvdrderingen med plastisk korrigering baserat pa den linjért elastiska
J-integralen vid sprickfrontens ytbrytande punkter.

Spricképpningen paverkades av rorsegments langd, relativ
sprickldngd, inspanningsgrad och materialegenskaper pa samma sétt
som J-integralen. Den relativa skillnaden var generellt mindre for
sprickdppningen. Sprickdppningen och dirmed lackfloden kan riskera
att 6verskattas vid bedomningar av lackage fore brott om
inspanningen vid dndarna av ett analyserat rorsegment inte beaktas.

Det rekommenderas att inverkan fran inspanning studeras i detalj
genom analys av lackage fore brott for ett utvalt fall fran en analys av
ett verkligt rorsystem. Resultat frén en detaljerad simulering som
beaktar faktiska belastningar och strukturell styvhet bor jamforas mot
resultat frdn vanliga metoder. Sékra slutsatser krdver att marginalen
mot brott, lickagedetektering samt skademekanismer beaktas.



Summary

Leak-before-break piping assessments evaluate the relationship
between leakage rates and limiting factors such as fracture and plastic
collapse. It is expected that these may be influenced to an unknown
degree by the restraint at the ends of an analysed piping segment.

The present work has examined the effect from pipe end restraint on
the J-integral and crack opening displacement for a variety of
combinations of circumferential through-wall cracks in piping
segments under global bending.

Linear elastic as well as elastic-plastic J-values varied significantly
along the analysed crack fronts such that it may be necessary to
discuss the applicability and relevance of idealised circumferential
through-wall cracks.

Furthermore, the elastic-plastic J-values increased primarily along the
interior part of the crack front after the elastic phase. The margin
against fracture based on an elastic-plastic analysis was therefore
determined by the state along the interior part of the crack front, in
contrast to the R6-estimation with plastic correction of linear elastic J-
values determined at the surface breaking points.

Crack opening displacements were influenced by restraint length,
relative crack length, degree of restraint and material constitutive
properties in the same way as the J-values. However, the relative
difference was generally smaller for the crack opening displacement.
The crack opening displacement values and subsequently the leak
rates may be overestimated in leak-before-break assessments if pipe
end restraints are not carefully considered.

It is recommended that the influence from end restraint is studied in
detail as a leak-before-break assessment of a selected case based on a
real piping system analysis. The results from a detailed simulation of
loadings and structural stiffness should be compared with the results
obtained from common practice methods. Reliable conclusions can
only be drawn taking the margin against fracture, leak detection as
well as degradation mechanisms into account.
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1 INTRODUCTION

1.1 Background

A leak-before-break (LBB) piping evaluation is usually preceded by a
piping system analysis. The piping system analysis may be static or
dynamic with globally and locally declared loads along with rigid and
flexible restraints and is usually evaluated assuming linearly elastic
material behaviour. Resulting structural stresses, forces and moments
can be extracted at selected locations to serve as input for e.g. LBB
analyses. LBB analyses are often performed on limited piping
segments judged representative to the location within the actual piping
system. These analyses are often based on standard geometries, which
in the case of a pipe segment likely involves unrestrained pipe ends.
The use of such standard geometries is a common and established
approximation but may potentially deviate from the actual restraint
imposed from the piping system. Restraint can occur in many forms,
from pipe bends and curves to hinges and supports, all of which
influence the degree of restraint and the restraint length. It can be
difficult to estimate the potential deviation without a detailed analysis,
for instance when the analysed pipe segment is uncoupled from the
piping system.

When a propagating surface crack has initiated in a pipe wall, it may
either grow into a stable through-wall crack (TWC) or become
unstable before wall penetration resulting in rapid and sudden crack
propagation. For the latter case a double-ended guillotine break
(DEGB) is then usually the assumed result of failure. The sudden
failure of the piping prevents early intervention to avoid the
potentially catastrophic consequences. However, leakage may occur
prior to final rupture (i.e. LBB) in the case of a stable TWC. In this
case, early detection of leakage allows execution of preventive
measures to avoid sudden rupture of the piping and detection of
unsuspected damage to the piping component. LBB design has
therefore an important role in pressure vessel and piping design. More
information on the background of LBB and different assessment
procedures mainly used in the nuclear industry are discussed in [1].

The LBB procedures are based on end-capped pipe models allowing
free rotation of the pipe ends. The resulting predictions will
overestimate the crack opening displacement (COD), as in reality the
piping system will act as a restraint and prevent to a certain extent free
rotation. Consequently, the resulting predicted leakage rates will be
overestimated, which is detrimental to the LBB approach. Realistic
leakage rates will be smaller than the predictions and may potentially
be less than a minimum leakage rate detection limit inducing failure of
the LBB design. Contrary to the non-conservative COD predictions,
the pipe model allowing free rotation will yield larger internal bending
moments than those prevailing in a cracked pipe section of the piping
system. Crack driving forces related to the bending moment will thus
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be conservative for a circumferential TWC. As a result, actual critical
crack lengths will be larger than the predictions in the LBB analysis. It
is thus not evident how the overall conservatism of the LBB procedure
may be affected by neglecting the restraint effect.

The effects of a restraint on failure were first highlighted during the
International Piping Integrity Research Group (IPIRG) program [2].
The investigation consisted of unique realistic experiments on 16-inch
diameter schedule 100 pipes with various flaws and subjected to both
PWR conditions and a combination of inertial and seismic loads. An
unexpected degree of stability in the pipe-system experiments was
observed, as only two experiments resulted in DEGB and only after
extensive crack growth. The crack lengths were indeed about 95% of
the circumference prior to the final failure event, see Figure 1. The
critical flaw size of short pipe sections subjected to the applied
pressure loading was however estimated to about 65 % of the
circumference based on a net section collapse analysis assuming free
rotation of the pipe ends. The discrepancy suggested that the restraint
of the remaining piping system prevented free rotation of the flawed
pipe section ends when subjected to internal pressure. The restraint
then effectively reduced the applied bending moment due to pressure
induced bending (PIB), see Figure 2. As such an increase of load
bearing capacity of the cracked pipe was obtained, which resulted in
increased critical flaw sizes for pressure loading [2, 3].

The effect of restraint of pressure induced bending on LBB was
included in the investigation performed in NUREG/CR-6443 [4]. The
effect was found to be of high significance for small diameter piping
but considered negligible for large diameters. NUREG/CR-6300 [5]
performed an elastic study to evaluate the restraint effect of PIB on the
COD. The effect was found small for small crack sizes, but significant
for larger crack sizes, especially in combination with small diameters.
Indeed, the leakage crack size for a smaller pipe will correspond to a
larger portion of the pipe circumference, hence the pressure induced
bending will be larger for smaller piping with free ends. As a result,
the effect of a restraint will more strongly affect the COD when
compared to a large diameter piping. Based on these previous studies
the development of a technical basis for LBB evaluation procedures
reported in NUREG/CR-6765 [6] highlights that the flexibility of the
piping system should be considered in the boundary conditions for the
determination of COD for the leakage rate computations, as restraint
of pressure induced bending on the COD is expected to be an
influencing factor in leakage crack size predictions.
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Figure 1 Photograph of the fracture surface from a double-edged
guillotine break [2].
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Figure 2 Net section collapse analyses predictions as function of
relative crack size [2].
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Figure 3 Example FE-model with different restraint and pressure
induced bending [3].

FE modelling of a cracked pipe section in [3] reported indeed large
rotations for large crack sizes, which was considered unrealistic due to
exiting restraints introduced by pump nozzles, the RPV, etc. present in
the piping system, see Figure 3. The fixed-end condition gives much
smaller COD but was not considered to be representative of the piping
system. Therefore, the pipe model was introduced in a larger pipe
system model following the recommendations in [6] and resulting in
realistic restraints, which induced a significant reduction of leak rates.
The work in [3] also modelled the piping system with special cracked-
pipe elements, which were validated against full 3D cracked-pipe
sections and obtained results consistent with experimental DEGB
results in [2].

The study of the restraint effect was also included in the Batelle
Integrity of Nuclear Piping (BINP) Program [7], but concluded that
the restraint effect is a minor issue for LBB analyses. It is expected to
play a role only for small diameter pipes for which the leakage crack
length is a large percentage of the pipe circumference (near 50%).
Previous investigations assumed linear elastic material behaviour, but
a more recent study by Kim [8] considered elastic-plastic material
behaviour. The restraint effect of PIB on the elastic-plastic COD was
found more significant than for linear elastic analyses.

More recent research has focused on quantifying the effect of restraint
on the COD using correction factors. These research efforts aimed at
the removal or reduction of a source for non-conservatism in the LBB
evaluation procedure. SKI 2005/83 [9] refers for instance to work by
Olson et al. [10] on quantitative correction factors to account for the
effects of PIB on COD predictions. The work considers asymmetric



restraints which are more representative for the conditions in piping
systems. Analytical expressions are derived based on the concept of
restraint length and were obtained by curve fitting to FE results. The
restraint length is defined as the distance from the cracked pipe
section to a fixed section. Young and Olson [11] continued the work
on restraint effects on COD based on an alternative rotational stiffness
approach, which requires the local system stiffness to modify or
correct the unrestrained COD. Alternative analytical solutions for the
COD based on the concept of restraint length and including the effects
of plastic deformation have been derived by Kim [12, 13]. More
recently Kim et al. [14] also proposed a method to correct the COD
based on an effective applied moment. The main research effort in the
topic of the restraint effect has been on the source for non-
conservatism, i.e. the over-estimation of the COD, and not on
reducing or estimating the conservatism of crack driving forces used
during the LBB evaluation. Some work in this direction was initiated
by Kim et al. [15]. The overall conservatism of an LBB analysis was
quantified by investigating the conservatism of the applied moment. A
considerable decrease in the applied moment was observed due to
considering nonlinear material behaviour and effects related to the
presence of a crack.

Numerical modelling of a cracked pipe segment to investigate the
restraint effect has considered different piping geometries typically
defined by combinations of the outer or mean diameter and the ratio of
the mean radius over the wall thickness. A frequently used value of
the mean pipe radius over wall thickness in investigations was equal
to 10, see [4, 5, 14, 8]. Other investigations [10, 11, 12, 13]
(sometimes partially) used the set {2, 5, 10, 20, 40}. Realistic values
seem however to be included in the range 4 — 7, see [7, 3, 10]. The
outer or mean pipe diameter, when reported, was then generally taken
equal to one of the following values: 114.3,323.9 or 711.2 mm
characterizing respectively small, intermediate and large piping. The
TWC dimension was usually expressed in terms of the normalized
crack length (normalized crack angle) consisting of the ratio of the
crack length over the pipe circumference. Several numerical studies
[4, 5,10, 12, 8, 13, 14] have (sometimes partially) used the set {1/8,
1/4, 1/2} as normalized crack length. An alternative set equal to {0.05,
0.1, 0.25, 0.5, 0.75, 0.9} was used in [11]. For the studies using the
concept of restraint length, restraint lengths normalized either by the
outer or mean pipe diameter were reported. The set of normalized
restraint lengths {1, 5, 10, 20} was recurrently used in several
numerical investigations [4, 5, 10, 12, 8, 13, 14]. Realistic applications
can however present normalized restraint lengths ranging from about
0.1 to more than 100, see the PWR piping system reported in [10].



1.2 Aims and objectives

LBB assessments of detected and postulated flaws evaluate the
relationship between leakage rates and limiting factors such as
fracture and plastic collapse. It is expected that these may be
influenced to an unknown degree by the restraint at the pipe ends.

The present work examines the effect from restraint on the J-integral
and COD for a variety of combinations of geometry and boundary
conditions for linear elastic as well as elastic-plastic material
behaviour. Each combination of unrestrained pipe ends and linear
elastic material behaviour is considered as a reference case for the
evaluation.



2 NUMERICAL ANALYSES

21 Geometry and boundary conditions

The current work was carried out for straight pipes with two
dimensions Ry = 50 and 300 mm, radius to thickness ratio Rm/f = 10
and three normalized restraint lengths L/Dw =5, 10 and 20.

Circumferential TWCs with lengths corresponding to 6/x = 1/8, 1/4
and 1/2 were inserted at the pipe mid-length for each pipe geometry,
see Figure 4. Each TWC was positioned at the location with maximum
tensile bending stress.

The boundary conditions applied to each geometry were designed to
achieve different restraints at the pipe ends but identical nominal
bending stress at the mid-length cross section. Applying bending
moments at the pipe ends is a simple way to accomplish global
bending but requires otherwise unrestrained pipe ends. Restraining the
pipe ends therefore requires an alternative loading. Concentrated loads
and restraints near the pipe mid-length were considered unacceptable
to avoid undesirable influence on the results within the crack plane
proximity. The solution was to apply a vertical acceleration along the
length of the pipe. This resulted in the three boundary conditions
denoted BC1, BC2 and BC3 in Figure 5.

BC1 corresponds to the reference case with bending moment applied
at otherwise free pipe ends. The bending moment was replaced by a
distributed vertical load in BC2. BC3 is identical to BC2 apart from
the prevented rotation at the pipe ends.

2.2 Material data

The analyses in this report have been performed assuming a ferritic
low-alloy steel which can be found in nuclear piping systems. The
material was modelled as linear elastic as well as elastic-plastic. The
fracture toughness was Kic = 220 MPayvm (Jic = 215 kN/m). The
linear elastic material was represented by a Young’s modulus £=205
GPa and a Poisson’s ratio v=0.3. The elastic-plastic material with a
yield stress o,=500 MPa and ultimate tensile strength 6,=1000 MPa
was modelled with a von Mises behaviour and isotropic hardening
following the stress-strain curve depicted in Figure 6.
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2.3 FE-model

Because of symmetry, only one quarter of the pipes were considered
in the FE-modelling. Linear elastic and elastic-plastic small strain
analyses were performed in Abaqus [16] with meshes of tri-quadratic
20-node solid elements with reduced integration. The mesh in the
integration domain along the crack front was organised in a focused
spider web arrangement, see Figure 7. A finite radius is advised at the
crack tip for large strain analyses but was judged unnecessary due to
the selection of small strain analysis. The crack tip was instead
modelled as initially sharp with tied and untied crack front nodes for
the linear elastic analyses and elastic-plastic analyses, respectively.
The radius of the integration domain along the crack front was equal
to the pipe thickness.

The element density along the crack front was judged enough with 10
elements in the thickness direction, 12 elements in the circumferential
direction (15° angle) and 10 elements in the radial direction. Apart
from the initially sharp crack tip, it was ensured that no element in the
models had aspect ratios below 1/100. The 10 element segments in the
thickness direction resulted in 21 equidistant evaluation points along
each crack front.

Horizontal symmetry conditions were applied at the crack plane for
the remaining ligament. The models were vertically anchored at a
reference point connected to the surface of the pipe end. The
connection between the reference point and the surface of the pipe end
were either distributed coupling constraints for BC1 or kinematic
coupling constraints for BC2 and BC3.

The case of high restraint at the pipe ends resulted in stress
concentrations with yielding at low load factors. This was an
unwanted artefact that needed to be solved to avoid any influence on
the results in the crack vicinity. It was avoided by assigning two
material regions, see Figure 7. Half of the restraint length (closest to
the restraint) was always modelled as linear elastic while the other
half of the restraint length (closest to the crack plane) was modelled as
either linear elastic or elastic-plastic, depending on the analysis.

Figure 7 The FE-model with two material regions and crack tip.
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2.4 \Verification of the FE- model

Verification of the FE-model was carried out in several consecutive
steps with the purpose of verifying evaluations of J-integrals and
CODs. Each step was intended to confirm different characteristics of
the FE-model.

The first step was to ensure that each combination of constraint and
load were correctly applied and result in identical nominal bending
stress at the cross section of the prospective crack plane. The
maximum bending stress was evaluated for each nominal geometry
and combination of restraint and load. Classical beam theory may be
used as reference since shear deformation is expected to be negligible
for unrestrained pipe ends and sufficiently long pipes. Normalized
deflection (transverse displacement) versus normalized pipe length
coordinate for three different boundary conditions and two different
restraint lengths are shown in Figure 8 and Figure 9. The
discrepancies in Figure 8 show that the normalized pipe length
L/Dm=5 was not sufficiently long to make the shear deformation for
BC2 and BC3 negligible.

Normalized global bending stress versus normalized pipe length
coordinate for three different boundary conditions and restraint
lengths are shown in Figure 10.

Computation of the J-integral was carried out at 21 equidistant points
(10 element segments) along the crack front for two reference cases
with a linear elastic material. Results at each point along the crack
front were determined based on the average value from integration
contours 5 to 8 (i.e. excluding the four innermost and two outermost
contours). Ki-values were computed from the average J-integral

values using the plane strain formulation K; = /JE /(1 — v?).
Normalized stress intensity factor values were verified against
reference solutions published in [17]. The current analyses were
carried out for geometries based on Rn/f = 10 while the reference is
based on Ri/t = 10. A correction of the applied bending stress was
undertaken to account for the difference in geometry. The current
results and the reference values are in good agreement, see Figure 11.

Values close to the free surface deviate which is explained by
different methods to account for the weaker singularity at the free
surface. Reference [17] suggests fitting the stress intensity factors to a
fourth-degree polynomial, excluding the first and last two points (first
and last element segment) along the crack front. The values close to
the free surface can then be updated based on the resulting curve fit in
the corresponding region. This approach was used in the current
postprocessing procedure and applied to all computations carried out
within this report.
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2.5 Reé6-estimation and plasticity
correction

An estimation of elastic-plastic J-values can be obtained from linear
elastic J-values using the plasticity correction function in eq. (1)
according to the approximate Option 2 type R6 Revision 4 failure
assessment curve [18] up to Amendment 10 (at Amendment 11 it was
decided to remove p and focus on the use of V). The global bending
considered here is assumed to be a result from an entirely primary
loading which means that p = 0. The correction function versus limit
load parameter L, is shown in Figure 12. The maximum allowed limit
load parameter is L7"®* = 1.5.

Evaluation of the limit load parameter L, follows the procedure
outlined in [19]. Due to the absence of membrane loading, the
evaluation is reduced to eq. (6). The limit load parameter versus
normalized global bending stress is shown in Figure 13 for 8 /m =
1/8,1/4,1/2. The limit load solutions presented in [19] have been
derived assuming unrestrained pipe ends. Although this report
investigates the influence from different restraints, the limit load
parameter L, referred to in this report assumes unrestrained pipe ends.

1
Jre =JLE" e (L) = o2 ey
fre(Ly) = fzcy(Lr) Continuous yielding 2)

0.3 + 0.7 HL?

(L) =4 V1+05L2 r=1 3)

Nge—1 1<Lp <Ly
ch(l) . LrZNR6
. {0.001E
U = min > ,0.6 “4)
y
%
Nge = 0.3 [1 - a_] (5)
u
_ %
" S ©
4 2
= (—sinf — =si 9) 7
Sgb (n sinf —sind | oy (7
1
p=5@@=0) ®)

16



12~

10 -

0.0 05 10 15
L,

Figure 12 Plasticity correction function versus limit load parameter.

1.5-
—0/7m=1/8
—0/m=1/4

O/m=1/2
1.0
5
0.5
0.0 ‘
0.0 0.5 1.0 1.5 2.0

Normalized global bending stress, oy, / oy

Figure 13 Limit load parameter versus normalized global bending
stress.



3 RESULTS

The global nominal bending stress required to reach onset of linear
elastic fracture at any of three selected locations along the crack front
(u/t =0.0,u/t = 0.5 and u/t = 1.0) for the reference case BCl1 is
presented in Table 1. The J-values are independent of the normalized
restraint length L/Dy,, as may be expected for BC1. For the
geometries in this report, it should be noted that linear elastic fracture
is initiated at the pipe inner radius for 8/t = 1/2 and 6 /m = 1/4
while at the pipe outer radius for 8 /m = 1/8. The corresponding limit
load parameter values, failure assessment curve values and plasticity
correction function values at onset of linear elastic fracture for BC1
are presented in Table 2.

Normalized linear elastic and elastic-plastic J-values versus
normalized crack front coordinates for one of the analysed cases are
shown in Figure 14. The figure shows how the distribution of J-values
along the crack front changes with increasing levels of L,.. The linear
elastic J-values remain monotonic along the crack front with the
consequence that onset of linear elastic fracture is obtained at either
the pipe inner radius (u/t = 0.0) or pipe outer radius (u/t = 1.0).
After the elastic phase, however, the elastic-plastic J-values increase
primarily along the interior part of the crack front. This means that the
maximum J-values move towards the interior part of the crack front,
which may be explained by plasticity effects. The margin against
fracture based on an elastic-plastic analysis is consequently
determined by the state along the interior part of the crack front, in
contrast to the R6-estimation with plastic correction of linear elastic J-
values determined at the surface breaking points.

The present work is primarily focused on the influence from boundary
restraints when assessing the margin against fracture and leakage
rates. The margin against fracture increases with decreasing J-values
whereas the leakage rate increases with increasing COD. The
influence from boundary restraints has been investigated for both
linear elastic J-values (located at either the pipe inner radius or pipe
outer radius) and elastic-plastic J-values (located along the interior
part of the crack front, from now on approximated by u/t = 0.5).
This use of different geometrical locations is judged to be appropriate
since these are the respective geometrical locations when the two
approaches would be independently evaluated.

Whereas J-values have been extracted along the crack front, COD are
here based on minimum values extracted at any of the three locations
through the thickness (u/t = 0.0, u/t = 0.5 and u/t = 1.0) along
the centre of the crack opening, corresponding to the location

6/t =0.
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The analyses in this report show that there is a negligible difference
between the boundary conditions BC1 and BC2 for both linear elastic
and elastic-plastic J-values as well as COD. This is explained by the
identical end constraints and will not be further discussed in this
report. However, a significant difference between the boundary

conditions BC1 and BC3 may be obtained in certain cases.

Normalized J-values at onset of linear elastic fracture for BC1 are
presented in Table 3. Detailed information about normalized J-values
as function of the limit load parameter L, during the entire loading
phase, until the onset of linear elastic fracture for BC1, are available in
appendix Al. The corresponding results for COD are presented in
Table 4 and appendix A2.

Table 1 Global nominal bending stress required to reach onset of
linear elastic fracture at any location along the crack front for BCI.
The load required is independent of the restraint length.

BC1
LE
R t ﬁ Ogb Jic
fmm] | [mm] [MPa]
u u
—=0.0 —=0.5 —=1.0
t t
1/8 649 0.67 0.90 1.00
50 5 1/4 354 1.00 0.93 0.70
1/2 113 1.00 0.61 0.23
1/8 265 0.67 0.90 1.00
300 30 1/4 145 1.00 0.93 0.70
1/2 46 1.00 0.61 0.23

Table 2 Limit load parameter values, failure assessment curve values
and plasticity correction function values at onset of linear elastic
fracture for BC1.

R t ] Tgb 1
[tmm] mml | 7 | o | b | ) | ey o
1/8 1.30 1.29 0.30 10.93
50 5 1/4 0.71 0.98 0.65 2.35
1/2 0.23 0.86 0.77 1.71
1/8 0.53 0.53 0.93 1.15
300 30 1/4 0.29 0.40 0.96 1.08
1/2 0.09 0.35 0.97 1.06
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Table 3 Normalized J-values at onset of linear elastic fracture for

BCl.
R |0 e | | L e | e | e | e | |
fmm] | (o] | 7 D | JE | B | B | | e | | e
5 1.00 0.97 17.25 15.89 2.69 0.92 0.16
1/8 | 1.29 10 1.00 0.98 17.26 16.90 3.75 0.98 0.22
20 1.00 0.99 17.26 17.17 5.20 0.99 0.30
5 1.00 0.81 2.21 2.21 1.21 1.00 0.55
50 5 1/4 | 0.98 10 1.00 0.89 2.21 2.21 1.53 1.00 0.69
20 1.00 0.94 2.21 2.21 1.79 1.00 0.81
5 1.00 0.24 1.19 1.19 0.18 1.00 0.15
1/2 | 0.86 10 1.00 0.43 1.19 1.19 0.36 1.00 0.30
20 1.00 0.63 1.19 1.19 0.57 1.00 0.48
5 1.00 0.97 1.26 1.26 1.19 1.00 0.94
1/8 | 0.53 10 1.00 0.98 1.26 1.26 1.22 1.00 0.97
20 1.00 0.99 1.26 1.26 1.24 1.00 0.98
5 1.00 0.81 1.24 1.24 0.94 1.00 0.76
300 30 1/4 | 0.40 10 1.00 0.89 1.24 1.24 1.07 1.00 0.86
20 1.00 0.94 1.24 1.24 1.15 1.00 0.93
5 1.00 0.24 0.79 0.79 0.15 1.00 0.19
1/2 | 0.35 10 1.00 0.43 0.79 0.79 0.29 1.00 0.37
20 1.00 0.63 0.79 0.79 0.45 1.00 0.57
Table 4 Normalized COD-values at onset of linear elastic fracture for
BCl.
Re | o0 |8 |, | L|ere e | o | o |om | oE | o
mm) | o) | 7| | D | OB | ST | G | OB | OB | OB | OBF°
5 1.00 0.98 18.37 16.98 3.40 0.92 0.19
1/8 | 1.29 | 10 1.00 0.99 18.39 18.02 4.64 0.98 0.25
20 1.00 0.99 18.39 18.29 6.26 0.99 0.34
5 1.00 0.90 2.22 2.22 1.40 1.00 0.63
50 5 1/4 | 0.98 10 1.00 0.95 2.22 2.22 1.67 1.00 0.75
20 1.00 0.97 2.22 2.22 1.88 1.00 0.85
5 1.00 0.49 1.50 1.50 0.51 1.00 0.34
172 |1 0.86 | 10 1.00 0.66 1.50 1.50 0.73 1.00 0.49
20 1.00 0.79 1.50 1.50 0.95 1.00 0.63
5 1.00 0.98 1.19 1.18 1.15 0.99 0.97
1/8 | 0.53 10 1.00 0.99 1.19 1.19 1.16 1.00 0.97
20 1.00 0.99 1.19 1.19 1.17 1.00 0.98
5 1.00 0.90 1.12 1.12 0.97 1.00 0.87
300 30 1/4 | 0.40 | 10 1.00 0.95 1.12 1.12 1.03 1.00 0.92
20 1.00 0.97 1.12 1.12 1.07 1.00 0.96
5 1.00 0.49 1.06 1.06 0.49 1.00 0.46
1/2 | 0.35 10 1.00 0.66 1.06 1.06 0.67 1.00 0.63
20 1.00 0.79 1.06 1.06 0.81 1.00 0.76
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Figure 14 Normalized linear elastic and elastic-plastic J-values versus
normalized crack front coordinates with increasing levels of L.
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4  CONCLUSIONS

The main conclusions are:

e The linear elastic as well as elastic-plastic J-values have been
shown to vary significantly along the analysed crack fronts. It
may be necessary to discuss the applicability and relevance of
idealised TWCs.

e The elastic-plastic J-values increase primarily along the
interior part of the crack front after the elastic phase. The
margin against fracture based on an elastic-plastic analysis is
therefore determined by the state along the interior part of the
crack front, in contrast to the R6-estimation with plastic
correction of linear elastic J-values determined at the surface
breaking points.

e Comparison between cases with identical end constraint but
different loading origins reveals a negligible difference in
results. The end constraints are more important than the load
origin itself for the cases studied here. This may be significant
for other cases where global bending stress is present,
independent of the origin for moment loading, e.g. dead
weight, internal pressure or a combination of loads.

e Linear elastic J-values are independent of restraint length for
BC1, but dependent of restraint length for BC3. Both linear
elastic and elastic-plastic J-values are consistently lower for
BC3 for all analysed cases. The relative difference in linear
elastic J-values between BC3 and BC1 increases with
decreasing restraint length and/or increasing relative crack
length. Although the limit load parameter is influenced, the
relative difference in linear elastic J-values between BC3 and
BC1 is independent of pipe dimension. A similar trend,
although more pronounced, can be observed for elastic-plastic
J-values.

e The results show that the R6-method is in good agreement
with the elastic-plastic J-values for the cases studied in this
report. Differences in the results should be observed primarily
with respect to the limit load parameter L, which is the
dimensioning factor. The R6-estimate is slightly non-
conservative relative the elastic-plastic values for both BC1
and BC3 for the smallest relative crack length (8/m = 1/8).
For the medium relative crack length (68 /mr = 1/4), the R6-
estimate is conservative relative the elastic-plastic values for
BC3, and slightly non-conservative relative the elastic-plastic
values for BC1. The R6-estimate is entirely conservative for
the largest relative crack length (68/m = 1/2).
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The results for COD are influenced by restraint length, relative
crack length, degree of restraint and material constitutive
properties in the same way as the J-values. However, the
relative difference was generally smaller for the COD. The
COD values and subsequently the leak rates may be
overestimated in LBB assessments if pipe end restraints are
not carefully considered.

It is recommended that the influence from restraint is studied
in detail as an LBB assessment of a selected case based on a
real piping system analysis. The results from a detailed
simulation of loadings and structural stiffness should be
compared with the results obtained from common practice
methods. Reliable conclusions can only be drawn taking the
margin against fracture, leak detection as well as degradation
mechanisms into account.
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