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Chapter 1

Introduction and motivation

1.1 Structure of the thesis

This thesis consists of an introduction section followed by four separate journal papers which
have been completed during the last four years. During this period I have also contributed
to four international conferences. The conference proceedings papers are not included in this
thesis.

To get a theoretical background for the content of the journal papers, an introduction part
is included. This introduction is organised in six chapters. The first chapter contains the
motivation and aim for the study. The second chapter gives a brief summary of the definitions
and concepts in elastic plastic fracture mechanics. The third and fourth chapter presents the
line-spring theory and material model of the ANDES shell finite element in detail. This has
been presented before in different journal articles, hence it is not included in the articles in
this thesis. Chapter five gives a brief overview of some kinematic hardening models. The sixth
chapter gives a short summary of the appended journal papers, and the seventh chapter gives
some conclusions and suggestions for further work.

1.2 Motivation

The main topic of this thesis is fracture mechanics assessment of offshore pipelines with transver-
sal (circumferential) surface defects. Offshore pipelines are used to transport oil and gas e.g.
from the platforms to land-based terminals. The length of a pipeline can be from several kilo-
metres to several hundred kilometres. The pipelines may be subjected to different loadings
during it’s lifetime which depends on the situation and life phase.

Installation of pipelines can be done in several ways. Three methods, J-lay, S-lay and Reeling
are shown in Fig. 1.1. The examples in Fig. 1.1 expose the pipeline to large plastic strains.
Common for most pipe laying methods is the joining of pipe segments by girth welding. Welds
introduce some defects to the construction and it is important to know how these eventual
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cracks evolve in order to assess structural integrity and decide whether the pipeline needs to
be repaired or not.

For J-laying and S-laying joining of pipe segments are performed on the vessel. Plastic strains
arise at touchdown and in the sagbend region, which is located between touchdown and the
vertical region in Fig. 1.1. For S-laying the region where the pipe leaves the stinger also imposes
the same scale of plastic strains. Reeling is an alternative method where pipe segments are
welded together on land before reeled onto a spool on a ship. This reeled pipe has both
large tensile and compressive plastic strains. A defect might cause crack growth beyond the
acceptance limits.

Cyclic plastic strains are potentially introduced in all three methods in Fig. 1.1. These cyclic
plastic strains introduce a very low cycle fatigue behaviour which must be considered. For
reeling, a plastic strain cycle is performed as the pipe is first reeled to the spool on a ship
before it is unreeled offshore. The sag-bend in the region between the vessel and touchdown
point on the seabed gives another plastic strain cycle. If a defect is detected and the pipe must
be reeled back on the spool again for repairing, yet another strain cycle occurs.

J-lay S-lay Reeling

un

Figure 1.1: J-lay, S-lay and reeling techniques

The operational phase is the longest time period in the life of a pipeline. Here the pipelines is
exposed to different loading depending on many factors.

Due to the topography on the seabed, the pipeline will have to cross free spans on it’s route.
These free spans can impose large bending moments that may give plastic deformations. Also
seabed movements can introduce new free spans, or the pipe can be moved out of it’s original
position which gives raise to external forces acting on the pipe.

Internal pressure is another important factor. An increasing internal pressure will give an
increasing hoop stress in the pipeline which prevents the pipe from buckling. This effect can
change the failure mode from a global structural failure to a fracture failure problem where the
crack can grow through the wall thickness and cause leakage and pollution. Thermal forces also
result in large plastic deformations such as upheaval or lateral buckling. During shutdowns and
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start-ups the internal pressure in the pipeline decreases and increases rapidly, which can lead
to local forces of magnitude large enough to cause low cycle fatigue crack growth.

Monitoring of the structural integrity of a pipeline is performed continuously to prevent struc-
tural failure, local or global. When a defect is detected efficient tools for the operator is needed
to decide whether a shutdown to repair is needed. Efficient and accurate calculation tools can
also assist the designer in constructing a safer and more cost-effective structure for the given
installation laying technique and operational conditions.

1.3 Aims for the study

The aim for the present study has been to utilise the line-spring element in a numerical model
for fracture assessment of pipe segments where large plastic strains are present. This approach
is called strain based design. Efficient numerical tools with the capability of capturing both
the fracture failure mode and the global structural failure mode is demanded.

Two-parameter fracture assessments will be a focus throughout the study. It has been shown
that the fracture toughness is not only a material parameter, but also depends on the geometry
and mode of loading. This effect is called constraint. The aim is to use the T-stress as
the constraint parameter also for large scale yielding. The T-stress is readily available from
the line-spring element which is to be used in the numerical analyses. Thaulow et al. [41]
demonstrated that the crack growth resistance curve could be normalised using the T-stress.
This methodology was implemented in this study and used actively in numerical analyses with
success.

Also a study to investigate the effect of crack growth in the circumferential direction for a surface
crack was carried out. The results from this study was implemented in the finite element code.

In the installation phase a pipeline is subjected to large plastic strain cycles, hence a low cycle
fatigue or tearing fatigue crack growth study should be performed. During the operational
phase of a pipeline the load cycles are mainly of elastic character, hence this is not included in
the present study. A material model for the shell element and line-spring element to account
for non-linear cyclic plasticity must be implemented in the software.

Comparisons with large scale experiments are important for validations of numerical models.
Large scale experiments usually can not be carried out in a PhD project, hence external projects
or studies which can provide experimental results must be available. The joint industry project,
Fracture Control Offshore Pipelines, carried out large scale experiments of pipe segments sub-
jected to bending loading and internal pressure (see Qstby and Hellesvik [28]). Nyhus et al. [23]
carried out large scale experiments of pipe segments subjected to large plastic cyclic bending
loading. These experiments will be used in the validation of the numerical analyses.






Chapter 2

Fracture mechanics theory

2.1 Elastic-plastic fracture mechanics

For ductile materials subjected to large plastic deformations, linear elastic fracture mechanics
(LEFM) using the stress intensity factor, K, to characterise the near crack tip stress field, is
invalidated. Due to the large scale yielding behaviour, other fracture mechanics models taking
the possible non-linear behaviour into account are required.

The J contour integral was proposed by Rice [31] as a fracture characterising parameter for
non-linear materials. The J integral is founded on the energy release rate and is assumed to
be path independent. The J-integral assumes an isotropic and non-dissipative material and
rate independency. The J-integral is written as a line integral as expressed in Eq. 2.1 (see also

Fig. 2.1). ,
J = / (wdy — Ti%ds) (2.1)
T

where w is the strain energy density, 7T; are the components of the traction vector, u; are the
components of the displacement vector and ds is the length of an increment along the contour

r.

An alternative to the J-integral is to use the crack tip opening displacement (CTOD) as a
measure of the crack driving force. The CTOD is defined as shown in Fig. 2.2. Shih [36]
demonstrated the existence of a linear relation between the J-integral and C'TOD for a sta-
tionary and growing crack beyond LEFM (see Eq. 2.2).

J = m005 (22)

where m is a dimensionless constant depending on the material properties and stress state (see
Anderson [2]). According to the literature, the value of m will be in the range between 1 and
2. Skallerud [37] proposed an analytical function for m based on the local bending moment.
Ostby [27] later presented an analytical expression for m based on the ratio between the yield
stress and tensile strength from the nominal stress-strain curve. In this study m is set as 1.5.

This study also makes use of the CT'OD as fracture parameter.

5
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Initial Sharp C—réc:k: ——_ - -
Dﬂe—fc;ﬁn—ea—b_lunted crack

r
CTOD, ¢
Figure 2.1: An arbitrary contour around Figure 2.2: An initial sharp crack is
the crack tip for evaluation of the J- blunted due to plastic deformations. The
integral CTOD is shown

2.2 Two-parameter fracture mechanics

In addition to the material properties, the geometry and loading conditions have an influence
of the conditions surrounding the crack tip area. Because of this, the fracture toughness can
not be treated as a true material parameter. The term “constraint” defines this dependency
on the geometry and loading conditions. Thaulow et al. [41] measured the constraint level for
different fracture mechanics specimens. The results for the fracture toughness as a function of
the constraint is schematically shown in Fig. 2.3.

Fracture toughness

Constraint, @ or T’
Figure 2.3: Variation of the fracture toughness due to different constraint level

Several constraint measures have been proposed over the years, with the ()-parameter and
the T-stress as the two most widely used. The @-parameter was introduced by O’Dowd and
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Shih [25, 26] where they approximated the difference field ahead of the crack tip as

ngﬂd+Q%% (2.3)

v

a{jef is the reference stress field with high stress triaxiality, e.g. HRR stress field. oy is the yield

stress and ¢;; is the Kronecker’s delta symbol.

Another approach to quantify the constraint effects is to use the T-stress which is the first
non-singular term in the William’s power series expansion for the stress component normal to
the crack front (see Eq. 2.4).

0
0
VT

T
+ 10 (2.4)
0

o O O

_ K
Oij = \/ﬁfw(e)

The T-stress was presented by Larsson and Carlsson [16] and Du and Hancock [9] with restric-
tions to small scale yielding conditions. Bétegon and Hancock [4] and Hancock et al. [11] argue
that the T-stress can also be used under large-scale yielding conditions. Jayadevan et al. [14]
have provided a compendium with T-stress solutions for pipe geometries.

Constraint measurements is an important task in ductile tearing problems. Since the fracture
toughness is not a pure material parameter, neither will the crack growth resistance curve be.
Ainsworth and O’Dowd [1] proposed a methodology to correct the crack growth resistance curve
using the T-stress. To perform the correction, a reference curve is multiplied by a function as

CTOD®™ = CTOD™ . 4(T) (2.5)
ma 2
_T(Aa)
g(T) = [1 +a« ( o ) } for T <0 (2.6)
1 for T"> 0

where o and m are two parameters that need to be determined from experimental crack growth
resistance curves. Nyhus et al. [24] demonstrated how crack growth resistance curves can be
normalised using the equation from Ainsworth and O’Dowd. A result is shown in Fig. 2.4.

The reference crack growth resistance curve is chosen as one of the curves used in the determi-
nation of the parameters o and m.
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4 L e e L 4 L e
a/t |
A SENT: 0.2
3 4 3F <& SENB: 0.2
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c at | 2 )
O e O SENT:02 1 ©
- 0o SENB: 0.2 1
Ir - A SENB: 0.5 ] I I
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0 L | s | s | s | s | s 0 s | s | s | L | s | s
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Crack extension [mm)| Crack extension [mm)]

(a) (b)

Figure 2.4: (a) the experimental crack growth resistance curves for X65 steel and (b) constraint
corrected curves [24]



Chapter 3
Line-spring model

The line-spring model is used to transform a surface cracked thin walled structure to a two
dimensional model using shell- and line-spring finite elements. The shell model contains a
through slit of where the crack is located. The line-spring elements are used to add stiffness
to the through slit depending on the crack geometry. These springs connect the two ends of
the through slit. The stiffness of the springs is calculated based on known solutions from single
edge notched specimens under plane strain conditions (see Fig. 3.1).

The line-spring model was initially proposed by Rice [32] and Rice and Levy [33] as an approach
to compute the stress intensity factor for a surface crack in wide plates. The line-spring element
was later extended by Parks and co authors [44],[43],[17], Chiesa et al. [7] and Jayadevan and
co authors [14], [13].

The shell element used with the line-spring element in this study is a four noded quadrilat-
eral element, hence the line-spring element is also four noded with linear Gauss interpolation
functions.

The line-spring element formulation is based on stress resultant plasticity. The generalised shell
resultants transmitted are the membrane force, N, and bending moment, M per unit length.
The corresponding work conjugates are the relative separation, A, and rotation, #, respectively.

Two-parameter fracture mechanics utilising the elastic T-stress for the line-spring element was
shown by Wang and Parks [43]. With this the constraint level could be computed in the
line-spring model.

3.1 Elastic line-spring finite element

The elastic formulation of the line-spring element is used to compute the elastic stress intensity
factor. The generalised forces and the generalised displacement in the line-spring element are
related through the elastic compliance matrix, C;; as shown in Eq. 3.1,

i = Ci;Q; (3.1)

9
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(b)

Figure 3.1: (a) two dimensional shell model with line-springs representing the surface crack and
(b) the reduced stiffness at any point along the line-spring are obtained from corresponding
single edge notched specimens under plane strain conditions

il=[5] . @1= ] 3.2

where ¢; are the generalised displacements and (); are the generalised forces. The elastic
compliance terms are polynomials depending on the crack depth to thickness ratio, Young’s
modulus and Poisson’s ratio.

a

ST
fi = 1.12—0.231€ 4+ 10.556% — 21.72€3 + 30.39¢* (3.3)
fo = 1.122 — 1.40¢ + 7.336% — 13.08¢° + 14.0¢* (3.4)

It is seen that the polynomials from Eq. 3.3 and 3.4 approach 1.12 when the crack depth to
thickness ratio approaches zero. These polynomials are used to form the components of the
elastic compliance matrix as shown in Eq. 3.5-3.7. The elastic compliance matrix is symmetric,
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thus 012 = 021.

a

27 (1 — v?)
Cn = T/affda (3.5)
0
or(1—12) |
012 = %/aﬁfzda (36)
5l
0
27 (1 — v?) f
022 = W/afgda (37)

0

The elastic compliance matrix is calibrated from single edge notched specimens in plane strain
conditions subjected to membrane force and/or bending moment using the energy-compliance
method proposed by Rice [32].

Mode T stress intensity factor, K7, is a function of the generalised forces, the crack depth and
the wall thickness as presented by Rice and Levy [33]. Tt is expressed as

N 6M
Kr=+/¢ (7kN + t—2kM> (3.8)
where ky and kj; are polynomials depending on the crack depth and wall thickness. These
polynomials are obtained from stress intensity handbook by Tada et al. [40] and written as
kv = /€(1.99 — 0.41¢ + 18.70€2 — 38.48¢3 + 53.85¢%) (3.9)
kv = /€(1.99 — 2.47¢ +12.97¢% — 23.17¢3 + 24.80¢%) (3.10)

The elastic part of the crack tip opening displacement for the line-spring element is related to
the stress intensity factor, K, as expressed in Eq. 3.11.

1 — 2
e (3.11)

CTOD, =
: man !

The same approach as for the mode I stress intensity factor is used for the T-stress. The T-
stress is computed along the crack front and is expressed as presented by Wang and Parks [43]
and shown in Eq. 3.12

where g; are polynomials dependent on the crack depth and wall thickness. They are calibrated
against plane strain single edge notched specimens as presented by Sham [35].

3.2 Elastic-plastic line-spring finite element

The plastic line-spring response is based on a pointwise convex yield surface and an associated
flow rule with isotropic hardening. Mode I (normal crack opening) is the only fracture mode in
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the current implementation. Skallerud [37] demonstrated the applicability of a combined mode
I/1I line-spring formulation, but this enhancement is not used herein.

The yield surface, ®(Q;, a,t,o(e")), is based on the work of Lee and Parks [17] who presented
a set of tabulated points to describe the yield surfaces for a range of crack depth to thickness
ratios. Berg et al. [3] expanded the number of tabulated yield surfaces to refine the transition
between crack depth to thickness ratios. Fig. 3.2 shows the location of the corner points which
are located where maximum tension or compression in the ligament occurs. The yield surfaces
are constructed in the stress resultant space where the z-axis is the normalised bending moment
and the y-axis is the normalised membrane force. A linear interpolation between the tabulated
surfaces is used to calculate the intermediate surfaces.

0.00® 1) 1.006 T T T
O Tabulated values O Tabulated values
-0.05 \ |— Q=@+ @’ — Q=1-@
-0.10 \
-0.15
x\ /‘2/
-0.20

-0.25

o
@
o

o
@
o

o
»
S

X-coordinate for corner-point
Y-coordinate for corner-point

/
o
n
o

-0. 0.0t
0 3%.0 01 02 03 04 05 06 07 08 09 10 %.0 01 02 03 04 05 06 07 08 09 ZI:)O
alt at
(a) (b)
1.0 —0 [ —
Corner-point on yield-surface T8 [
0.9 |- of the Line-spring element B % [
T : 5 0.751 ]
0.8 =®Ralt=02 [
- 05— ]
0.7 59 =03 r
. [
< 06 i O Tabulated points . = 0251 ]
< 0. Te oin - -~ [
S ! Q,=-1.1671Q, +2.533Q,” - 5.2101Q, & 5
Z 05| alt=05C -- _, o e F obE b
" \ +8.379Q," - 6.4923Q,” + 1.9575Q, I E
| = _ = =2 . > L
& 04 S = Q,=-Q,+Q, [eg 0250 A
<
0.3 <
=075~ 051 ]
0.2 S r
~— ® [
S W -0.75 - b
0.1] P v [
e - [
~ [
0.0 = R L L
-0.3 -0.25 -0.2 -0.15 -0.1 -0.05 8 ! -
Q, = Mih’
()

Figure 3.2: (a), (b) and (c) locate the corner-point of the yield-surface, (d) a collection of
interpolated yield-surfaces (Berg et al. [3])

The formulation assumes an additive decomposition of the incremental generalised displace-
ments into an elastic and plastic part as shown in Eq. 3.13.

dg; = dgf' + dg!" (3.13)

If the product of the stress resultant increment and the normal vector of the yield surface is
greater than zero, i.e. (0®/0Q);) - dQ; > 0, plastic deformation occurs. The plastic part of the
generalised displacement increment is assumed to follow the normality rule, which means that
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it can be expressed as the product of the normal vector of the yield surface and a positive scalar

as shown in Eq. 3.14.
i = Adg = A2 (3.14)
©T 0,
The plastic multiplier, A is computed from the consistency condition (see Eq. 3.15) during
plastic loading. This demands the updated stress point to be located on the yield surface at

the end of the load step.

To account for work hardening of the material a hardening law is introduced using the average
equivalent plastic strain over the ligament. The material’s uniaxial stress strain curve is em-
ployed as user input which gives a non-linear material response as demonstrated by Jayadevan

et al. [14].

0P 0o
— 4~ do = 1
idQl + do =0 (3.15)

where do is found using the slope, h, of the uniaxial stress strain curve as expressed in Eq. 3.16.

dd

do = hde” (3.16)

To relate the plastic part of the generalised displacement increment to the average plastic strain
over the remaining ligament, the incremental plastic work per unit length over the ligament is
used. The incremental plastic work over the ligament can be written in two ways as proposed
by Parks [30] and Parks and White [44]. Following classical plasticity theory, the incremental
plastic work using generalised field quantities is given as

AWP = Q.dg" = ANQ;— 1
WP = Q;dg; QzaQ (3.17)

Parks and White [44] argues that the incremental plastic work can be written as the integral
of the continuum over the area, A, of the surface cracked structure as

0o

dWP = / o;delidA (3.18)
A

where the area A is a characteristic area of the edge-cracked problem. It is assumed that the
yielding only occurs in the remaining ligament, ¢ = t — a (see also Fig. 3.3). Hence the area,
A, is defined as the square of the remaining ligament. Using this in the integral in Eq. 3.18,
the equation of the incremental plastic work can be approximated to

AWP = f-o,() - de?’ - (t — a)® (3.19)

where f is a non-dimensional scalar which is called the “strain hardening factor” which is
expected to be of order unity.

The incremental stress increment is written as

dQ; = Cydq; = Cy; (d%‘ - d(Jfl) (3.20)
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Figure 3.3: Slip line field approximation in the kc-zone for (a) pure tension and (b) pure bending

Combining Eq. 3.17 and Eq. 3.19 gives the following expression for the plastic strain:

0P 1
dePl — NO,— . 21
€ Ql 6@2 fCQCT (3 )
Now combining Egs. 3.13, 3.14, 3.15, 3.20 and 3.21 the expression for A is found as
0P
aq;
A= o0 ovon K W (322)

0Qm "0Q, 9o dQy ** 2o

Inserting Eq. 3.22 into Eq. 3.20 gives the tangent stiffness for as integration point of the line-
spring element:

oo 0P
itk a~ i
pl_ 0Qx 0Qy
Cy =Ci — 55 9o 09 0% _ h (3:23)
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The crack driving force J or CTOD are readily available from the line-spring element. As for
the generalised displacements, the J or CTOD also follows an additive decomposition of an
elastic and a plastic part. The incremental plastic part of the C'TOD is expressed as

do?' = On(Qn, 0y, a, )AAP + Chy(Qur, 0y, a, t)tdO™ (3.24)

fcto

where the functions Cy and C); are dimensionless functions presented by Lee and Parks [17].

Lee and Parks [18, 19] introduced ductile crack growth in the line-spring element for fully
plastic condition. They used the sliding-off and cracking model of McClintock et al. [21] to
obtain the crack tip opening angle in terms of the uniaxial material parameters and the slip-line
angle and stress triaxiality (two-parameter fracture mechanics) at the crack tip. This method
requires some material parameters in addition to the stress-strain curve to be determined from
experiments prior to the numerical analyses. Jayadevan et al. [13] showed the applicability
of using the crack growth resistance curve which is in accordance with the established use as
defined in BS7910:1999 [5].

The updated crack depth at the end of a load increment is expressed as

a1V =4 4+ dg® (3.25)
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As mentioned, the constraint level in the line-spring element is computed using the T-stress.
This quantity is based on elastic assumptions, but Lee and Parks [17] proposed to extend the
use of Eq. 3.12 from the elastic-plastic line-spring behaviour using the current values of the
generalised forces, M and N. Under linear-elastic conditions the ratio between the generalised
forces is constant, but for elastic-plastic conditions, the ratio is varying with the loading and
this is immediately taken care of in the computation of the T-stress. Jayadevan et al. [14]
showed the applicability of using this “elastic-plastic T-stress” for the line-spring element.






Chapter 4

ANDES shell finite element

The shell element used together with the line-spring element in this study is a high-perfor-
mance and non-conforming thin shell finite element based on assumed natural deviatoric strains,
denoted ANDES. The ANDES element was initially developed by Felippa and Militello [10].
It was further extended by Skallerud and Haugen [38] to handle large rotations and inelastic
behaviour. The ANDES shell finite element is derived in a co-rotated formulation which gives
a stringent way of extracting only the strains and curvatures producing deformations in the
element. The strains at element level is assumed to be small, but the global deformations can
still be large. The derivations for the co-rotated ANDES finite element are rather lengthy and
a detailed description is published by Skallerud et al. [39].

The material model is based on stress resultant plasticity. A stress resultant yield criterion
derived by Ilyushin is employed and expressed as

ﬁ?_+ 45P_+ 16M
12 \/§t3 14

N~—
I

f(n,m —0p=0 (4.1)

N = N}+N]—N,N,+3NZ,

M = M;+M;— M,M,+3M;,

. 1 1

P = NyM,+ NyMy, = 5 Np My = o NyM; + 3Noy My,
P

s = =5 ==l1
121l

Writing the stress resultant vector in an integration point as o =

[0, m]”, the yield criterion
from Eq. 4.1 can be expressed in quadratic form (see Matthies [20]

and Ibrahimbegovic and

17
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Frey [12]) as

H&‘l 2
f = O'TAO'—(1+ p) =0 (4.2)
0o
1 S X
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5 1
A Tgo ) 2\/571710110 A:5 -1 2 0 (4.3)
— 0 0 6
2\/3771077,0 m(2)
1
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Skallerud and Haugen [38] simplified the original Ilyushin yield criterion from Eq. 4.1 by setting
the parameter s to zero. The yield surface is now constructed as a circle in the M N space. The
[lyushin and the simplified yield surface are plotted in Fig. 4.1. It is seen that the maximum
difference is about 12% and is located where membrane force and bending moment are balanced.
s = 0 removes the numbers on the off-diagonal of the A matrix which also removes the corners
on the Ilyushin yield surface. The simplification where s = 0 is used herein. Using this stress
resultant yield criterion one does not need to perform a through the thickness integration, hence
the stress resultant update for the element is very fast.

I T— — T
: = :

o
Z NN
< : : : : : : : : ~
0.4 s S — S — — N
............. | —— llyushin : : :
|- Skallerud and Haugen \
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1
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\
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Figure 4.1: Ilyushin and simplified yield surface in the MN space [3§]

Implicit backward Euler stress update scheme is being used for the stress resultant stress update
in the ANDES finite element. An associated flow rule reads

AEpl,nJrl = AAn+1a£ = 2A)\n+1AO' (44)

Un—i—l



19

where Ag are the incremental membrane and curvature strains as shown in Eq. 4.5

Ae = [ig] (4.5)

The stress resultant vectors (strains and stresses) and the equivalent scalar quantities are related
through a work hardening model as shown in Eq. 4.6.

olde = 5de, (4.6)

where & = Vo7 Ao. Using the yield criterion on the form in Eq. 4.2, the flow rule from Eq. 4.4
and the work hardening model from Eq. 4.6, the equivalent plastic strain increment can be
expressed as

dey = 2d\G (4.7)

A power law hardening model for the material is used:
_ g !
g =0y (— + 1) (4.8)

where 0y = Feg and n is the hardening exponent (0 < n < 1). The expression for the updated
stress following the elastic predictor and plastic corrector approach reads

Ont1 = Otrial — CA&pl,n-{-l (49)

Reorganising Eq. 4.9 and substituting Ae,;,,+1 with the result from the flow rule in Eq. 4.4,
the expression for the updated stress level is

Ont1 = [I + 2A>\n+1CA] O trial (410)

Now the yield criterion from Eq. 4.2 only depends on A). Using a Newton-Raphson iteration
scheme, the non-linear function f(A\, 1) can be solved to update the stresses. The consistent
material tangent stiffness matrix in the integration point now reads

Dge’D
do = [D - TL} de = Cde (4.11)
g'Dg +~
20 2H
YT T AN &:?(UO—FHEpl,nH) , g=2Ao
]_ — — 0
g
D' = C'4+2A)A (4.12)

The consistent tangent stiffness matrix in Eq. 4.12 is transmitted back to the main program to
solve the equation system.






Chapter 5

Cyclic plasticity - kinematic hardening

For cyclic plastic loading, a kinematic hardening model must be used to capture the Bauschinger
effect for reversed loading. Isotropic hardening is not capable of capturing this effect. The
Bauschinger effect is normally associated with conditions where the yield strength of a metal
decreases when the direction of strain is changed. For kinematic hardening models this is
inherited in the models while it is not the case for isotropic hardening.

For kinematic hardening models, the shape and the size of the yield surface is kept constant
while the back stress defines the vector between the centre of the moving yield surface and the
centre of the initial yield surface configuration. Kinematic hardening models can be divided
into three distinct groups - single surface models, two-surface models and multi-surface models.
Examples of single surface models are Prager and Ziegler. The Prager model can lead to
inconsistences when working on sub-spaces like plane stress. This was described by Ziegler [45]
who presented a modification of the Prager model as a remedy for these inconsistences. The
Prager and Ziegler translation rules are shown in Fig. 5.1a.

prager __ pl
L dag; = Cdey;

memory
n  surface

Figure 5.1: Translation rules for the (a) Prager and Ziegler model and (b) Mréz model

It is seen in Fig. 5.1a that the Prager model assumes the yield surface is moving in the direction
of the plastic strains, 55’}». The Ziegler model assumes the yield surface is moving in the direction
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of the vector o;; — ; (C'P in Fig. 5.1a). The point C' is the centre of the yield surface. «;; is
the back stress tensor and o5 is the stress tensor.

Dual surface models have one active yield surface and one bounding or memory surface. Ex-
amples of dual surface models are Dafalias-Popov [8], Tseng-Lee [42] and Mréz [22]. The active
yield surface defines the elastic domain. The bounding surface or memory surface behaves dif-
ferent for different models. The Mréz translation rule is shown in Fig. 5.1b. The yield surface
translates along the direction P — P’. Point P’ on the memory surface has the same direction
as the normal vector in point P on the active surface, f,.

One approach is to let the active and memory surface be identical for the initial configuration.
When the structure is loaded, the active surface translates and the memory surface is expanded
isotropically. The size of the memory surface represents the maximum stress level in the loading
history. The maximum stress level will not increase until the active surface comes into contact
with the memory surface. The active surface will always be located inside the memory surface
and will be attached to the memory surface as long as the maximum stress level is increasing.
When the load is reversed, the two yield surfaces are detached. This approach together with
the Mréz translation rule is used in the Tseng-Lee model.

The Dafalias-Popov model is similar to the Tseng-Lee model, but the bounding surface can
also translate when the active surface is attached to it. When the two surfaces attach, both
surfaces become active when further loading occurs.

A family of kinematic hardening models with increased popularity is the multi surface models.
These models are capable of describing an arbitrary load history for a pointwise stress-strain
curve. The number of yield surfaces equals the number of points on the stress-strain curve.
The most outer surface defines the plastic domain assuming the stress-strain curve is perfectly
plastic after the last point on the curve. Recent implementations of this method is presented
by several authors, e.g. Caminero and Monténs [6], Khoei and Jamali [15] and Owolabi and
Singh [29].
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Summary of papers

Two-parameter fracture assessment of surface cracked cylindrical shells during col-
lapse

B. Skallerud, E. Berg, K. R. Jayadevan

Engineering Fracture Mechanics, 73(2):264-282, 2006.

The competition between global and local failure modes are presented. Global failure mode is
here defined as buckling of pipes subjected to a global bending moment. The local failure mode
is a surface crack subjected to unstable crack growth. For the pipes subjected to pure tensile
loading, unstable crack growth was the only failure mode occurring. When the pipes subjected
to bending loading buckles, the crack tip opening displacement saturates.

Two-parameter fracture mechanics and circumferential crack growth in surface
cracked pipelines using line-spring elements

E. Berg, B. Skallerud, C. Thaulow

Engineering Fracture Mechanics, 75(1):17-30, 2008.

A numerical study of circumferential crack growth in surface cracked pipes was carried out from
ABAQUS analyses performed by Sandvik et al. [34]. The effect was implemented and used in
the study. Also a normalisation of the ductile crack growth using the T-stress as constraint
parameter was carried out on single edge notched tension and pipe subjected to tensile loading.

Ultimate fracture capacity of pressurised pipes with defects comparisons of large
scale testing and numerical simulations

E. Berg, E. Ostby, C. Thaulow, B. Skallerud

Engineering Fracture Mechanics, 75(8):2352-2366, 2008.

This paper presents a validation of the implementations where numerical results are compared
with large scale experimental data. Both the local failure mode of ductile crack growth and
the global failure mode of local buckling occurs and is captured in the numerical analyses. The
effects of wall thickness and yield stress is also investigated. The effect of internal pressure was
studied both in the experiments and in the numerical analyses.
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Cyclic plasticity modelling behaviour of ANDES thin shell and line-spring finite
elements

E. Berg, K. Holthe, B. Skallerud

International Journal of Applied Mechanics, 1(1):201-232, 20009.

A new methodology to account for cyclic plastic response in the thin shell ANDES and line-
spring finite elements is presented. The Ziegler kinematic translation rule is used in the shell
element. In the line-spring element an alternative translation rule based on the Ziegler rule
is used. Comparisons between the numerical simulations and large scale a experiment of pipe
subjected to cyclic bending loading and “tearing fatigue crack growth” are presented.

Conference proceedings

Direct calculations, 2-parameter fracture mechanics and ductile crack growth
E. Berg, B. Skallerud, C. Thaulow, K. Holthe, K. R. Jayadevan
17. Nordic Seminar on Computational Mechanics, Stockholm, Sweden, 2004.

Using constraint correction to ductile crack growth in surface cracked shell-structures
E. Berg, B. Skallerud, C. Thaulow, K. Holthe
MekIT’ 05, Trondheim, Norway, 2005.

An integrated approach to analysis of surface cracked shells subject to instabilities
B. Skallerud, E. Berg

International Conference on Computational Methods in Marine Engineering, Oslo, Norway,
2005.

Ductile fracture of pipelines - effects of constraint correction and circumferential
crack growth
E. Berg, B. Skallerud, C. Thaulow, K. Holthe

17. International Offshore and Polar Engineering Conference, Lisbon, Portugal, 2007.

Surface and embedded cracks in offshore pipelines subjected to plastic strains

E. Berg, B. Skallerud, K. Holthe

6. International Conference on Computation of Shell and Spatial Structures, Ithaca, New York,
USA, 2008.



Chapter 7

Conclusions and suggestions for further
work

7.1 Conclusions

Two failure modes interplay in this study - local and global failure mode. The local failure
mode represents the ductile crack growth. The global failure mode is ovalisation or buckling.

For a pipe subjected to pure bending with an internal pressure, buckling is not likely to occur for
the geometries studied herein. The internal pressure prevents the cross section from ovalisation
due to the hoop stress. For a pipe subjected to pure bending and no internal pressure, the pipe
suffers from local buckling. When the pipe buckles, the crack growth saturates, i.e. the ductile
tearing stops. For pipes subjected to tensile loading, the internal pressure will not change the
failure mode.

Ductile crack growth in the thickness direction also gives a contribution to crack growth in
the circumferential direction. The magnitude of the circumferential crack growth seems to be
approximately equal the initial ligament size. A non-linear function was established to quantify
the circumferential crack growth.

Analyses comparing the line-spring model with large scale experiments of pipes subjected to
a monotonic bending loading with or without internal pressure are carried out with very good
agreement. Both the global and local failure modes were captured.

A non-linear kinematic hardening material model based on the Ziegler translation rule was
implemented for both the shell and line-spring finite elements. The line-spring yield surface
consists of points connected by line segments. The stress-strain curve is also pointwise with
line segments between the points. Comparisons for different load cases was carried out with
promising results. Ductile tearing for a pipe subjected to cyclic bending loading was also
presented with good agreement.

Hence, the combination of shell and line-spring finite elements proves to be an efficient and
accurate approach in order to predict complex fracture models in pipe line structures.
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7.2 Suggestions for further work

The work in this thesis is mainly focusing on the installation phase for a pipeline where the
largest plastic deformations are most likely to occur. The operational phase covers the main
part of the lifetime of a pipe. During the operational phase, the pipe is subjected to a fatigue
situation due to wave induced stresses, shut-offs and start-ups and other loads and situations
occurring.

Low and high cycle fatigue is a very central task for future work. Cyclic plasticity for both
the shell element and the line-spring element is presented in the thesis, which opens up for
fatigue analyses. To be able to perform reliable fatigue analyses an enhanced study of the
cyclic AK7 solutions must be carried out in order to see the effect of the crack geometry and
loading conditions.

Material mismatch is also of high interest. Material mismatch is present where two or more
materials meet. For a pipeline, material mismatch occurs where two pipe segments are welded
together. The present implementation assumes that the weld is rectangular (a real weld is
trapezoidal rather than rectangular) and the width is wider than the cracked ligament. This
limits the use of studying material mismatch with the present formulation. Improvements in
the line-spring formulation to account for a more general mismatch situation would increase
the applicability of the line-spring methodology.

The current implementation assumes that the crack is located in a homogeneous material. This
prevents the possibility of having the crack on the fusion line where two materials meet. A
decomposition of the line-spring element for the cases where the crack is on the fusion line, or
any material intersection, can be a potential approach.

Misalignment occurs where pipe segments are welded together. Since these welds occur about
every 6 meters, the amount of positions with misalignment along a pipeline is quite signifi-
cant. This is a well known phenomenon, but the fracture mechanical response and detailed
understanding of the effects are still immature. A decomposition similar to the suggestion
for mismatch can be a potential approach for the line-spring element also for misalignmenfor
misalignment.
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ABSTRACT

The present study addresses the use of CTOD and T-stress in fracture assessments of surface
cracked shell structures. A new software is developed for this purpose, denoted LINK,;,.. It
is based on a combination of a quadrilateral assumed natural deviatoric strain thin shell finite
element and an improved line-spring finite element. Plasticity is accounted for using stress
resultants. A power law hardening model is used for shell and line-spring materials. A co-
rotational formulation is employed to represent nonlinear geometry effects. With this, one can
carry out nonlinear fracture mechanics assessments in structures that show instabilities due
buckling (local/global), ovalisation and large rigid body motion. Many constraint-measuring
parameters have been proposed, with the Q-parameter or the T-stress being the most popular
ones. Solid finite element meshing for complex structures such as pipes containing semi-elliptical
surface cracks in order to compute Q is at present not a feasible approach. However, shell
structures are most conveniently meshed with shell finite elements, and the line-spring finite
element is a natural way of accounting for surface cracks. The T-stress is readily obtained from
the line-spring membrane force and bending moment along the surface crack. In this study
we present a new approach to analyse cracked shell structures subjected to large geometric
changes. By numerical examples it is shown how geometric instabilities and fracture compete
as governing failure mode.

Keywords: plasticity; large rotations; co-rotated formulation; assumed strain thin shell finite
element; line-spring finite element; nonlinear fracture mechanics; ductile crack growth
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1 Introduction

Surface cracked shell structures occur in many industrial applications, e.g. pressure vessels,
pipelines, tubular joints etc. In the present study offshore pipelines for oil and gas transporta-
tion have a special focus. Such tubular structures are subjected to many challenging load
cases. A very convenient method for pipe laying is reeling. Then the pipeline is continuously
un-winded from a spool. During this sequence significant inelastic straining due to high bend-
ing evolves. As pipe segments are joined by girth welds, some defects have to be expected and
assessed with respect to fracture. Furthermore, free spans for seabed pipelines pose challenging
fatigue life calculations due to vortex induced vibrations. External and/or internal pressure
also needs to be accounted for. An important point in fracture assessment of pipelines is that
the stresses in the shell are mainly of membrane type (tension or compression), even for a
pipe subjected to global bending moments. This lowers the constraint in the plastic zone at
the crack tip in comparison to the constraint in shells with high local bending moments. It is
well known that reduced constraint of the plastic zone in front of the crack tip provides higher
fracture toughness than in a high constraint situation. And in many structural applications the
low constraint condition is the actual one. Using a fracture toughness based on high constraint
test specimens then results in overly conservative capacity of the structure. Put in other words,
the low measured toughness in combination with traditional capacity checks may lead to an
assessment that does not allow for any cracks or defects at all in a component subjected to high
loading. This is unacceptable for welded structures, where some defects have to be expected. A
methodology to account for reduced constraint is proposed by Chiesa et al. [7], where a single
edge notched tensile specimen is employed as fracture test specimen instead of the usual (high
constraint) three point bend specimen.

Traditionally, three-dimensional solid finite elements are employed in discretising the shell struc-
ture in order to account for the crack. This puts high demands on both pre- and post-processing
in addition to long CPU times. An alternative is to use shell finite elements. Then the challenge
is to account for the crack. This may be done using line-spring finite elements at the crack
location. A factor of 10 in reduced CPU is typical. But the main benefit of using shell/line-
spring elements is the reduced time spent in pre- and post-processing. Using line-springs, the
crack is modelled as nonlinear springs between the shell elements, with a varying compliance as
a function of crack depth and plastic deformations. A complicating factor in the shell fracture
assessment is the fact that large global motion and local instabilities due to local buckling may
occur. So it is an interplay between nonlinear geometry effects and the crack driving forces,
Skallerud [27]. This is accounted for in the present simulations, providing answer to whether
geometrical or fracture mechanical instabilities governs the shell capacity.

The present study addresses the use of CTOD, T-stress, and ductile tearing curves in fracture
assessments of surface cracked shell structures using tailored software denoted LINK,;,.[17]. It
is based on a co-rotated kinematical formulation using quadrilateral thin shell and line-spring
finite elements. The shell element is a non-conforming high performance finite element based
on assumed natural deviatoric strains, denoted ANDES. It was originally developed by Felippa
and Militello [9], and further extended for use in large rotation inelastic analyses by Skallerud
and Haugen [28]. The line-spring formulation was derived for elastic materials by Rice and Levy
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[25]. Elasto-plasticity was incorporated by Parks and White [24]. Closed form yield surfaces
also valid for the short crack regime were developed by Chiesa et al [8] and are employed herein.
Some additional yield surface refinements are included in the current version of the software.
A detailed presentation of numerical aspects and implementation is given by Skallerud et al
[29]. Validation of the software, comparing with detailed 3D solid finite element analyses using

ABAQUS, is provided in [29, 14, 13].

The first part of the paper addresses some of the theory behind the shell and line-spring
formulations, and two-parameter fracture mechanics. Then numerical test cases are presented.
Here both elastic and elastic-plastic response and crack tip stress fields are addressed. Finally,
some cases including both nonlinear geometry effects (local buckling) and ductile fracture are
presented, with focus on the interplay between large displacements and response of surface
cracks.

2 Theoretical basis

2.1 Shell finite element, kinematics, and elasto-plasticity

The derivations for the co-rotated ANDES finite element are rather lengthy. A detailed account
is provided by Skallerud and Haugen [28]. In the following the basic relationships are presented.
The 4-node ANDES shell element is developed as a flat element with decoupled membrane
and bending behaviour, and has 6 degrees of freedom at each node (i.e. also a drilling dof
that contributes to membrane deformations). It is based on a combination of finite element
technologies from the free formulation and assumed natural strains, see [4, 19, 2, 22] and
references therein. The element stiffness for the ANDES element is the sum of a basic and
higher order stiffness contribution. The basic stiffness is derived from a constant stress in the
element doing virtual work on element boundary displacements described in terms of the visible
degrees of freedom v:

KV = (Kb + Kh)V = f (1)
1
K, = VLCGLT , / 6d%7,dS = ov"’ / NiT,.dSé = iv'La (2)
S S

Here o,d, L are the constant stress, element boundary displacements, and nodal lumping ma-
trix, respectively. With this approach, the individual element test of Bergan and Hanssen [3] is
satisfied (i.e. a strong form of the patch test that provides convergence for mesh refinement).
The higher order stiffness may be derived in many ways, e.g. via the free formulation, assumed
natural strain, or assumed natural deviatoric strain (ANDES). The latter is used herein, with
local (invisible) dof for bending from natural curvature interpolation along the element sides
and diagonals linked to curvature degrees of freedom at each node, and from natural membrane
strains along element sides and diagonals linked to membrane strain dofs at each node. The
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higher order stiffness may be expressed by

K,=0Q"K,Q K,= / ATC A dV (3)
Vv
e=Ag=AQv=(A+AyQv (4)

Here A is the interpolation matrix for assumed strains, A = (1/V) Ji, AdV provides the average
assumed strain, hence A, is the interpolation matrix for the deviatoric part. The nodal strain
dof g (membrane and curvature) are linked to the visible dof by Q. [ is a scaling factor that
may be used to optimise the finite element performance.

I

I
Figure 1: Co-rotated thin shell kinematics (a triangular element is used for illustration)

The co-rotated finite element formulation is convenient in that it gives a stringent way of
filtering out rigid body translations and rotations, and the strain and curvature producing
deformations at element level are obtained. Assuming small strains at element level gives the
possibility to utilise any kind of shell finite element for linear problems in geometrical nonlinear
problems. Fig. 1 shows the two basic coordinate systems that are used. The global coordinate
system is represented by unit vectors I, Is and I3. The co-rotated element coordinate system
shared by shadow configuration Cj,, and configuration C,, is represented by unit vectors i}, i}
and i§. Vectors given in the local element coordinate system are marked with a tilde(™). A
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vector x in global coordinates is transformed into a vector x in the local coordinate system 0

by

% = Tox T, = |iY" (5)

T, is orthonormal. The rigid body rotation of i? to i is given by
i’ = Ropi) Ry, = T}'T, (6)

where Ry, is the rigid body rotation matrix from position 0 to position n. The Rodrigues
representation of the rotation matrix is used. The rotation matrix for a rotation 6 about an
axis defined by the unit vector n” = [n; ny ng) is written (see Argyris [1]):

R =1+ Nsinf + N? (1 — cosf) (7)
0 —n3 %)
N =Spin(n)=|n3 0 —-m
—TN9 nq 0

I is the 3 by 3 identity matrix. Rotation of a vector r( into r through an angle 6 about an axis
defined by the unit vector n is obtained by:

r = RI‘O (8)

The displacement vector is given as the difference between the position vector in configuration
Cp and the position vector in configuration C,,.

u=r1r"—1 (9)

The displacement vector is split into a deformational displacement vector and a rigid body
displacement vector.

u=u, +uy u, =r" -1 u, =r" —r’" (10)

Introducing subscript ¢ for the arithmetic mean of the coordinates of the points in the element,
the position vectors in initial and shadow element configurations may be written as:

' = r)+x’ (11)
r” = ¥ 4 x" =1 +u, + Rg,x°
where x and x%" are the vectors from the centroid of the element to the point being considered

in the Cy configuration and the Cj, configuration respectively. Substitution of the expressions
above into Eqn.10 yields:

y=u—u=u— (" -1’ =u-—u. — (R, - Dx° (12)

The rotation of an element node as it moves from the initial configuration Cj to the deformed
configuration C,, is described by the rotation matrix R. The rotation matrix is split into a rigid
body rotation Ry, and a deformational rotation Ry.

R = R.Ro, (13)
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R, = RR}, = RT]T, (14)

The deformational rotation matrix transformed into the local coordinate system shared by
configurations Cy, and C,, reads

R, = T,R,T! = T ,RTY (15)

The position of an element node a with initial coordinates r%, is defined by the translational
displacement u, and the rotational orientation R,. Together, the set (u,,R,) for a = 1,..N
is the nodal displacement vector v. v is interpreted as an array of numbers that defines the
position of the deformed element. In order to establish the force vector and tangent stiffness
for an element, the deformational vector for the element needs to be established. This vector is
denoted v,4 and contains translational and rotational degrees of freedom for each element node
ordered as

- =T =T

Vg = [udT19d1 e udNOdN] (16)
N is the number of element nodes for the element being considered. éd is obtained from fid.
Virtual work is employed as weak form of the equilibrium equations:

~ T T 7| (OrVa ’
Opvyfe —ovife,, = v — | -1 =0
ov
=f = TT'PTH'f =f,, (17)

The transformations are matrices accounting for large rigid body translations and rotations,

see Skallerud and Haugen [28] for details. The deformational part of nodal degrees of freedom
0rvq (containing both displacements and rotations) may be written as

5Rvd =H (I — PT — PR) ov =HPov (18)
Matrix P is a nonlinear projector operator that filters out rigid body translation and rotation.
H is a matrix that links deformational rotations and finite spatial rotations at the nodes.

The consistent tangent stiffness is obtained by the variation of the internal force vector f, with

respect to v:
of

5fe = gév = Kt(SV (19)

In more detail the result reads:
of = STTPTHTE + TT6,PTH"E, + T"PTs,H"T, + TTPTHT 6L, (20)
= (KGR + Kep + Koy + KMg) ov = Krov (21)

The different terms of the tangent stiffness represent rotational geometric stiffness, projection
geometric stiffness, moment correction geometric stiffness, and material stiffness, respectively.
The rotational geometric stiffness arises from the variation of the transformation matrix be-
tween initial configuration Cj and shadow configuration C,. As a rigid rotation of a stressed
element rotates the stresses, the internal forces change direction to preserve equilibrium. The
equilibrium projection geometric stiffness arises from the variation of the projector matrix P7,
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and reflects the variation of the force vector due to variations in the degrees of freedom. The
moment correction geometric stiffness arises from variation of H.

K. represents the material stiffness for the element, and may include plasticity effects. It
connects the local deformational dof increment with the local force increment:

of, = K.0pvy (22)

A stress resultants yield criterion based on Ilyushin [12] is employed for the shell element. For
thin shells of materials with plastic yielding governed by the Mises yield criterion, the Ilyushin
criterion works well. Denoting the integration point stress resultant vector by o = [n, m]”
the isotropic yield criterion is rewritten in quadratic form (see Matthies [18] and Ibrahimbe-
govic [11]:

He,\”
f = aTAa—<1+—”) =0 (23)
Oy
15 ¢ I 1 —05 0
A = [ "§A . MTOEA A=|-05 1 0
2\/§m0n0 m_?) 0 0 3

mo = 0.250,t% ng = o,t,&==+1

The stress resultant vector o and the differential plastic strain vector de, are related to the
equivalent stress and equivalent plastic strain increment by the relation

o'de, = ods, = de, = 26d\  7=VolAc (24)

The following power law work hardening model is employed:
_ &p "
g=o0,—+1 (25)

where 0, = Fe, and n is the hardening exponent (0 < n < 1). Utilising an associated flow
rule, the backward Euler update of the plastic strain increment reads
of T
Aep i1 = ANpp1=— Ae = [Ae,,, AK] (26)

60' n+1

The discrete yield condition f,.; now depends only on AA. Solving for f(AM\,y1) (Newton-
Raphson) the stress update is obtained. The consistent material tangent for an integration
point reads:

Cgg’C }
do = |- 299~ | 4e = C,de 927
7 { g'Cg +~ ' (27)
200 2H
TS a0 vt )

C' = C.;'+20MA  g=2Ac
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2.2 line-spring finite element

The part-through surface crack is originally a three dimensional problem. The three dimensional
problem is formulated within the context of two-dimensional plate or shell theory with the part-
cracked section represented as a line-spring. The line-springs take into account the additional
flexibility due to the surface crack. The line-spring element can be schematically represented
by two straight lines connected to each other by a series of springs. At zero deformation the
lines lie upon each other. When a Mode I (crack opening) deformation takes place each line
displaces in opposite direction. The displacement and rotation are constrained by the springs.
As the shell element used herein is 4-noded, the line-spring element is 4-noded with linear
interpolation polynomials. A 2-point Gauss integration is employed. Hence, the line-spring
element has 8 degrees of freedom (four in-plane displacements and four rotations with axis
along the element).

Defining 7y as shear yield stress, ¢ shell thickness, and using normalised membrane force and
bending moment per length, @)1 = %,QQ = #‘/){2, the general yield surfaces ¢ governing the
plastic behaviour of cracked shell section ligament reads:

_ ) 9y Q1 > Qg tan(Z + )
0= { Oy ¢ Q1 < Qq tan(% + a) (28)

where ¢4 is a parabolic yield surface with a validity confined mainly to the I and IV quadrants
of the generalised force space. It reads:

dgp = AQa + BQ1 +CQT+ D =0 (29)

see [8] for the fitting parameters A, B, C, D. The function b5y, symmetric to ¢gr with respect to

the line @, = tan(% 4+ )@,, can be used in order to describe simplified (conservative) yielding
behaviour in the /1 and 1] quadrants.

The angle o between the symmetry line and the ();-axis is found to be close to a linear function
of the relative crack depth ¢. The fitted yield surfaces were obtained from finite element limit-
load analysis results from Lee and Parks [15] (see also Chiesa et al. [8]). ¢ contains more
accurate information about the general yielding behaviour of shallow, as well as deep cracks,
for the single edge cracked (SEC) specimen than the typically employed yield surfaces. Work
hardening is employed in order to connect line-spring stress resultants and energy conjugate
line-spring deformations with continuum plastic work in the plastified ligament:

dW, = Q'dq, = / Oeqdep eqdA = koy,—=c (30)

Aplastic

Here, k is a factor of order unity, n’ = 2, and ¢ = t — a is ligament size. Combining these
equations, using associated flow rule and consistency condition, the line-spring tangent stiffness
is obtained.

Ductile tearing is accounted for using CTOD versus Aa curves as input (either obtained from
tests or numerical simulations using Gurson based models). Hence, the crack growth reduces
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ligament size with consequence that the line-spring yield surfaces shrink accordingly. The line-
spring stiffness matrix is modified at the start of the increment, based on CTOD at the previous
increment. See Jayadevan et al. [13] for details.

Both a forward and backward Euler line-spring force update method for the line-spring element
are implemented in LINK,;,.. In the present simulations the forward difference was employed,
see Skallerud et al. [29] for a discussion.

3 Fracture assessment methods

Many constraint-measuring parameters have been proposed, with the Q-parameter or the T-
stress being the most popular ones (see O’Dowd and Shih [21] and Parks [23]).  measures the
difference of the crack tip stress field in a real specimen with respect to a reference stress field
such as HRR. T is the first non-singular term in the Williams power series expansion for the
stress component normal to the crack front. As such it is valid for elastic material behaviour
or small scale yielding, and is feasible for ranking the constraint level in brittle fracture cases.
Q is valid for larger amounts of plastic deformations, and may be considered as a more general
measure of constraint than the T-stress. But Parks [23] and Betegon and Hancock [5] have
shown that T can also be applied up to load levels causing yielding of the ligament. A two-
parameter fracture assessment approach is illustrated in Fig. 2. Here a failure locus is obtained
from tests on specimens of different constraint levels, and when the computed driving force and
corresponding constraint reaches the failure locus, fracture mechanical failure occurs.

In some studies the extended use of elastic T-stress under large-scale plasticity has been inves-
tigated (Betegon and Hancock [5] and Hancock [10]). In these studies, the T-stress is computed
from the known elastic biaxiality parameter (G = T/ma/K), which is a constant for the given
geometry and loading. However, under large-scale yielding, the mode of near-tip loading (and
hence, the constraint level) in a specimen will change with deformation. As the T-stress esti-
mate from line-spring is based on the local membrane and bending components, it provides the
computation of an ”elastic-plastic” T-stress taking into consideration the current near-tip load-
ing modes. Under large-scale yielding, this ”elastic-plastic” T-stress from line-spring model
is expected to give a better constraint estimate than the one derived from elastic biaxiality
parameter.

Discretising cracked structures (e.g. pipes containing semi-elliptical surface cracks) using solid
finite elements in order to compute @ (and to some extent T) is at present not a feasible
approach. However, shell structures are most conveniently meshed with shell finite elements,
and the line-spring finite element is a natural way of accounting for surface cracks. The T-stress
is readily obtained from the line-spring membrane force N and bending moment M along the
crack using relationships derived by Sham [26], and further refined by Lee and Parks [16]:

T(s) = (N(s)/t)tn(a(s)/t) + (6M(s)/t)tar(a(s) /1) (31)

Here t and ¢, are polynomial relationships depending on ratio of crack depth to shell thickness,
s is the coordinate along the crack front. Note that when the line-spring enters the elastic-plastic
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Fracture toughness, K cor J.

Constraint, Qor T

Figure 2: Two-parameter fracture assessment, failure locus.

regime, N and M moves along the yield surface due to plastic deformations and redistribution
of shell stresses. In the subsequent calculations of T, Eq. 30 is employed for this situation
also. The deformation output from the line-spring calculations is relative Mode I displacement
Ad and rotation Af. These quantities are split into elastic and plastic contributions. The
crack driving force J as well as crack-tip opening displacement dorop is divided into elastic
and plastic parts, J¢ and J? and 6&pop and 0gop - Using the relation between K and elastic
J-integral the elastic part of crack tip opening is obtained from J, = K7/E(1 — v?). ASTM
1290 suggests that the elastic part of CTOD of a hardening material in plane strain small-scale
yielding conditions can be estimated as
Je

dcrop = mo. (32)

where m is a scalar. In ASTM E 1290, a value of 2.0 for m is suggested. The increment in
plastic CTOD is obtained from the plastic line-spring deformation increments. The plastic part
of CTOD is related to the plastic parts of the line-spring displacement (6”) and rotation (6”)
in incremental form as

Al rop = C1(Qi, 0y, a/t) AP + Co(Qi, 0y, a/t) t AGP (33)

where the dimensionless functions C;, are discussed by Lee and Parks [16].

4 Numerical simulations

4.1 T-stress

Results for T-stress and K published in the literature are mainly for surface cracked plates.
Still results for surface cracked pipes are scant. Table 1 and 2 give some results for pipes with
outer diameter to thickness ratio 20, having a crack width 5% and 50% of circumference and
crack depth 5% or 50% of shell thickness. For the 3D simulations ABAQUS was employed.

The results are in good correspondence. Jayadevan et al [13] provides more results and a T-
stress compendium for surface cracked pipes. Fig. 3b shows the T-stress normalised with K
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Figure 3: (a) Crack geometry and notation and (b) normalised T along crack.

Table 1: A comparison of (a) normalised stress intensity factors and (b) T-stress corresponding

to different a/t ratios from 3-D and line-spring simulations (with ¢/7R = 0.05 and D/t = 20)
under tensile loading.

(a) (b)

K T
¢ Ooor\/TG ¢ Oso
t t

3D LS 3D | LS
0.05 | 1.13 1.13 0.05 | —0.53 | —0.56
05 |1.38 1.26 05 | —0.65] —0.73

Table 2: A comparison of (a) normalised stress intensity factors and (b) T-stress corresponding
to different crack length ratios ¢/mR from 3-D and line-spring simulations (with ¢/7R = 0.5
and D/t = 20) under tensile loading.

(a) (b)

K T
@ Ooo\/TG ¢ Ooso
t t
3D LS 3D LS
0.05 |1.13 1.11 0.05 | —0.53 | —0.55
0.5 1.87 1.80 0.5 —0.70 | —=0.75

along the crack for a pipe subjected to global bending. Except for some deviation between the
two simulations at the crack end, the correspondence is good.

Parks [23] proposed that the crack opening stresses o9 (i.e., g9 at 6 = 0), for power law
hardening materials, in any plane perpendicular to a 3-D crack front can be characterised by
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Figure 4: Comparison of stress magnitude at r = 2.J/0y, a) pipe in bending, b)pipe in tension.

the modified boundary layer (MBL) solution,

02 106/ J(@):7(9)) _ 0" (r00/ TO)) | 4 ) B 224 4 Cur(0). (34)

Oo Oo

Here, in the local coordinate system (z1, z9, x3), the 1 — 25 plane is perpendicular to the crack
front, whereas the xz-axis is tangential to the crack front. The local polar coordinates (r,6)
are in the plane of x; — x5, and § = 0 when 25 = 0 and x; > 0. The stress on the left hand
side of Eq. 34 is the crack opening stress in a surface cracked pipe (or any structure) at crack
front location ¢ and normalised distance ro,/J ahead of the crack front. The right hand side of
Eq. 34 is the MBL solution at the same normalised distance. In this, the first term denotes the
small scale yielding (SSY) solution which can be interpreted as a particular value of the MBL
solution at 7 = 0. The constants A,, B,, and C,, depends upon the strain hardening exponent
n of the material, and 7(¢) = T'(¢)/0,.

At a distance r = 2.J/0,, Wang [30] fitted the MBL solution with (4,, B,, C,) = (0.6168,
-0.5646, 0.1231) for the case of a surface cracked plate with material properties n = 0.1 and
v = 0.3. For the above material, the analyses by O’Dowd and Shih [21] showed that o3,Y =
3.340, at the same normalised distance. These values have been introduced in Eq. 34 along
with the predicted ”elastic-plastic” T-stress (modified for elastic-plastic deformation using the
load history of each line-spring) from line-spring model to compare the results directly obtained
from 3-D simulations.

Fig. 4 shows the opening stress evolution for increasing CTOD for a pipe in bending and tension
at the distance 2.J/0¢ in front of the crack tip. It is noted that the correspondence between the
MBL based T-stress corrected opening stress from LINK,;,. and the detailed 3D stress result
from ABAQUS is quite good, even up to very high CTOD levels. This gives some credibility in
using an ”elastic-plastic” T-stress for load levels that cause full ligament yielding and beyond.
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4.2 Cracked cylindrical shell in tension, stationary cracks

The cases analysed in the remaining sections are based on hardening exponent 0.1, yield stress
400MPa, elasticity modulus 200GPa, outer pipe diameter 400mm, see Fig. 5. Two D/t ratios
are considered: 25 and 40. The crack depth to thickness ratios are 0.2 and 0.4, and the crack
width to pipe circumference ratios are 0.05 and 0.15.

L = 2400

Figure 5: Tube geometry.

Fig. 6a shows the global tension load, normalised with the plastic capacity of the uncracked
pipe, versus global axial elongation. It is noted that the cracks do not affect global behaviour
significantly. Considering local response, Fig. 6b depicts the CTOD versus global elongation
for the different crack sizes for D /t=25. Here significant effects of crack size are noted. First, it
is noted that the effect of crack length is small for the shallowest crack (a/t=0.2). Second, for
the deeper crack the effect of crack length is significant, showing about twice as high CTOD
for the crack of width 0.15 compared to with 0.05.

One question that can be raised is whether the central section of the crack is the most critical
with respect to fracture, or whether the pipe geometry and stress redistribution can transfer
the most critical point out to the crack edges. This is investigated in Figs. 6¢ and d. Here,
the legend ”"tip” means the centre point of the line-spring element farthest from the crack
centre (see Fig. 3a). Fig. 6¢ shows that CTOD is always highest at centre point of the crack
for ¢/7TR=0.05. In Fig. 6d, for the deepest crack, the centre point always has a much higher
CTOD than at the crack edge. But for the shallowest crack both crack locations have about the
same CTOD. This is of interest in (semi-)brittle fracture, considering weakest link statistics,
as a much larger part of the ligament material experiences the same local deformation.

4.3 Cracked cylindrical shell in bending, stationary cracks

Fig. 7 shows the global response of pipes subjected to bending moment at each end. The
ordinate axis is bending moment normalised with respect to the plastic bending capacity of the
uncracked pipe, and the abscissa axis is the maximum out-of-plane deflection at mid length
of the pipe. It is observed that for both D/t ratios a limit point behaviour occur. This is
due to ovalisation and local buckling instabilities, but it is noted that significant load carrying
capacity is present in the post-collapse regime. As for the tension cases, the global response is
marginally affected by the cracks. Considering local response, Fig. 8a, some interesting features
appear. First, due to the geometrical instability (limit point), the CTOD at centre point of the
crack saturates. Second, this saturation is not seen (to the same extent) at the outer part of the
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Figure 6: Pipe in tension.

crack close to the edges. So in the bending case the redistribution of stresses from centre point
of crack to outer parts gives an increasing CTOD there. If one defines onset of local buckling to
govern the capacity, and e.g. the material has a fracture mechanical capacity in terms of CTOD
that is higher than 0.4mm, this redistribution is not critical. But if one allows for further global
deformation of the pipe, the critical point of the crack is moving to outer parts of the crack,
and a fracture may initiate off-centre subsequent to local buckling/ovalisation instability.

Fig 8b. shows the evolution of CTOD versus ”elastic-plastic” T-stress at centre point of the
crack. This plot is interesting in that although the CTOD saturates, the constraint increases
after local instability. Considering the failure locus curve in Fig2, this constraint increase may
increase the possibility of fracture. So in pipes subjected to global bending it is not obvious
what governs the capacity (local buckling, fracture initiation at centre point, fracture inititation
at end region of the crack), and numerical tools that can treat all effects in an integrated manner
is necessary for a realistic capacity assessment.

4.4 Cracked cylindrical shell in tension, ductile crack growth

Now the effect of ductile tearing is investigated. Nyhus et al. [20] have shown that for a
given material (and temperature), the CTOD versus crack growth curve can be normalised
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Figure 8: Pipe in pure bending

with respect to geometry using the T-stress: CTOD(Aa) = CTOD,.s(Aa)g(T). Here g is
a function that is obtained from tests of different specimens or from detailed finite element
computations accounting for void growth. Jayadevan et al. [13] have employed this approach
using line-spring response and corresponding T-stress levels for prediction of growing cracks
in surface cracked pipes. This approach is adopted herein also. Fig. 9 shows a numerically
generated CTOD tearing curve for initial crack depth to thickness ratio of 0.2. The complete
Gurson model as implemented in ABAQUS by Zhang et al. [32] is used. The calibration data
(initial void volume fraction and crack tip finite element size) stems from the study of Chen
and Lambert [6] and is representative for an X65 pipeline steel, see Jayadevan et al. [13] for
more details.

Considering the effect of ductile tearing on the global tension versus elongation and bending
moment versus out-of-plane displacement, it is small, and the response curves does not differ
much from those given in Figs. 6a and 7. But the local response is altered significantly. Fig 10a
(D/t=25, a/t=0.2) illustrates a large increase in slope of the applied CTOD (driving force)
compared to assuming stationary cracks. The slope going to infinity indicates unstable crack
growth. A small increase in global strain level will cause the crack to grow rapidly through
the thickness of the pipe wall. For a/t=0.4, Fig. 10b, this increase happens very early in
global elongation history. In Fig. 11a, considering the CTOD versus T-stress evolution, some
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deviation between stationary cracks and ductile crack growth for cracks of initial depth a/t=0.2
is observed. The T-stress saturates at a somewhat higher level in ductile tearing compared to
stationary cracks. But in Fig 11b, for a/t=0.4 initial crack depth, this trend is in the opposite
direction. Note that Eq.30 was employed in the calculation of the T-stress, using the current
value of crack depth, i.e. updated crack depth due to ductile crack growth.

Comparing the ductile crack growth at crack centre and end points for a pipe in tension,
Fig. 11c, it is noted that the ductile crack growth is always largest at centre point. Hence, the
effect of stress redistribution to the crack edges is not as important as in the stationary crack
case.

4.5 Cracked cylindrical shell in bending, ductile crack growth

Fig. 12 depicts the deformed geometry of a pipe subjected to constant bending moment. On
the opposite side of the buckle, the surface crack is located. Note that a somewhat finer mesh
is used there in order to account for the crack. Typically ten line-spring elements were used in
crack discretisation.
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Figure 11: pipe in tension.

As can be seen in Fig.13a the global response is not affected by crack growth significantly. This
is mainly because the crack area is small compared to the total load carrying area. Fig. 13b
illustrates the CTOD evolution at centre point of the crack. Due to geometrical instability,
CTOD saturates, and the difference from stationary cracks is small. Considering Fig. 9, the
ductile crack growth starts at about 0.4mm CTOD. In Fig. 13b the CTOD reaches a level that
is only slightly higher than this level, indicating that ductile crack growth hardly starts before
the pipe is subject to geometrical instability, hence CTOD saturates.

The effect of ductile tearing in pipes subjected to bending is not as critical as for pipes subjected
to tension. For the cases studied here the pipe ovalises and buckles right after ductile crack
growth has started. This means that the global response is more critical than the local.

Figs. 13c and d depicts the CTOD versus T-stress for a pipe in bending. The saturation of
CTOD is observed, the T-stress increases somewhat (as observed for stationary cracks), then
followed by a decrease. But the T-stress changes are moderate.
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Figure 12: Buckled pipe subjected to bending

5 Concluding remarks

The present study focuses on global and local response of surface cracked pipes in global ten-
sion and constant bending. The D/t-ratios considered, 20-40, represent a quite compact cross
section and a moderately slender cross section, and are in the slenderness regime often used
in industrial applications. Efficient finite element modelling, using high performance thin shell
and line-spring elements, was used to investigate interactions between global geometry (curved
shell), nonlinear geometry (large displacements and local buckling), stress redistribution in the
surface crack regions, and ductile tearing. In the bending cases significant effects of geometrical
instabilities on driving force (CTOD) were observed. Typically, the CTOD saturates when local
buckling occurs, at least considering the central region of the cracks. But it was shown that
stress redistribution to outer parts of the crack may lead to a continuously increasing driving
force there. This may transfer the critical region of the crack from the centre to edges. Further-
more, subsequent to local buckling the T-stress increases somewhat. The fracture mechanical
consequence of this is not clear at present. But, even though a CTOD-saturation develops, the
increased constraint may re-introduce fracture mechanical failure subsequent to local buckling.
Considering ductile crack growth, the amount of ductile tearing reduces significantly if local
buckling occurs. Hence, for very ductile materials, limit point behaviour may govern the ca-
pacity. In tension cases the cracks have little effect on global response. But the local response
given by CTOD depends to a large amount on crack depth and length. Hence, a load based
design is not very feasible. In the ductile crack growth cases, the crack growth was always
largest at crack centre.

In summary, the simulations show that a capacity assessment of surface cracked pipes requires
rather advanced tools in order to capture the many interactions between geometry, loading,
and material. Traditional design equations as defined in standards (and mainly based on plate
solutions) may be inaccurate for these geometries, and the most convenient way of assessment
is obtained using direct finite element computations.
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ABSTRACT

A procedure for constraint correction of crack growth resistance curves for single edge notched
specimens and for pipe geometries is presented. The procedure is based on FE models with
the combination of shell- and line-spring finite elements. Crack tip opening displacement and
T-stress are employed, and ductile crack growth is accounted for. Experimental crack growth
resistance curves are obtained for both single edge notched tension- and bending-specimens for
different crack depths to cover significantly different constraint levels. To account for different
constraint levels, a method to scale the resistance curve using the T-stress is implemented.
The analyses include ductile crack growth in both the circumferential and thickness directions.
The effect of circumferential crack growth with biaxial loading is also presented. The results
from the line-spring model are compared with detailed 3D-models for verification of the im-
plementation of circumferential crack growth. The importance of including crack growth in
circumferential direction is discussed based on numerical parametric studies. A measure to
quantify the importance of circumferential crack growth is proposed.

Keywords: Fracture mechanics; Line-spring; Constraint; Two-parameter fracture mechanics;
Ductile crack growth; Plasticity

1 Introduction

Over the last years, large research effort to predict the reliability of offshore pipelines with
surface defects has been carried out (e.g. the joint industry project, Fracture Control Offshore
Pipelines). Surface flaws might arise from weld defects in girth welds used to join pipe segments,
corrosion damage etc. External forces due to impact, snaking or underwater currents could also
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result in buckling which is a global failure mode. When installing offshore pipelines by reeling,
the material is likely to be subjected to large scale yielding with plastic strains of the order
of 2-3% in which the ductility and the crack growth resistance of the material are important
challenges to manage.

The traditional pipeline design criteria used today are mainly focusing on the buckling phe-
nomenon. The allowable strain limit on the compressive side is quite large (about 3%), but
the maximum strain allowed on the tension side is very restricted, and it is on the tension side
fracture mainly is a problem. The standard BS7910:2000 [5] for fracture assessment is mainly
for load controlled situations. For offshore pipelines, a displacement controlled situation result-
ing in high plastic strains occurs, e.g during reeling. In this case, strain-based design is a more
appropriate approach (see Linkens et al. [16]).

An important observation in fracture assessment of pipes is that the stresses in the pipe are
mainly of membrane type even for pipes subjected to global bending as shown by Chiesa et
al. [7]. This effect will lower the constraint in the near crack-tip stress field, and thereby
increase the fracture toughness. This situation characterises many structural applications. Use
of a high constraint single edge notched bending specimen in fracture assessments could then
lead to very conservative decisions. One might reach the situation where no cracks can be
tolerated. This is unacceptable for welded structures, where some defects have to be expected.
A methodology to account for reduced constraint using a single edge notched tensile specimen
for fracture assessment is proposed by Chiesa et al. [7], and implemented in this study.

Three dimensional solid finite element models can be employed to account for surface cracks.
This approach is very time consuming with respect to pre- and post-processing in addition
to long CPU times for the analysis to complete. An alternative approach would be to use a
model of shell finite elements. The surface crack is modelled by introducing line-spring finite
elements. This method is less time-consuming, and gives a good agreement with detailed 3D-
models (Skallerud et al. [23], Jayadevan et al. [11] and Thaulow et al. [28]).

The present study addresses the use of crack tip opening displacement, 7T-stress and ductile
crack growth in fracture assessment of surface cracked shell structures. The software used for
the shell-model is the tailor-made program LINK,;,.. A detailed presentation of numerical
aspects and implementation is given by Skallerud et al. [25]. Tt is based on on a co-rotational
quadrilateral thin shell element denoted ANDES. It was originally developed by Felippa and
Militello [9], and further extended by Skallerud and Haugen [24]. The line-spring formulation
was proposed for elastic materials by Rice [19] and Rice and Levy [20]. It was further extended
to account for elastic-plastic material by Parks and White [30]. Closed-form yield surfaces were
developed by Chiesa et al. [6].

In Skallerud et al. [23], the effect of ductile tearing in thickness direction on pipe response
was studied, and the crack growth in circumferential direction was neglected. In the present
study, crack growth in both thickness and circumferential direction are accounted for. With
this one can assess for what crack sizes it is necessary to account for circumferential ductile
crack growth. The first part of the paper addresses some of the theory behind the line-spring
formulation, and two-parameter fracture mechanics. The effect of circumferential crack growth
for different initial crack lengths is then presented. Circumferential crack growth will be an
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important effect when studying small crack lengths compared to crack depth. Then a small
increase in crack length will give a significant contribution to the total crack growth. This
effect is demonstrated. The final section examines the effect of using two-parameter fracture
mechanics for cracks under large scale yielding. With this, one gets improved predictions of
the strain capacity of the pipelines.

A comparison between the line-spring model and recent full scale testing of pipe-segments is in
progress (Berg et al. [2]). One comparison is published by Thaulow et al. [28].

2 Theory

2.1 Line-spring theory

In a line-spring model, the surface crack is represented by a 2D shell structure with a through
slit connected by springs. The additional compliance introduced by replacing the part-through
flaw with a through-slit is accounted for line-spring elements.

When a cracked structure is analysed using the line-spring/shell model, the generalised shell
resultants transmitted by the series of springs are a membrane force and a bending moment
per unit length of the foundation.

The yield-surface of the line-spring element is based on tabulated values for different crack
ratios published by Lee and Parks [14]. To refine the transition between the tabulated curves,
analyses of additional crack ratios have been carried out to expand the table containing the
tabulated yield-surfaces. The yield function is not smooth in the whole regime as corners
appear where the SEN reaches maximum mid-ligament tension or compression. As seen in
Fig. 1c, the corner-point location of the yield-surface can very well be fitted using a quadratic
polynomial. If the Q; (normalised membrane force) and @, (normalised bending moment) is
plotted individually, it is seen that the Q; follows a parabola (Fig. 1a). The @Q; (Fig. 1b) follows
a linear curve. Fig. 1c shows the position of the corner-point for all crack depth ratios. Fig. 1d
shows yield-surfaces for different crack depth ratios.

The Mode-I elastic-plastic behaviour of the line-spring model assumes an incremental formula-
tion based on a simple associated flow rule with isotropic hardening. In the present line-spring
model, the crack growth is fully plastic, and the crack is propagated quasi-statically based on
the material tearing data. Fracture mechanic testing gives a resistance curve (CTOD — Aa)
which can be treated as a material property for the given constraint-level. The accuracy of this
implementation is verified and demonstrated by Jayadevan et al. [11] and Skallerud et al. [23].

2.2 2-parameter fracture assessment

It is well known that the stress field ahead of the crack tip is not only influenced by the loading
conditions, but it also depends highly upon the crack geometry. This effect is called constraint.
Since the crack initiation of a structure depends upon the stress field in the crack tip region,



0.00¢ © 1.006
O Tabulated values O Tabulated values
-0.05 — Q,=-(am + (any’ — Q,=1-(@an
£ £ 0.80
g 3 g
5 -0.10 9]
s S 0.60
8 g0
8 -0.15 8
2 s 2
EE / 2040
k=] k=]
5 -0.20 5
o o
8 \@\ / 8
x > 0.20
0.25 o
_0'3%.0 01 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 O'O%.O 01 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 l\:)O
alt alt
(a)
10 =0 1
Corner-point on yield-surface — 8
0.9|-of the-Line-spring element b Q”_
T ar=0l s 075 1
0.8 =iz 02 5
0.7 o 051 .
. ’/V =03 r
£ 06 - Vet O Tabulated points | < 025( ]
g Q,=-1.1671Q, +2.533Q,” - 5.2101Q,° & F
0.5} aft=05¢ - _ - iy P4 r b
" \ +8.379Q," - 6.4923Q,” + 1.9575Q,° 1 s
I 0.4 . - Q,=9,+Q/ S
\\\ 2 1 1 ‘0.25 j —
0.3 S 5
= ~ 0.5 —
02 alt=0.75""~ “: .
St B =
0.1 = g \\\) -0.75 —
Il S —_©°
0'90.3 -0.25 -0.2 -0.15 -0.1 -0.05 8 L
Q, = Mith’
(c)

Figure 1: (a)-(c) shows the position of the corner-point of the yield-surface as functions of crack
depth to thickness ratio, and (d) shows a collection of interpolated yield-surfaces for relative
crack depths from a/t = 0.1 to 0.99.

the fracture parameters depend on the geometry as well as load. Due to this fact, the fracture
toughness (K., J. or CTOD) is not a material parameter, but also a geometry dependent
parameter. The T-stress and the ()-parameter are the two most widely used approaches to
measure the constraint. The T-stress is used as a constraint measurement in the subsequent
analyses.

The T-stress is the first non-singular term in William’s solution of the stress field (Larsson and
Carlsson [13] and Du and Hancock [8]), as shown in Eq. 1. The T-stress characterises the local
crack tip stress field for materials with the restriction of small-scale yielding (SSY) conditions.

K T 0 0
03] = —==[f;;(®)] + |0 0 0 (1)
vamr 0 0 vT

The T-stress theory assumes that the T-stress corresponds to to elastic conditions. Most
published data on the T-stress is based on plate solutions, whereas few studies are carried
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out for the pipe geometry. Jayadevan et al. [12] have provided a T-stress compendium for
surface cracked pipes where the Line-spring element is used. Although the T-stress is based
on elastic assumptions, several studies are performed to extend the use of the T-stress under
large scale plasticity. Betegon and Hancock [3] and Hancock [10] have shown the applicability
of the T-stress for large scale yielding. In these studies, the T-stress is computed by employing
the elastic biaxiality parameter (3 = Ty/ma/K[), which is a constant for a given geometry and
load. In large-scale yielding conditions, the stress field surrounding the crack tip will change
with deformation. The T-stress in the line-spring element is based on the local membrane force
and bending moment, hence the local loading modes are taken into account when computing
the “elastic-plastic” T-stress. This is expected to give a better constraint estimate compared
to the one derived from the elastic biaxiality parameter (see Jayadevan et al. [12]).

To get a deeper understanding of the effect of constraint in structures, the constraint level for
different standard fracture mechanics test specimens are reported by O’Dowd and Shih [18] and
Thaulow et al. [27]. These data shows the fracture toughness as a function of the constraint
level. This is illustrated as a two-parameter failure locus in Fig. 2. It is seen that the widely
used three point bend specimen has a high constraint, which yields a low fracture toughness
compared to the lower constrained tensile specimen with the same physical geometry. Crack
initiation is expected to occur when the driving force cuts the failure curve. For a low constraint
geometry, the intersection of the driving force curve and the experimentally derived resistance
will allow for higher driving forces than for a high-constrained geometry. Hence, the need for an
efficient and accurate constraint procedure arises, such as T-stress calculated by line-springs.
The T-stress is computed in the Line-spring element from the membrane force, N, and the

Fracture toughness, K;., J. or CTOD.

Constraint, Q or T

Figure 2: Two parameter fracture assessment, failure locus.

bending moment, M, along the crack using relationships derived by Sham [22], and further
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refined by Lee and Parks [15] and Wang and Parks [29)].
T(s) = N(S)tN <a(s)) N 6M($)tM <M) 2)

t t 12 t

where the functions ¢y and t,; are polynomial relationships depending on the crack ratio along
the crack front. Note that when the line-spring enters the elastic-plastic regime, N and M
moves along the yield-surface due to plastic deformations and redistribution of shell stresses.
In the subsequent calculations of the T-stress, Eq. 2 is employed also for this situation.

2.3 Ductile crack growth

Ductile crack growth is implemented in the line-spring element. To account for ductile crack
growth, the crack growth resistance curve must be applied. The curve employed herein follows

the form of Eq. 3 (BS7448:4 [4]).
CTOD = CTOD; + C,(Aa)® (3)

where CT'OD; is the critical CTOD-value where ductile crack growth is initiated. C; and Cy
are fitting constants. It is well known that the crack growth resistance curve does not uniquely
characterise the material’s crack growth resistance. It also depends on the current geometry and
the stress triaxiality ahead of the crack tip as shown by Nyhus et al. [17]. Recent experimental
crack growth data for X65 steel reported by Storslet [26] is shown in Fig. 3a. The crack growth
resistance curves for two single edge notched bend specimens and one tension specimen are
plotted. These results demonstrate the effect of constraint, and the crack growth resistance
curve can not be treated directly as a material parameter.

3.5 T T 35
—-~ 3| SENTa/t=0.2 —~ 3| SENTa/t=0.2
£ SENB a/t=0.2 - g SENB a/t=0.2
E 25 | SENBa/t=0.5 - E 25 | SENBa/t=05 -
3 2 3
EH 15 EH 15 /
0.5 05
0 0
0 0.5 1 15 2 25 0 05 1 15 2 25
Aa [mm] Aa [mm]
(a) (b)

Figure 3: (a) Experimental crack growth resistance curves and (b) constraint corrected resis-
tance curves for an X65 steel (Storslet [26]).

Nyhus et al. [17] have shown that the resistance curves can be normalised by employing the
T-stress. They proposed that the resistance curves derived from different test specimens can
be corrected for constraint based on a reference crack growth curve as

CTOD™ = CTOD"™ ¢(T) (4)
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where CTOD®" is the constraint corrected resistance curve and CTOD™/ is the reference
curve. One of the crack growth resistance curves should be treated as the reference curve,
whereas the other curves are treated as slave curves. The dimensionless function ¢(7"), after
Ainsworth and O’Dowd [1], is a geometry dependent function which also may depend on the

material: o
g<T>={ Lra(-122)] T <o 5)
1 T>0

The parameters o and m in Eq. 5 are two material constants. Three resistance curves from
different constraint levels are needed to calculate the constants. g is the yield stress. The
parameters, o and m will change depending on the curve that is selected as reference curve.

It is important to note that not all crack growth resistance curves can be normalised this way. If
the difference in constraint for the curves to be normalised is too small, and still the resistance
curves are not overlapping, one might not be able to determine the parameters in Ainsworth’s
equation.

3 Numerical implementation

In a surface cracked pipe with semi-elliptical surface cracks oriented in the circumferential
direction, some amount of circumferential crack growth will occur in addition to the growth in
the thickness direction. This crack growth will contribute to the reduction of stiffness in the
model.

One benefit of the line-spring model is that it is not necessary to do re-meshing regarding
the crack growth in the thickness direction. A procedure to account for crack growth in the
circumferential direction is now presented.

The circumferential crack growth is controlled by the initial crack geometry, the loading con-
ditions and the structural geometry.

Ac = f(a,c,t) (6)

The initial aspect ratio for the crack geometry is denoted a/2c¢, where a is the initial crack
depth and 2c is the total initial crack length.

By the end of each time increment, the crack depth and the crack length is updated.

The quantities in Eq. 7 and Eq. 8 are shown in Fig. 4.

The four nodes at the crack ends is moved along at the end of a time increment, thus increasing
the length of the end-elements. The approach is illustrated in Fig. 5. Note that in LINK,;,., the
line-spring element is given a small transverse extension to achieve a defined local coordinate
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initial geometry

initial geometry

after crack growth after crack growth

(a) (b)

Figure 4: Crack growth behaviour of a surface crack subjected to loading. (a) gives a schematic
view of the previous implementation where only crack growth in the thickness direction was
accounted for, and (b) shows principles in the improved implementation of the crack growth.

system in space to fit with the co-rotated formulation. The extension in Fig. 5 is artificially
large, but used here to clarify the symbols in the figure.

The method showed in Fig. 5 is based on nodal movement. The nodes at the crack ends
are moved in the circumferential direction to perform ductile tearing in the circumferential
direction. In this way, four nodes will be moved, thus 10 shell-elements are altered due to
change in local geometry. One should note that if the circumferential crack growth is larger
than (almost) the size of the neighbour shell element, a re-meshing is required. In the subsequent
analyses, this was not necessary.

The abscissa axis in Fig. 6 is the ratio of crack depth (a) to the initial ligament (), where the
ordinate axis is the ratio of circumferential crack growth to initial ligament. See Fig. 4b for
detailed view of the dimensions. In Fig. 6 the “+” are results from 81 3D-analyses, employing
the Gurson-Tvergaard damage model (see Sandvik et al. [21] for details) of pipes subjected
to various internal pressure and pure tensile loading. The dashed trend line is a best fit
interpolation of the points, and this curve is implemented in LINK,,., i.e. defining Eq. 6.

Due to difference in crack depth along the crack front, the constraint will also have influence on
the circumferential crack growth. When the crack length increases, the cracked section becomes
softer compared to the global geometry, hence the crack growth at the deepest point of the
crack will increase faster, resulting in modification of constraint. This effect is automatically
taken into account when performing constraint correction of the crack growth resistance curve
for all time increments.

4 Results and discussion

The results from the line-spring model are obtained using LINK,;,.. For the 3D-analyses,
ABAQUS is employed. LINK,;, uses a high performance ANDES shell element along with
the line-spring element, whereas the 3D-analyses are performed using C3D8-elements. The
built-in Gurson-model in ABAQUS is used for the 3D-analyses. The resulting crack growth
resistance curves from the 3D-analyses are used as input to LINK,;,. for the analyses in Figs. 8-
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Nodes moving

Figure 5: Schematic view of the method used to model circumferential crack growth.

10. The Gurson-parameter for initial void volume fraction used in Zybell [31] is fo = 0.001.
Comparisons with full scale tests on pipes with and without internal pressure will be presented
in a subsequent paper (Berg et al. [2]). The simulation results in that study compare well with
the test results.

4.1 Material model

The material behaviour for this pipe is assumed to follow an isotropic non-linear hardening
model according to

e n

0; = 0g (ﬂ + 1) , for o; > o) (9)

€0
where o; is the flow stress, oy is the initial yield stress, €, is the plastic strain and n is the
hardening exponent. The yield strain, gy can be expressed as 0/ FE. The elastic-plastic material
properties for the analyses carried out are £ = 200G Pa, the Poisson’s ratio, v = 0.3, the yield
stress, 09 = 460M Pa, and the hardening exponent n = 0.07. These values correspond to an
X65 steel.

4.2 Model geometry

The global geometry of the model is a straight pipe. The cross section area is circular with
a wall thickness of 20mm. The geometry is illustrated in Fig. 7. Here the outer diameter of
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Figure 6: Crack growth data from 3D-analyses performed by Sandvik et al. [21] (+), and dotted
line is the trend-line. (a) shows all the 81 3D-analyses and (b) shows only those with no internal
pressure. a is the crack depth, ¢ is the half crack length and [ is the initial ligament size.
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Figure 7: Pipe geometry.

the pipe is 400mm, and the total length of the pipe segment is 2400mm (six times the outer
diameter). Three crack length ratios of crack length to circumference (2¢/O) have been studied:
0.05, 0.10 and 0.30. The initial relative crack depth was was set to a/t = 0.2 in all three cases.

4.3 Numerical results
Effect of circumferential crack growth, tension loading

In practise, one could expect some effect of crack growth in the circumferential direction. How
important this effect is depends upon several factors. Some of these factors are the initial crack
geometry related to the global geometry, loading conditions, material properties and crack
growth relations. An important aspect is to know the magnitude of the circumferential crack
growth compared to the crack growth in the thickness direction. The result of 81 3D-analyses
is shown in Fig. 6. In the following pipe-analyses the trend-line (dashed line) in Fig. 6 is used
for the Line-spring model. In the legends in Figs. 8-10, “w/o d2¢” expresses analyses without
crack growth in the circumferential direction. “w d2¢” expresses analyses taking circumferential
crack growth into account. 3D is the data from 3D-calculations performed using ABAQUS. For
the comparisons, a nominal strain measure was chosen obtained as pipe elongation divided by
original pipe length.



4. RESULTS AND DISCUSSION 69

The line-spring results are now compared with some recently performed 3D analyses (Zy-
bell [31]). For the case of 2¢/O = 0.05, Fig. 8, the line-spring model is run both with and
without circumferential crack growth. It is shown that the effect of circumferential crack growth
is important. If circumferential crack growth is not taken into account, the Line-spring model
predicts a non-conservative result compared to the 3D-analysis. When the effect of circum-
ferential crack growth is taken into account in the line-spring model, the comparison becomes
accurate.

4
35
w/o d2c

I 3+ W d2C e
5 3D (0]
8 25
5 2
o
(@] 1.5 -

' /:\ g

0 7 0.01 0.02 0.03 0.04 0.05 0.06
Strain [mm/mm|]

Figure 8: Comparison of nominal strain vs. CTOD for pipe in pure tension. Initial crack
length, 2¢/O = 0.05, and initial crack depth, a/t = 0.2.

When the ratio of crack length to circumference, 2¢/0O, is increased from 0.05 to 0.10, the effect
of the circumferential crack growth decreases (see Fig. 9).

In Fig. 10 the crack length to circumference, 2¢/O, is now increased to 0.30, and the effect of
the circumferential crack growth is negligible. When the crack growth is initiated at a strain
of approximately 2.4%, a very small increase in the global strain is needed for unstable crack
growth to occur. The results for the Line-spring model are then overlapping, and both gives
some conservatism compared to the 3D-analysis. In this case the percentage increase in crack
length is about 8%. Still the initial 2¢/a-ratio is very high. Due to the tensile loading the crack
will experience little stable crack growth before unstable crack growth occurs. This is seen by
the very sudden change in the slope of the curve.

An error-estimate is proposed to quantify the effect of taking circumferential crack growth into
account. The error-estimate is expressed as
CTOD,, — CTOD,/,
=
CTOD,

(10)

where CTOD,, is the CTOD for the analyses where circumferential crack growth is taken
into account, and CT'OD,,, is taken from the analyses where circumferential crack growth is
neglected.
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Figure 9: Comparison of nominal strain vs. CTOD for pipe in pure tension. Initial crack
length, 2¢/O = 0.10, and initial crack depth, a/t = 0.2.

The values for CTOD,, and CTOD,, used in Eq. 10 are chosen corresponding to a specified
slope of the strain versus CTOD curves (e.g. Fig. 9). When ductile crack growth is initiated,
the slope increases. When the slope reaches 10 times the slope in the area where ductile crack
growth has not been initiated, the data is recorded. The results are presented in Fig. 11 for
different crack length ratios (2¢/0O) and for two initial crack depth ratios (a/t). It is seen that
the error-estimate decreases for increasing crack length ratios. One also observes that the error
estimate increases somewhat when initial crack depth ratio decreases.

4.4 Effect of biaxial loading on circumferential crack growth

Fig. 12 shows the effect of taking circumferential crack growth into account when the pipe
is subjected to biaxial loading (internal pressure combined with tension or bending). Pipes
without internal pressure are included as a reference case. Note that as the surface crack was
located on the outside of the pipe, no effect of pressure on the crack faces was present. The
initial crack geometry in this case is ap = 4mm and 2¢y = 50mm. Four levels of internal
pressure are analysed, where the pressure level is given as the ratio between the stress in the
circumferential direction to the initial yield stress. The effect of taking circumferential crack
growth into account for biaxial loading is here seen for all cases. The effect is however slightly
reduced with increasing internal pressure.

It is worth to note that for the pipe in bending with a low internal pressure (0 /0y < 0.2), the
pipe suffers from local buckling rather than crack growth through the thickness. For the case
of oy, /o9 = 0.2, the crack opens until CTOD equal to about 4mm before the pipe buckles. For
higher internal pressures, the pipes do not buckle, hence the crack grows through the thickness.
A noticeable effect of taking circumferential crack growth into account is observed.

As also demonstrated by Jayadevan et. al (2005), an increasing internal pressure reduces the
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Figure 10: Comparison of nominal strain vs. CTOD for pipe in pure tension. Initial crack
length, 2¢/O = 0.30, and initial crack depth, a/t = 0.2.

strain carrying capacity of the pipe.

Effect of constraint corrected resistance curves

Fig. 3a shows experimental crack growth resistance curves for three standard test-specimens
having different level of constraint. In Fig. 3b, the curves are normalised by employing the
T-stress in Eq. 5. In this case, the curves from the SENB specimen with a relative crack depth
of a/t = 0.5 is used as the reference curve. This specimen also yielded the highest constraint,
i.e. gives the lowest fracture toughness. The two unknown parameters in Eq. 5, o and m are
then fitted to be a = 0.7602 and m = 1.1352.

When using the resistance curve for the deepest SENB-specimen in numerical analysis of a
SENT-specimen, the curve “SENB” in Fig. 13 for the SENT-specimen without taking the effect
of constraint correction into account is obtained. It is shown that the load carrying capacity
of the specimen is significantly reduced compared to the case when using the resistance curve
from the SENT-specimen. When the SENT specimen is constraint corrected, i.e. the resistance
curve from the SENB specimen is multiplied by the correction factor, g(T"), the same result is
obtained as for the SENT-specimen analysed with it’s own resistance curve.

In Fig. 14 the surface cracked pipe subjected to pure tensile loading is analysed using different
crack growth resistance curves. The case having no ductile crack growth is here included as a
reference case, marked “stationary“. The curve “SENT” is the pipe run with the resistance
curve for the SENT geometry having the same a/t (from Fig. 3) and thus having almost similar
constraint conditions as the pipe. The curve marked “senb” is the same model - the only
difference is the resistance curve. This analysis is carried out using the curve from the SENB-
geometry with a crack ratio of a/t = 0.5. This is a high constraint geometry, thus giving less
resistance to ductile crack growth. This is clearly seen as unstable crack growth in the pipe
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Figure 11: Effect of circumferential crack growth for different crack lengths ratios (2¢/O) and
crack depth ratios (a/t). « is the error estimate (Eq. 10).

occurs at a much lower nominal strain. When the resistance curve for the SENB (a/t = 0.5) is
constraint-corrected the results are similar as for the pipe with the SENT-resistance curve.

5 Concluding remarks

The present study focuses on the effect of circumferential crack growth and constraint effects
in surface cracked pipe segments.

Three different crack lengths are studied with respect to circumferential crack growth. The
correspondence between 3D- and line-spring analyses is good. It is clearly seen for the shortest
initial crack length (2¢/O = 0.05) that the circumferential crack growth is important (see
Fig. 11). For longer initial crack lengths (2¢/O > 0.1), the crack growth in the circumferential
direction has a minor effect. The effect of biaxial loading is also shown. The effect is significant
for both tension and bending in combination with an internal pressure. For the cases with a low
internal pressure, the pipes subjected to global bending buckled before unstable crack growth
occurred.

The effect of constraint corrected resistance curves demonstrated that the crack growth resis-
tance curve has a large influence on the crack growth behaviour. The SENB-geometry has
traditionally been used to quantify the fracture toughness for a material, but previous and
the present studies show that this can lead to very conservative results. The application of
the “elastic-plastic” T-stress seems to work well as a constraint measure also under large scale
yielding.
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Figure 12: Effect of internal pressure on CTOD versus nominal strain for pipe subjected to (a)
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6 Acknowledgements

The authors would like to acknowledge Mr. A. Sandvik, Professor K. Holthe and Dr. E. Qstby
for helpful discussions and assistance regarding this work. Also the support from the partici-
pants in the joint industry project “Fracture Control Offshore Pipelines” is highly appreciated.



74 PAPER 11

1.4
SENT O

1.2 corrected 2 i
& 08 - (’:um,,,@
= el

0.6 /

0.4/

0.2

0
0 0.005 0.01 0.015 0.02 0.025 0.03
Strain [mm/mm|]

Figure 13: Nominal strain versus normalised applied load.

5 :
:
4+ stationary O i
— SENT &
g SENB © ;
ﬁ 3L corrected <
Q @ @ﬁ;’
= & p
1o L5
@) 2 ¥s) Mw
S e*@"gé e
1 oD et
) ==

0 0.01 0.02 0.03 0.04 0.05
Strain [mm/mm]

Figure 14: A pipe in pure tension loading. Two different crack growth resistance curves are
employed for the analyses - a SENT-curve and a SENB-curve.



References

1]

[10]

[11]

R.A. Ainsworth and N.P. O’'Dowd. A framework for including constraint effects in the
failure assessment diagram approach for fracture assessment. In: Proceedings of ASME
Pressure Vessels and Piping Conference, PVP-vol.287/MD-vol. 47, 1994.

E. Berg, E. Ostby, C. Thaulow, and B. Skallerud. Comparisons between the line-spring
model and full scale testing of pipe-segments. Work in progress, 2007.

C. Betegon and J. W. Hancock. Two parameter caracterization of elastic-plastic crack-tip
fields. Journal of Applied Mechanics, 58:104-110, 1991.

British Standard. BS7448:4 fracture mechanics thoughness tests. method for determination
of fracture resistance curves and initiation values for stable crack extension in metallic
materials. British Standards Institution, 1997.

British Standard. BS7910:2000 guide on methods for assessing the applicability of flaws
in metallic structures. British Standards Institution, 2000.

M. Chiesa, B. Skallerud, and D. Gross. Closed form line spring yield surfaces for deep

and shallow cracks: formulation and numerical performance. Computers and Structures,
80:533-545, 2002.

M. Chiesa, B. Skallerud, and B. Nyhus. Efficient numerical procedures for fracture as-

sessments of surface cracked shells. Proceeding of Furopean Conference of Computational
Mechanics, Krakow, Poland, 2001.

Z.7. Du and J. W. Hancock. The effect of non-singular stresses on crack-tip constraint.
Journal of the Mechanics and Physics of Solids, 39:555-567, 1991.

C. A. Felippa and C. Militello. Membrane triangles with corner drilling freedoms—ii. the
andes element. Finite Elements in Analysis and Design, 12(3-4):189-201, 1992.

J. W. Hancock, W. G. Reuter, and D. M. Parks. Constraint and toughness parametrized
by: T-stress. American Society for Testing and Materials, Philadelphia, 1171:21-40, 1993.

K. R. Jayadevan, E. Berg, C. Thaulow, E. Ostby, and B. Skallerud. Numerical investigation
of ductile tearing in surface cracked pipes using line-springs. International Journal of Solids
and Structures, 43:2378-2397, 2006.

1)



76

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

22]

23]

[24]

[25]

REFERENCES

K. R. Jayadevan, C. Thaulow, E. Ostby, E. Berg, B. Skallerud, K. Holthe, and B. Ny-
hus. Structural integrity of pipelines: T-stress by line-spring. Fatigue and Fracture of
Engineering Materials and Structures, 28:467-488, 2005.

S. G. Larsson and A. J. Carlsson. Influence of non-singular stress terms and specimen
geometry on small-scale yielding at crack tips in elastic-plastic materials. Journal of the
Mechanics and Physics of Solids, 21:263-277, 1973.

H. Lee and D. M. Parks. Fully plasticanalyses of plane strain single-edge-cracked specimens
subjected to combined tension and bending. International Journal of Fracture, 63:329-349,
1993.

H. Lee and D. M. Parks. Enhanced elastic-plastic line-spring finite element. International
Journal of Solids and Structures, 32(16):2393-2418, 1995.

S. Linkens, Formby, C. L., Ainsworth, and R. A. A strain-based approach to fracture
assessment — example applications. Proceedings of fifth International Conference on engi-
neering structural integrity assessment, EMAS, 63, 2000.

B. Nyhus, Z.L. Zhang, and C. Thaulow. Normalisation of material crack resistance curves
by the T-stress. Proceedings of the 14th European Conference of Fracture, Poland, 2002.

N. P. O'Dowd and C. F. Shih. Two-parameter fracture mechanics theory and applications.
American Society for Testing and Materials, Philadelphia, 24(1207):21-47, 1994.

J.R. Rice. The line spring model for surface flaws. Swedlow, J.L. (Ed.), The Surface
Crack: Physical Problems and Computational Solutions. American Society of Mechanical
Engineers, New York, pages 171-185, 1972.

J.R. Rice and N. Levy. The part-through surface crack in an elastic plate. Journal of
Applied Mechanics, 39:185-194, 1972.

A. Sandvik, E. @stby, and C. Thaulow. A probabilistic fracture mechanics model including
3D ductile tearing of bi-axially loaded pipes with surface cracks. Preprint submitted to
Elsevier Science, 2006.

T.L. Sham. The determination of the elastic t-stress using higher order weight functions.
International Journal of Fracture, 48:81-102, 1991.

B. Skallerud, E. Berg, and K. R. Jayadevan. Two-parameter fracture assessment of surface
cracked cylindrical shells during collapse. Engineering Fracture Mechanics, 73:264-282,
2005.

B. Skallerud and B. Haugen. Collapse of thin shell structures - stress resultant plasticity
modelling within a co-rotated andes finite element formulation. International Journal for
Numerical Methods in Engineering, 36:1961-1986, 1999.

B. Skallerud, K. Holthe, and B. Haugen. Thin shell and surface crack finite elements
for simulation of combined failure modes. Computer Methods in Applied Mechanics and
Engineering, 194(21-24):2619-2640, 2005.



REFERENCES 7

[26]

[27]

28]

[29]

[30]

[31]

L. Storslett. Fracture control offshore pipelines: Ductile crack growth of semi-elliptical
surface cracks. Master’s thesis, Norwegian University of Science and Technology, Norway
(in Norwegian), 2004.

C. Thaulow, E. Ostby, B. Nyhus, Z. L. Zhang, and B. Skallerud. Constraint correction
of high strength steel. selection of test specimens and application of direct calculations.
Engineering Fracture Mechanics, 71:2417-2433, 2004.

C. Thaulow, B. Skallerud, K. Holthe, E. Berg, E. Ostby, B. Nyhus, and J. degard.
Fracture control of pipelines using linkpipe: From rule based design to direct calculations.
Proceedings of HSLP-IA2006: International seminar on Application of High Strength Line
Pipe and Integrity Assessment of Pipeline, 2006, Xi’an, People’s Republic of China, 2006.

Y.-Y. Wang and D. M. Parks. Evaluation of the elastic t-stress in surface-cracked plates
using the line-spring method. International Journal of Fracture, 56:25-40, 1992.

C. S. White and D. M. Parks. Elastic-plastic line-spring finite elements for surface-cracked
plates and shells. Journal of Pressure Vessel Technology, 104:287-292, 1982.

L. Zybell. Finite element analysis of ductile fracture behaviour of pipe sections with surface
cracks. Master’s thesis, Norwegian University of Science and Technology, Norway, 2004.






PAPER III

Ultimate fracture capacity of pressurised pipes with defects — comparisons of
large scale testing and numerical simulations

E. Berg, E. Ostby, C. Thaulow, B. Skallerud

Engineering Fracture Mechanics 75(8):2352-2366, 2008.






Ultimate fracture capacity of pressurised pipes with defects —
comparisons of large scale testing and numerical simulations

E. Berg!, E. @stby?, C. Thaulow?, B. Skallerud!

Department of Structural Engineering, Norwegian University of Science and Technology,
7491 Trondheim, Norway
2SINTEF Materials and Chemistry, 7491 Trondheim, Norway
3Department of Engineering Design and Materials, Norwegian University of Science and
Technology, 7491 Trondheim, Norway

ABSTRACT

In this paper results from large scale 4-point bending tests of pipe-segments are compared with
numerical analyses using LINK,;,.. The experiments were carried out as a part of the joint
industry project Fracture Control — Offshore Pipelines. The comparisons between large scale
testing of pipelines and numerical analyses also address the effect of biaxial loading on the
strain capacity. The defect is positioned on the tension side of the pipe when applying the
load. A parametric study on changing the nominal wall thickness of the pipe is carried out.
Due to variation in the yield stress, a parametric study to see the effect of this variation was also
performed. The results demonstrate that considering ductile crack growth and biaxial loading
are important elements in fracture assessment procedures for pipe-lines.

Keywords: Fracture mechanics; Line-spring; Biaxial loading; Ductile crack growth; Large
scale testing

1 Introduction

Surface cracks due to welding defects, corrosion, etc., may occur in pipelines. Offshore pipelines
usually consist of many kilometres of girth welds, thus the possibilities of defects being present
must be taken into account during design. Further, there is an emerging trend that pipelines
may be subject to larger deformation both during installation and operation. For installation
scenarios the reeling method is well known, yielding plastic strains in the pipe up to 3%.
But also other installation methods, like e.g. S-laying, may result in plastic strains. During
operation on-bottom snaking, upheaval buckling, landslide and seismic activity can lead to
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significant deformations in the pipe. For these latter cases this will usually occur while the
pipe is pressurised, and there is a biaxial loading in the pipe wall. Current fracture assessment
procedures are not developed to handle cases where global plastic deformations occur. Thus,
there has been a great interest in developing a fracture assessment procedure to address such
loading scenarios in the recent years (see e.g. Linkens et al. [11]; Bratfors [3]; Wang et al. [26];
Ostby [14, 15]; Budden [4]), often referred to as strain-based approaches. A specific issue of
concern is the effect biaxial loading. For pipes subjected to a global bending moment, two
competing failure modes are acting at the same time. The first failure mode is fracture where
the crack grows through the thickness, and the second failure mode is a structural failure,
e.g. local buckling. For the local buckling failure mode the biaxial loading has been shown
to have a beneficial effect on the deformation capacity (Vitali et al. [25]). However, numerical
studies (Shimanuki and Inoue [21];Jayadevan et al. [9],[8] and Ostby et al. [17]) have pointed
in the direction that the biaxial loading may increase the crack driving force as a function
of the applied strain, an effect not accounted for in existing assessment procedures. Thus, it
could be detrimental for the deformation capacity of pressurised pipes with defects. @stby and
Hellesvik [16] have recently provided experimental large scale verification of the detrimental
effect of biaxial loading on the strain capacity of pipes. These results clearly demonstrate the
need for assessment procedures capable of handling this effect.

In fracture assessments of pipelines, the wall-stresses are mainly of membrane type (see Chiesa
et al. [6]). This will lower the constraint level in the near crack-tip stress field, thus increasing
the fracture toughness. Use of tearing curve based on a high-constrained fracture specimen can
lead to very conservative decisions. A methodology to account for reduced constraint using a
single edge notched tensile specimen (SENT) for fracture assessment was proposed by Nyhus
et al. [12] and demonstrated by Berg et al. [2]. To account for surface cracks, line-springs
are used herein (Rice [18];Rice and Levy [19];White and Parks [27];Chiesa et al. [5];Skallerud
et al. [22];Jayadevan et al. [8];Thaulow et al. [24]). The present study addresses comparisons
between the shell- and line-spring model and the results from the large scale testing presen-
ted in Ostby and Hellesvik [16]. The software LINK,,,. is employed (see Skallerud et al. [23]
for details). Ductile crack growth in thickness and circumferential direction is accounted for
in the numerical analyses in this study by employing the crack growth resistance curve (see
Sec. 5). The effects of changing the nominal wall thickness and yield stress are also studied and
presented herein. Some of the experiments are also performed with biaxial loading by means
of internal pressure in addition to global bending. All of the experiments are performed with
an external surface crack, thus pressure on the crack faces is not relevant.

2 Theory

2.1 Line-spring

A surface flaw in a finite element model consisting of shell elements can be accounted for
by employing line-spring elements. In the elastic line-spring formulation, the generalised dis-
placements and the internal forces are related through the compliance matrix. This matrix is
determined from single edge notched (SEN) specimens using the energy/compliance proposed
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Figure 1: Crack growth in circumferential direction. (a) schematic view of the method and
(b) interpolated trend line to quantify the circumferential crack growth based on a set of 3D-
analyses performed by Sandvik et al. [20].

by Rice and Levy [19]. The elastic-plastic line-spring element is based on a set of convex yield
surfaces, ®{Q);;a;t;0,(cP)}, where (); are the generalised forces in the line-spring element, a
is the crack depth, ¢ is the wall thickness, and o, () is the current uniaxial yield stress at an
equivalent plastic strain of e according to the material’s stress-strain curve. The yield surfaces
for the line-spring element use the tabulated values for different crack depth to thickness ratios
published by Lee and Parks [10]. Simulations of additional crack ratios were carried out by
the authors to refine the transition between the tabulated crack ratios provided in the litera-

ture. Further details of theory and implementation of the software LINK,,,. are provided by
Skallerud et al. [22, 39].

Ductile crack growth is implemented in the line-spring element as an incremental formulation.
The crack propagates quasi-statically through the thickness based on the crack growth resis-
tance curve given as input to the analysis. This crack growth resistance curve can be treated
as a material parameter for a given constraint level. The updated crack dimensions at the end
of a load increment is expressed as a®" = a® + Aa® and Y = @ + Ac®. The crack
growth resistance curve can be obtained from fracture mechanic experiments or from a damage
mechanic numerical analysis (e.g. Gurson-Tvergaard-Needleman model). The crack growth
resistance curve used is on the form presented in Fig. 7.

Crack growth in circumferential direction is accounted for and implemented as shown in Fig. 1a,
and presented in detail by Berg et al. [2]. A set of 3D-analyses were performed by Sandvik et
al. [20], and the circumferential crack growth was obtained in these analyses. An interpolation
between these 3D-results was performed to make a general quantification of the circumferential
crack growth (see Fig. 1b).
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3 Experimental setup and measurements

A thorough presentation of the large scale testing can be found in @Dstby and Hellesvik [16].

3.1 Experimental set-up

The experiments were carried out by subjecting a tubular pipe to four point bending. The test
rig was oriented horizontally along the floor. The load was applied using a hydraulic cylinder
having a maximum capacity of 1500kN. The maximum stroke of the cylinder was 1500mm,
which was capable of generating a strain level of 7-8% in the axial direction of the pipe body
assuming constant curvature in the bending process. A complete setup of the rig and pipe is
shown in Fig. 2. To ensure that the load was distributed evenly to the two inner rods, pin-
loaded spreader plates were used. To prevent local buckling in the pipe where the tension rods
were connected, the part between the outer and inner tension rod were filled with concrete.
The open space of 1900mm between the two inner tension rods were then filled with air or
water.

The crack was positioned on the tension side at the mid-span of the pipe where the minimum
wall thickness was measured. Details on crack geometry is presented in Sec. 4. For the cases
of biaxial loading, the space between the two inner tension rods were filled with pressurised
water.

3.2 Measurement techniques

The measurement techniques include several approaches to measure the global and local be-
haviour of the experiments. The force in the hydraulic cylinder was directly measured using the
hydraulic pressure. The cylinder stroke was measured using a displacement transducer. The
forces in the tension rods were measured using load cells. Additional displacement measures
were also performed - the displacement at the centre of the pipe and at 2 outer diameters at
each side of the mid-pipe.

The strain in the pipe during the deformation was measured using two techniques. Strain
gauges were attached on the pipe at distances 0.5, 1.0 and 2.0 times the outer diameter from
the mid-span of the pipe on the tension and on the compression side (see Fig. 3). Another strain
measure used was to assume constant curvature along the pipe for the inner 1900mm segment,
€ = §, where 7 is the outer radius of the pipe and R is the radius of curvature. @stby and
Hellesvik [16] showed that the two strain measurements yielded consistent values. The strain
gauges showed the same strain values up to material yielding. Post-yielding in the pipe gave
some difference between the strain gauges. To define a characteristic bending strain measure,

the results from the different strain gauges were averaged.

The crack opening displacement (CTOD) can not be measured directly from the experiments,
thus the crack mouth opening displacement (CMOD) was measured using clip gauges. The
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Figure 2: Overview of the experimental setup.

clip gauges were mounted in spark eroded grooves in the pipe at the centre of the defect. The
attack point of the clip gauge was 0.2mm below the pipe surface.

For one pipe in each of the three pairs of pressure levels (see Table 1), silicon replica were
made to measure the defect size during the experiment. An initial replica was produced as
a reference. At different deformation levels, new replica were extracted. These replica were
used to measure the current crack extension and the current C'TOD. Cross sections of the
replica were examined in a light optical microscope to measure the physical crack extension
and CTOD. The amount of crack growth was calculated by comparing the current and the
initial silicon replica, where the initial replica represented zero crack extension. They were then
used to convert from the measured CMOD to CTOD.
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Figure 3: Positions of the strain gauges on the pipe wall. D is the outer diameter.
4 Geometry of the pipe and modelling aspects

The initial experimental configuration was a straight tubular pipe subjected to four point
bending with/without internal pressure. The numerical model only consisted of the space
between the concrete fillings, hence the length was 1900mm. The nominal outer diameter of
the pipe was 323.9mm, and the nominal wall thickness 14.9mm. The pipes were seamless, thus
the wall thickness was varying somewhat around the circumference due to the manufacturing
process. Spark erosion was used to introduce the crack.

The numerical pipe segment was subjected to a global constant bending moment. For the
cases of biaxial loading, an internal pressure along with an axial tensile force due to the closed
ends was also applied. Fig. 4 shows the boundary conditions. To avoid a singular system
and rigid body motion, the left end of the pipe segments was constrained in the X- and Y-
and Z-directions. The right end of the pipe segment was free to move in the X-direction, but
constrained in the Y- and Z-directions. The rotational degree of freedom about the X-axis at
the left end was constrained, whereas the other rotational degrees of freedom were free. The
pipe segment was then subjected to a bending moment about the Y-axis at both ends. The end
planes were kept planar during the analysis. The bending moment was applied at the center of
the end planes, and the displacements were distributed to all the nodes in the end planes.

T Crack

]U»» T %H XAETFQC

Figure 4: Boundary and loading conditions.

Fig. 5 shows the crack geometry used in the numerical analyses. The crack is symmetric about
the Z-axis. The initial crack length, 2cy, was 100mm for all experiments, and thus the same
for the analyses. The initial crack depth, ag, was varying from 2.75mm to 3.25mm for the
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different experiments. The analyses were performed using the crack depth that corresponded
to the actual experiment. The wall thickness, ¢, showed variations from 13.97mm to 14.48mm.
The local variations in the wall thickness was not taken into account in the analyses. The
wall thickness used in the analyses was kept constant corresponding to the smallest nominal
measured value around the circumference for each of the experiments. The wall thickness used
in the numerical analyses corresponds to the values in Table 1. A parametric study of the effect
of changing the wall thickness is also performed and demonstrated later in this paper. Table 1
gives an overview of the geometries and internal pressure from each of the experiments.

7

Y/D Ly
RS

Figure 5: Crack position and geometry.

The initial crack was spark eroded at the position where the measured wall thickness was at
its minimum, and the values are shown in Table 1. The initial crack depth was aimed to be
3.0mm, but as can be seen in Table 1, some variation was measured.

Table 1: Local geometry and internal pressure for the
experiments.

Experiment t[mm] aglmm] 2colmm] p;[M Pal

1 14.45 2.75 100 32.5
2 14.12 3.11 100 0
3 14.48 2.78 100 32.5
4 14.45 3.20 100 13.5
) 13.97 3.25 100 0
6 14.23 3.09 100 13.5

5 Material properties

The pipe-material in these experiments was an X65 steel. To obtain the stress-strain curve,
tensile specimens were cut from the pipe at four positions along the circumference, as shown
in Fig. 6. The tensile specimens were cut from a region not subjected to plastic deformations
during the tests. The elastic material properties were measured to Young’s modulus, F =
200G Pa, and Poisson’s ratio, v = 0.3. The average yield stress (0g2), average tensile strength
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(org) and engineering strain at maximum load (&,,,,) was measured to respectively 484.4MPa,

559.5MPa and 7.6%.

Although some variations in the yield stress level along the circumference can be seen in Fig. 6,
the hardening is similar. The average material properties were used as input data to the finite
element analyses. Note that the stress-strain curves used herein are monotonic curves.
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%2 1 6 s 10

Nominal strain [%]

Figure 6: Stress-strain curves from the experiments at four different positions along the cir-
cumference for Test 1.

The crack growth resistance curve used in the numerical analyses is derived from results ob-
tained from single edge notched tension (SENT) specimens from the same X65 material. It
has been demonstrated in Ostby and Hellesvik [16] that the crack growth resistance curves
measured in the pipes in this study, based on the silicone replicas, were in accordance with
the results from the SENT testing. The crack growth resistance curve is shown in Fig. 7a. As
can be seen from Fig. 7b, the measured crack growth resistance curves for different levels of
internal pressure for the pipes and the curve from the SENT-testing are very similar. The nu-
merical curve from Fig. 7a is also shown together with the experimental curves for clarity. The
difference between the experimentally obtained resistance curves is small, hence a size effect is
not observed. This is in accordance to R6 [1]. The crack growth resistance curves seems to be
insensitive to biaxial loading. This behaviour is previously reported also by Garwood et al. [7]
and Nyhus et al. [13].

6 Numerical results

Numerical analyses using LINK,;,. were carried out to compare with the large scale tests. For
each of the three pairs of experiments, a direct comparison with one corresponding numerical
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Figure 7: (a) the crack growth resistance curve used in the numerical analyses and (b) experi-
mentally obtained crack growth resistance curves from the pipes with different levels of internal
pressure and SENT-specimen.

analysis is presented. A parametric study of the effect of changing the wall thickness is carried
out due to the fact that the wall thickness in the experiments are not uniform. A parametric
study of varying the yield strength is also presented. The strain measure used in all the
comparisons is based on the radius of curvature. For the cases with internal pressure (biaxial
loading), an axial force was applied, corresponding to the force caused by the internal pressure
when the pipe ends are closed.

Note that the term internal pressure (p;) refers to the pressure applied in addition to the
atmospheric pressure.

6.1 Direct comparisons

For the direct comparisons between large scale tests and numerical analyses, the minimum
measured wall thickness is used. Because of the local variations around the pipe circumference,
the numerical analyses have probably slightly under-predicted the load carrying area. This will
however be discussed in the next section when presenting effect of wall thickness. The internal
variations between the two experiments in each of the three pressure levels were small (see
Table 1), hence the two numerical analyses did not give significant differences in the results.
One of the analyses for each pair are presented here. The CTOD is extracted at the point
s =0 (see Fig. 5).

In Fig. 8, the pair of experiments having an internal pressure of 32.5M Pa (which introduces a
hoop stress of about 60% of the yield stress), are compared with a numerical analysis having
an initial crack depth of 2.75mm, and a wall thickness of 14.45mm. Fig. 8 shows that unstable
crack growth occurs at a strain level of about 1.5%. The numerical analysis positions above
the experimental curves, thus yields some conservatism. The two experimental curves deviates
slightly from each other. Some deviation will always occur in large scale experiments due to
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possible variations in the geometry and material. However, it is seen that the numerical analysis
captures the tendencies well.
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Figure 8: Comparison between large scale tests 1 and 3 and LINK,;,. (p; = 32.5M Pa).
For this pressure level, the crack reached unstable crack growth and grew through the thickness,

thus the failure mode is crack growth. Due to the internal pressure, the hoop stress prevented
the pipe from ovalisation and buckling.
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Figure 9: Comparison between large scale tests 4 and 6 and LINK,;,. (p; = 13.5M Pa).

In Fig. 9, the internal pressure was reduced to 13.5M Pa. The numerical analysis corresponds
to experiment 4 in Table 1. The same behaviour of the strain-C'T'OD curve as from Fig. 8
is observed, but the global strain capacity is somewhat increased. This is in accordance with
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results from Jayadevan et al. [8] and Skallerud et al. [22]. The failure mode is also here the
crack growth. The results in Fig. 9 shows good correspondence between the numerical analysis
and the experiments.

Experiments 2 and 5 were performed without biaxial loading, i.e. only external loading (see
Fig. 10). The numerical analysis used in the comparison corresponds to experiment 5 from
Table 1. The shape of the curves is very different from those in Figs. 8 and 9. When no internal
pressure is introduced, the hoop-stress does not exist, hence resistance against ovalisation is
reduced. This will relax the crack zone on the tension side when local buckling occurs on the
compressive side of the pipe. At about 4-5% of global bending strain, the pipe suffers from
local buckling, and the crack opening stops, thus the crack growth stops, and a structural
collapse occurs. This response has earlier been reported from numerical simulations by Ostby
et al. [17], using 3D solid modelling, and Skallerud et al. [22], using shell and line-spring models.
Here the numerical analysis seems to reach the buckling at a somewhat earlier stage than the
experiments, hence the C'T'O D-evolution also saturates earlier. It is also here seen a deviation
between the experimental curves.
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Figure 10: Comparison between large scale tests 2 and 5 and LINK,;,. (p; = 0M Pa).

6.2 Effect of biaxial loading

In previous work (Shimanuki and Inoue [21]; Jayadevan et al. [8, 9] and Ostby et al. [17]) it has
been demonstrated that biaxial loading of pipelines reduces the deformation capacity of pipes
with defects. Fig. 11 shows that when the internal pressure increases, the global deformation
capacity decreases rapidly as the crack grows through the thickness. The case of an internal
pressure of 13.5M Pa gives a hoop stress to yield stress ratio of oy, /092 = 0.25. If an internal
pressure of 32.5M Pa is present, this ratio increases to o/0g2 = 0.6. The difference in strain
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capacity between the cases with o, /02 = 0.25 and 0.6 is smaller than what should be expected
from the numerical simulations in the references above. The main reason for this is due to the

larger crack depth in the former case compared to the latter (see Table 1).
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Figure 11: Effect of internal pressure from the numerical analyses.

In Fig. 12 ductile crack growth from experiments are compared with the corresponding numer-
ical analyses for the cases with internal pressure. It is seen that the numerical analyses slightly
over-predicts the ductile crack growth for a given strain level. This corresponds to the behaviour
observed in Figs. 8 and 9 where the numerical curves are located above the experimental curves.

Good agreement between the experimental and numerical values are observed.
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Figure 12: Comparison of ductile crack growth versus applied strain for (a) experiment 1 and

(b) experiment 4.
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6.3 Effect of wall thickness

The pipes used in the experiments were seamless, and due to the production method, the wall
thickness is not uniform all over. This section addresses the effect of altering the wall thickness
within the thickness range observed in the pipe segments tested in this study. Note that the
wall thickness is kept constant for each analysis, but for each of the different pressure levels,
three different wall thicknesses are employed to see the effect. The crack depth is kept constant
for each of the internal pressures, thus the crack depth to wall thickness ratio is varying with
the wall thickness. Increasing the wall thickness reduces the crack depth ratio, thus reducing
the slope of the strain-C'T'OD curve.

In Fig. 13, the minimum measured wall thickness of 14.45mm is included along with two
additional analyses with wall thickness of 15.0mm and 15.5mm, i.e. a maximum increase in
wall thickness by 1.05mm. It is seen in Fig. 13 that increasing the wall thickness by 0.55mm
gives a curve between the two experimental parallels. Increasing even further, the numerical
curve is almost matching the lowest experimental curve.
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Figure 13: Effect of increasing the wall thickness for tests 1 and 3.

Fig. 14 shows the effect of increasing the wall thickness for the cases with an intermediate
internal pressure (13.5M Pa). The same tendency as for the cases shown in Fig. 13. When
increasing the wall thickness by 0.77mm, the comparison between the numerical response and
experiment 4 is very good up to where the unstable crack growth starts. Then the slope of
the curve from the numerical analysis is lower than for the experimental curve, thus yielding
a slightly higher strain capacity. Although the strain capacity is slightly over-predicted by
the largest wall thickness, the comparison between the experimental curves and the numerical
analyses is good.

For the cases without biaxial loading, an increase in the wall thickness reduces the CT'OD
at buckling slightly, but the strain corresponding to onset of buckling is marginally increased
(see Fig. 15). When increasing the wall thickness by 0.38mm, the response is very much equal
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Figure 14: Effect of increasing the wall thickness for tests 4 and 6.

the experimental curve from experiment 5. When increasing the wall thickness by additional
0.5mm, the response is positioning itself between the two experimental curves.
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Figure 15: Effect of increasing the wall thickness for tests 2 and 5.

6.4 Effect of yield stress

Variation in a material’s stress-strain curve is always expected. In the experiments from the
present study, the stress-strain curve was measured at four positions around the circumference
for all pipes (Fig. 6). It is seen from the measurements that the yield stress has some variations
(standard deviation of 11.4M Pa). As the stress-strain curve is translated up- or downwards
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(see Fig. 16) according to the measurements, the relation between the yield stress and the
tensile strength will also change. If the curve is translated upwards, the hardening will slightly
decrease, and vice versa as manifested as an increase and decrease in the 0gy/0opg-ratio. A
lower hardening will results in a higher crack driving force as a function of the applied strain.

= .

- 5pl

Figure 16: Schematic illustration of translating the material curve upwards.

In the subsequent analyses, the yield stress (og) is varied from 466M Pa to 506 M Pa and
covers the whole range from the experiments. The stress-strain curves used in these analyses
also corresponds to those shown in Fig. 6. The solid lines in Figs. 17-19 are the reference cases
used in the previous comparisons.
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Figure 17: Effect of variation in the yield stress for the case with internal pressure of p; =
32.5M Pa.

Fig. 17 shows the effect of varying the yield stress for the case with an internal pressure of
32.5M Pa (0p,/002 = 0.60). The difference in the response is minor compared to changing the
wall thickness for the same case (see Fig. 13). It is seen that increasing the initial yield stress
gives raise to a higher C'TOD for the same deformation level.
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In Fig. 18, the effect of varying the yield stress is performed for the
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case with an internal

pressure of 13.5M Pa (op,/092 = 0.25). The same trend as for the case with internal pressure
of 32.5M Pa is observed, although the effect is smaller.
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Figure 18: Effect of variation in the yield stress for the case with internal pressure of p; =

13.5M Pa.

For the case without internal pressure (Fig. 19), the effect of varying the yield stress is seen
similar to the cases with internal pressure.
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Figure 19: Effect of variation in the yield stress for the case without internal pressure.



7. PIPE CAPACITY - FAILURE CRITERION 97

7 Pipe capacity - failure criterion

A structure can reach different failure modes. Sandvik et al. [20] presents both a local and
global fracture failure criterion. The local failure criterion (proposed by Ostby [15]) predicts
the CTOD at maximum load in the crack ligament (0,,q.) as

2
Smas = (0.03(t — @) + Gaat.omm — 0.61) (12.1 <@) +18.9 <@) - 6.28) (1)

ors ars

In Eq. 1, daa=1.0mm is the CTOD-level at ductile crack growth of 1.0mm (see Fig. 7). The
global failure criterion used is based on the maximum applied load. For a problem where the
failure mode is fracture, the load will drop when unstable crack growth occurs. The strain at
maximum load is then recorded. This failure criterion is very helpful in engineering design.
Note that the global and local failure criterion depends on the specific case since the structural
response depends on geometry, material and loading conditions.

Fig. 20 shows the critical strain level when using the maximum load criterion, and Fig. 21 shows
the critical point for the local failure criterion. In both figures, case 1 in Table 1 is employed.
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Figure 20: Failure determined by the maximum load failure criterion. (a) shows the position in
the global response, and (b) shows the corresponding point for the local response. The strain
capacity, €., is marked in both plots.

It is seen from Figs. 20 and 21 that these two criteria give different results of what to be seen
as the critical design point. If the global failure criterion is used, the CT'OD in this case is
2.9mm. The computed ductile crack growth at this stage is 2.0mm, but it is seen that a small
increase in the applied strain will cause the crack to grow faster as the slope of the curve is
getting steeper.

For the local failure criterion, the critical CTOD is 1.56mm by using Eq. 1. At this CTOD-
level, the ductile crack growth is 0.4mm. In this case the maximum load capacity is not reached,
and the crack growth is still stable.

It must be noted that a strain based methodology is not well established yet, and should
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Figure 21: Failure determined by the local failure criterion. (a) shows the position in the global
response, and (b) shows the corresponding point for the local response. The strain capacity,
Eerit, 18 marked in both plots.

therefore be used with caution. More work and validation is required before it is used for
industrial purposes.

8 Concluding remarks

The present study compares large scale experiments of pipe segments and numerical results
performed with LINK,,;,.. The external applied load was modelled as a pipe subjected to pure
bending load. Three different levels of internal pressure are applied (oy,/0092 = 0.0, 0.25 and
0.60).

The shell and line-spring model well captures the physics observed for bending of pipes with
external surface defects. The results are generally in good quantitative correspondence with
the results from the large scale testing. The differences observed are to be considered within
what could be expected in reality, and lies within what should be assumed as uncertainty
in assessment of pipes loaded well into the plastic regime. Thus, the results presented add
support to the applicability of the LINK,,,. program as a possible tool for fracture assessment
of pipelines loaded beyond yielding.

A parametric study on the effect of wall thickness was also performed. For the cases with
biaxial loading, a small increase in the wall thickness in the numerical models gave a better
comparison than with the minimum nominal measured wall thickness. This is assumed to be
a more realistic case since the wall thickness given from the large scale experiments were the
minimum measured wall thickness around the circumference. For the case without internal
pressure, the comparison between the experiments and the line-spring model is very good for
the case with a small increase in the wall thickness (see Fig. 15).

The applied strain at buckling is somewhat higher for the experiments than for the line-spring
model. The difference is still acceptable and could be due to possible geometrical variations or
the measurement techniques.
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The effect of varying the yield stress was also studied for the three levels of internal pressure.
For the cases with internal pressure, an increase in the initial yield stress from 484 M Pa to
506 M Pa only slightly reduced the deformation capacity. For the case without internal pressure,
an increase of the yield stress from 484 M Pa to 506 M Pa also here increased the C'TOD at the
same deformation level.
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N-7491 Trondheim, Norway

ABSTRACT

This paper presents a proposed methodology to account for cyclic plastic response of the thin
shell ANDES and line-spring finite elements. A through thickness integration scheme is em-
ployed for the shell element and stress resultant plasticity is used for the line-spring element. A
simplified contact formulation to account for crack closure in the line-spring element is also pre-
sented. Numerical comparisons between the proposed models and detailed 3D analyses (pipes)
are carried out and presented herein. A comparison between the present implementation and
large scale experiment of a surface cracked pipe subjected to large cyclic plastic strains is also
presented. The purpose of the presented implementation is to account for cyclic loading in
pipeline technology where significant amount of plasticity in the loading cycles occurs.

Keywords: kinematic hardening; thin shell; line-spring; low cycle fatigue; crack growth

1 Introduction

During the installation phase of offshore pipelines, the pipeline is subjected to severe cyclic
plastic strains. One method used for installing pipelines is the reeling method. In reeling,
pipe segments are welded together on land before reeled to a spool on a ship. The winded
pipe has both large tensile and large compressive plastic strains. When the pipeline is to be
un-reeled from the ship, the stress state is reversed in order to straighten the pipe. When the
pipe touches the sea-bed, another load cycle takes place. If a defect is detected, the un-reeling
must be reversed in order to repair the defect and another load cycle will affect the material.

After installation, the operation phase starts. During the operation, a number of start-ups and
shutdowns are taking place. These occurrences give raise to a significantly larger stress state
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than during normal operation. If the start-ups and shutdowns also lead to plastic behaviour in
the material, it is vital to carry out a low cycle fatigue assessment. Pipelines in seismic unstable
regions where earthquakes are likely to occur may also experience severe cyclic plastic strains.

During its lifetime, the pipeline is subjected to fatigue loading. Most of the time it is subjected
to high cycle fatigue where the nominal loads cause elastic behaviour and the stress intensity
factor, K, characterises the near-tip stress field. Some parts of the lifetime are met by low
cycle fatigue, typically with tens or hundreds of load cycles to failure. In low cycle fatigue K7
is invalidated, but Dowling and Begley [9] introduced the cyclic J-integral as a measure of the
near-tip stress field where nominal plasticity is occurring. For the parts of the lifetime where
large plastic strains are present, the fatigue behaviour is a so called “very low cycle fatigue”
or “tearing fatigue”. This behaviour is not supposed to occur during operation phase. Large
plastic strains are mainly a focus during the installation phase. For a discussion of interaction
between low cycle fatigue and ductile tearing, see Skallerud and Zhang [30, 31].

For constructions subjected to cyclic plasticity, a kinematic strain hardening material model
should be selected. The two classical kinematic hardening rules are the translation rules by
Prager [24] and Ziegler [34]. Ziegler showed that the Prager model was not invariant when the
dimensions of the stress space were reduced. For cases with plane stress or plane strain the
Ziegler model is therefore more favourable.

The methodology of using a kinematic hardening model with more than one yield or memory
surface has reached large popularity over the last decades. There are in principle two classes
of these models. The first one is the so called bounding surface models. These models consists
of two surfaces with one active surface and one bounding surface. The bounding surface is an
isotropically expanded surface accounting for the maximum plastic domain for the analysis or
it can translate according to kinematic hardening. The two surfaces can come into contact, but
they can not intersect. The active surface is the boundary of the elastic domain. Alternatively
the bounding surface can be a memory surface where the active surface and the bounding
surface are identical at the initial load state. When loading occurs, the active surface translates
and the bounding surface expands isotropically or translates. Examples of two-surface models
are developed and presented by Krieg [13], Dafalias and Popov [7], Tseng and Lee [32] and
Skallerud [27].

The second class is the multi-surface models, often named Mréz-like models after Mréz [19].
Many variants and refinements of the method have been proposed by numerous authors. Some
recent implementations are presented by Caminero and Montans [5], Khoei and Jamali [12]
and Owolabi and Singh [23]. The multi-surface models use the point-wise stress-strain curve as
input which make these models very attractive for the user of a finite element program. Each
surface will then have a size corresponding to the stress level from the stress-strain curve. The
number of surfaces will be identical to the number of points on the input stress-strain curve.
The plastic modulus between two surfaces is determined as the slope of the stress-strain curve
for the given segment.

A potential feature for nonlinear or multi-linear kinematic hardening models is to preserve
the Masing’s rule [17], [16]. This defines the stress-strain behaviour for reversed plasticity. A
single or two-surface model does not have the Masing’s rule inherited like the multi-surface
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kinematic hardening models. Some effort must be put into the implementation to make the
model behave according to the Masing’s rule. The Masing’s rule then makes the single or two-
surface models somewhat more complex. The analytical non-linear kinematic translation rule
presented by Lemaitre and Chaboche [16] and implemented in ABAQUS [1] has the Masing’s
rule inherited. It must be noted that the Masing’s rule is an assumption where the hysteresis
loop is a homothetic transformation of factor 2 with respect to the monotonic stress-strain
curve. Many materials have a cyclic behaviour approximate to the Masing’s rule, but the
Masing’s rule does not fit for all metallic materials.

The shell finite element used in the present study is rectangular thin shell ANDES element in a
co-rotated formulation. This shell element was initially proposed by Felippa and Militello [10]
and later extended to account for large rotations and inelasticity by Skallerud and Haugen [28].
The line-spring finite element used in fracture mechanics was proposed by Rice and Levy [25]
and further extended by Parks and White [33] and Lee and Parks [14, 15]. Further information
about the current implementation of the line-spring element can be found in Skallerud et al. [29]
and Berg et al. [2, 3]. In the implementations of the shell and line-spring finite elements from the
above references, only isotropic hardening was accounted for. This paper extends the material
implementation to account for cyclic plasticity as well as presenting a methodology to account
for tearing fatigue and crack closure for the line-spring finite element. Cyclic ageing, hardening
or softening are not considered in this model.

The implementation presented in this paper makes use of the monotonic stress-strain curve
as user input, hence no other material parameters need to be identified by the user prior to
analysis.

2 Numerical implementation

The software LINK,;,. is used in the present study [28, 29]. Four-noded thin shell ANDES
finite elements and non-linear line-spring finite elements are used. In [28, 29] both the shell
element and the line-spring element made use of isotropic hardening stress resultant plasticity.
In the current study, the material models for these elements have been extended to account
for kinematic hardening. The following sections describes the implementation of non-linear
kinematic hardening models for both the shell and the line-spring finite element.

2.1 Kinematic hardening for shell element

In the present implementation, the material model is based on through thickness integration
following the Lobatto quadrature. The Ziegler translation rule is used for a single yield surface.
The memory is accounted for by keeping track of the maximum stress level experienced on the
stress-strain curve. An approximation to the Masing’s rule is preserved by storing the stress
level from both tension and compression for each reversed loading. This makes the present
model quite similar to a two surface model where the boundary surface acts as a memory
surface.
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Stress update in the integration points

A fully implicit backward Euler stress update algorithm with the Ziegler kinematic hardening
rule [26] is implemented and used in this study. The uni-axial monotonic stress-strain curve is
used as input for the stress update. The curve is transmitted as points (plastic strain versus
true stress). The present implementation makes use of the Ziegler hardening rule for a non-
linear stress-strain curve. Since the non-linear curve is presented as a point-wise curve, linear
segments are used between the points, hence a modified Ziegler kinematic hardening rule with
the Masing’s rule can be used.

A plane stress situation is assumed in each layer through the thickness, thus the stress space is
reduced from 3D to 2D where all stress components o0;3 and o3; from the stress tensor vanish.
The yield function is shown in Eq. 1.

_ 2 | =2 s o ~9 _
f = \/am—i-ay—axaijSTmy —09 =0 (1)
NS o
Vv
Te
where ¢ is the normalised stress component expressed as ¢ = o — a. « is the kinematic

back-stress vector and o, is the effective von Mises stress.

The consistent tangent stiffness matrix is expressed in matrix notation as

Cu = [R— (n"R)" (n'R)

- (2)
n“Rn+ H

R = C,1+Ma_n B (3)
- Jo

where n is the normal vector to the yield surface (first derivative of the yield function). H
is the current slope of the stress-strain curve, C is the elastic stiffness matrix and A\ is the
plastic multiplier. The derivations of the consistent tangent stiffness matrix for a plane stress
situation with a von Mises material can be found in the literature, e.g. Crisfield [6] and Simo
and Hughes [26].

A Masing-like formulation to handle load reversals

The present formulation uses a pointwise stress-strain curve which is linear between the points.
To be able to perfectly handle Masing’s rule for a pointwise (piecewise linear) stress-strain curve
a multi-surface formulation is needed. However, the present kinematic hardening model makes
use of a single surface formulation, thus Masing’s rule is not completely obtained. In order to
make an approximation of the Masing’s rule a set of conditions are presented in the following.

The Masing’s rule for a stable half cycle is displayed in Fig. 1. The segments on the part
AB form the virgin uniaxial stress-strain curve. The segments on part C'D corresponds to the
segments in part AB. The slope of each segment on part C'D equals the corresponding ones
from part AB, but the length of the segments on part C'D is twice the length of the segments
on AB.
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Figure 1: Schematic view of the Masing’s rule for a point-wise stress-strain curve

Dowling [8] presents a set of rules for the reversed stress-strain behaviour. Each time the plastic
load reverses in an integration point, the line segments of the stress-strain curve are used in
ascending order starting with the first. If a segment (or part of) was used in the previous
loading but not in the current, they must be skipped in the next reversed loading. With this
in mind, the history effects are taken into account. Also the segments of the stress-strain curve
should only be used once with its original length. If a segment is used later in the load sequence,
the segments should be of double length corresponding to Fig. 1.

With these rules taken into account, a set of conditions are implemented in the present finite
element code. It must be noted that the present formulation does not perfectly satisfy Masing’s
rule for all load sequences, but for the current applications of pipeline installation and operation
phase the accuracy of the presented formulation is acceptable.

A set of internal variables handling the positions on the stress-strain curve are used to keep
control of the different load cycles. Also the point on the stress-strain curve with the highest
stress level ever experienced in the load sequence is recorded to know when to use the virgin
curve (part AB on Fig. 1) and when to use the reversed (double) curve (part C'D on Fig. 1).

The unloading point on the stress-strain curve from the previous tensile part of the loading
cycle as well as the current position is recorded. The same recording is done for the compressive
part of the loading cycle. Using these quantities, it is possible to determine if some segments (or
part of ) should be skipped in the following part of the loading cycle or the next loading cycle.
The pseudo code in Alg. 1 together with Fig. 2 show how the handling of the cyclic stress-
strain curve is implemented for a case where the first yielding was tensile. The implementation
handles both initial tensile and compressive yielding. Fig. 2 shows an example of a loading
sequence. The symbols in the pseudo code in Alg. 1 corresponds to Fig. 2.

In Alg. 1, the following symbols are used to track the position on the stress-strain curve.
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Algorithm 1 Handle position on stress-strain curve for cyclic loading
if plastic — elastic then

if tensile plastic — elastic then

last __ ¢cur
comp — Scomp
cur ()
comp

else {compressive plastic — elastic}

last __ ¢cur
tens — Stens
cur __

tens O

end if
else {plastic — plastic}
if €47/2 > e, then
use monotonic (virgin) stress-strain curve
,l/}maar — fCUT’
clear all history
Continue to accumulate the current plastic strain and position on the virgin stress-
strain curve (part AB in Fig. 1)
15:  else
16: use reverse stress-strain curve (part C'D in Fig. 1)
17:  end if

el e e e
LA S ral

18:  if compressive plastic behaviour then

19: if £or, < it then
20: Proceed and accumulate fg;jfw
21: else {{5r, = ghast }
22: Skip part of stress-strain curve which lies between {37 and glast
23 cur last

. comp comp
24: end if
25:  else {Tensile plastic behaviour}
26: if &g < €l then
27: Proceed and accumulate £

_ ¢last

28: else {gtce%s - gccolfnp
29: Skip part of stress-strain curve which lies between &7 and iﬁfgp
30: cur __ glast

. tens comp
31: end if
32:  end if

33: end if
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Figure 2: Example of a loading sequence with the load path0—A—-B-C—-D—-FE—-F—-G—H

1 defines the position on the virgin stress-strain curve giving the largest stress value ever
experienced in the analysis. £ is the current position on the reversed stress-strain curve.

Alg. 1 and Fig. 2 are here explained using a uniaxial tension/compression bar. The initial
loading, OAB in Fig. 2, will follow the virgin stress-strain curve. At point B the load is
reversed and line 1-4 in Alg. 1 are executed. At this first reversal, the parameter £ is
already zero. From point C' the uniaxial bar undergoes plastic compression. This compressive
loading is active until point D. From point C' to D the reversed part of the stress-strain curve
is used. As mentioned, the reversed stress-strain curve is a homothetic transformation of the
monotonic stress-strain curve with a factor of 2, hence the position on the reversed stress-strain
curve that corresponds to the position on the virgin stress-strain curve must be divided by 2

to determine the correct slope of the stress-strain curve. The part of Alg. 1 starting at line 18

is to be executed. &7 is here equal ¢, and €5 will not exceed &577, hence {57 is to be
accumulated as described in line 20 in Alg. 1.
At point D in Fig. 2 the load on the uniaxial bar is again reversed to tension. Now e! in Fig. 2

is converted to position @’;‘;ﬁm on the monotonic stress-strain curve and stored for later use. In
last

line 5-8 in Alg. 1 the parameter %" is initialised, and at point £ in Fig. 2 the plastic tension
loading starts from the initial point on the reversed stress-strain curve. During this loading the
lines 25-31 in Alg. 1 are processed. For this example the position on the stress-strain curve
will not exceed the maximum position from the previous compressive loading (BC'D in Fig. 2)
or the initial loading (0AB in Fig. 2), thus £ is accumulated according to the lines 26-27 in

Alg. 1. At point F' on Fig. 2 the load is again reversed to a compressive load state. First elastic
unloading occurs (lines 2-4 in Alg. 1). Plastic compressive loading starts at point G. Here
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the position on the stress-strain curve is initialised and further accumulated as the deformation
compresses. During this compressive loading the position on the stress-strain curve is monitored
to see if €547 exceeds Yna, or {25k, In this example, 547 equals £250 at point D in Fig. 2.
Lines 21-23 in Alg. 1 now cause the parameter {57 ) to be set equal §i‘;ifbp, thus the parts of the
stress-strain curve between &% and éﬁfﬁp will be skipped. If this compressive loading continues
and cause the parameter &

cur L o . .
comp 10 exceed the position 4., the virgin stress-strain curve will
be used.

Through the thickness integration method

The Lobatto quadrature [18] was chosen as a numerical integration scheme to perform through
the thickness integration in order to include the outer fibres. Values for the abscissas and weight
functions are tabulated in the code. The numerical integral can be expressed as shown in Eq. 4.

[ 1 = w1 4 1)+ wif () = D wnf ) )

where z; are the positions of the integration points in Lobatto quadrature (abscissas), w; are the
weights for the corresponding abscissas and n is the number of integration points through the
thickness. f(z;) are the stress values for the given positions. The integrated stress components
from each layer gives the stress resultants as expressed in Eq. 5.

¢ n ¢ 2 n

where ¢ is the shell thickness. The constitutive equation system in the “stress resultant space”

is expressed as
dIN - K NN K MN de 0 ( 6)
dM N K NM K MM dK',O

- 4

~
K

The sub-matrices in K in Eq. 6 are symmetric. The integrated consistent tangent stiffness
matrix, K, becomes

[ dN, A A Ay By B Bis dey
dNy Ag Agy Asy By By Bag d€y
dN, zy | _ Ayg Ags Ass B3y Bsy  Bag d%cy (7)
dM, By1 By B3y Diyy Dya D dkiy
dMy By By Bsy Diy Dy Dos d/‘iy
_dey_ \_313 Bas Bz D1z Do D33_J _dK'J:y_

R4
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where

£ — .

Arj = (§)sz‘0kj (8)
AN A

By = (5) > wizCy; (9)
A A

Dy = (5) > wiZlCy (10)

where Cikj are the stiffness matrices from the through thickness integration points. The stresses
and stiffness matrices for each layer are integrated to form the stress resultants (see Eq. 5) and
an equivalent stiffness matrix (see Eq. 7). The stress resultants and the equivalent stiffness
matrix are transmitted back to the main program.

2.2 Kinematic hardening for the line-spring element

The line-spring yield surface for monotonic loading is based on 2D plane strain analyses pub-
lished by Parks and co authors [14],[33] and further refined by Skallerud et al. [29] and Berg et
al. [3]. The line-spring element is based on stress resultants and the yield surface is a point-wise
curve depending on the crack depth to thickness ratio and yield stress (depending on equiva-
lent plastic strain) presented by Parks and White [33]. A refinement by expanding the table
was performed by Berg et al. [4]. The points forming the yield surface is ensuring a convex
formulation satisfying Driicker’s convexity postulate. The shape of the yield surface makes it
very difficult to establish a single mathematical function expressing the curve. For crack depth
to thickness ratios not tabulated, a linear interpolation between the tabulated line segments
are used. A collection of tabulated yield surfaces is seen in Fig. 3.

The presented methodology can be used in many cases where the yield surface can not be
described by a function but is described by linear segments between points. An issue which
demands focus is that a point-wise curve consists of a lot of corners (discontinuities of the
normal vector), which might lead to numerical challenges due to a non-unique normal vector
in the points. The corner points must therefore be handled specifically as shown in Fig. 4.

The technique to handle corners in the current implementation is a pragmatic solution where
the direction and the length of the normal vector for a point is the mean direction based on
the two intersecting line segments.

Implementation of the kinematic hardening line-spring material model

The previous line-spring element implementation was based on incremental isotropic hardening
where the yield surface expands according to the equivalent plastic strain. The new imple-
mentation makes use of a Ziegler-like kinematic translation rule in addition to the already
existing isotropic hardening model. The stiffness matrix is a relation between the generalised
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Figure 3: A collection of tabulated yield surfaces for the line-spring finite element

\NKY

Figure 4: Non-unique normal vector in a point

displacements (elongation and rotation), and the generalised forces (membrane force and bend-
ing moment).

In the following, the generalised forces, Q, the back stress vector, X, and the elastic stiffness
matrix, C, in the line-spring element are normalised according to the axes definitions in Fig. 3.
Considering a line segment from point number P, to P3 on the pointwise yield surface as shown
in Fig. 5 where the normalised stress resultant vector from last equilibrium is denoted Qo. The
vector, n, orthogonal to line segment P, — P5 in Fig. 5 is defined as

1 Q1 P3 — Q1 P2 1
— — ~’ pond = —b 11
! S [=(Qops — Qap2)| S (11)
S = @271:2 . @17133 — @2,133 . @1,132 (12)

where S is twice the area of the stapled, shaded triangle in Fig. 5. Note that n is not a unit
vector. The yield function can be expressed as the product of the normalised stress resultant
vector, Q = Q — X, and the normal vector, n, as

fr=n"(Q"-X")-1=0 (13)

The superscript n denotes configuration from last equilibrium.
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Figure 5: Definitions for the normal vector to a line segment

In a load increment the yield surface is first expanded isotropically (see Fig. 7b) and then
translated according to the back stress vector (Fig. 7c). Fig. 6 shows schematically both
the numerical expansion and the translation of the yield surface for the proposed kinematic
hardening model.

The modified yield function for the isotropically expanded yield surface now reads

0o

]Fn—l—l _ (nn-l—l)T(Qn—i—l _ Xn) — <Ao’”+1 + 1) =0 (14)

where 0"t is the updated stress level, 0" is the stress level from last equilibrium and oy is the
yield stress. The trial point is expressed as

Q" =Q"+Calq (15)

where C,; is the elastic stiffness matrix and Aq are the normalised generalised displacements.
The flow rule reads

Aq, = AAn™ ! (16)
A plastic work equation for the line-spring element was proposed by Lee and Parks [15] and is
expressed as shown in Eq. 17 for combined hardening.

2
(Qn+1 o Xn+1)Tqul = k. (1 _ %) UOAEpl = A . AEpl (].7)

where k is dimensionless scalar which Lee and Parks [15] named the strain hardening factor
and Ae,; is the equivalent plastic strain. Now combining Eqs. 16 and 17, the plastic multiplier

is expressed as
A=A Agy (18)
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Figure 6: Proposed kinematic translation rule for line-spring element

Combining Eqs. 15 and 16 the updated stress resultants at the end of the load increment reads

Q" = Q"+ Caldqy”

el

= Qn + CelAqn+1 - CelAqn—’—1

pl

= Qtr — AAsplCeln"“ (19)

Premultiplying Eq. 19 with the normal vector of the yield surface and combining with the
updated yield function (Eq. 14), the result is

n+1

AAe, (nn+1)T Celnn+1 + < + 1) _ (nn+1)T (Qtr . Xn) (20)

0o

Solving Eq. 20 for equivalent plastic strain, a Newton-Raphson iteration process is used. The

is less than some tolerance. The quantity

iteration stops when the expression }Agglﬂ) — Agﬁfl)
7 1s here the local iteration number.

Now the updated stress resultant point is located on the isotropically expanded yield surface
(dashed surface on Fig. 7b). The updated back stress vector is defined as the difference vector
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Figure 7: (a) Initial yield surface followed by (b) an incremental isotropic expansion due to
hardening. The initial yield surface (c) is translated according to the method shown in Fig. 6,

thus the yield surface position at the end of the load increment is shown in (d).

between the updated stress resultant point and the back stress from last equilibrium as shown

in Eq. 21.
(21)

where A is still an unknown scalar. Premultiplication with n”*! in Eq. 21 and inserting into

yield function (Eq. 14) Eq. 21 is transformed to

n" T AX = AB (n")T (QPH — X)) = AB Ac" +1 (22)
() ( i

The yield function for the updated yield surface (Fig. 7c) is zero at the end of the stress update,

and is now expressed as

ot = (nn+1)T Q" —X") —1=0 (23)
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Combining Eqgs. 14 and 23 gives

g0

()T QU = X < 1= ()T Q- X — (A2 1)

= (nn-i-l)T (Xn+1 o Xn) — Agntl

o0
= ()T AX = A8 (24)

g0

Now inserting Eq. 24 into Eq. 21, the scalar AJ is expressed as

Ao.n—I—l
Ao-nJrl + 00

AB = (25)

Using the result from Eq. 25, the updated back stress vector for the line-spring element is
expressed as

X = X"+ AX
When the updated stress point and the updated back stress vector is found, the incremental

elastic-plastic stiffness relation is found by introducing the consistency condition and applying
the result from Eq. 16 as shown in the following.

The incremental stress resultant change, AQ is expressed as
AQ = CelAqel (27)

where Aq.; = Aq — Aq, and Aqy is found from the flow rule in Eq. 16. Differentiation of

Eq. 27 gives the infinitesimal stress resultant change as

on

0Q

Since the yield function is linear between two points, the second derivative vanishes, hence the
infinitesimal stress resultant change can be expressed as

dQ = Cudq — d\Cyn™! — ANC =~ dQ (28)

dQ = C,dq — d\Cyn™ ™! (29)
The consistency condition based on the modified yield surface (Eq. 14) reads

1 do
n" " dQ — — —de, = 0 30
( ) Q o aspl pl ( )
where 0o /0e, is the current slope of the stress-strain curve. Combining the consistency condi-
tion and the infinitesimal stress change from Eq. 29, the incremental line-spring tangent stiffness
matrix is written as

dQ = Cctdq

dq (31)
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Masing’s rule is accounted for in the line-spring element using the method presented in Sec. 2.1.

Crack growth is accounted for by employing the crack growth resistance curve. As seen from
Fig. 3, the yield surface for a deep crack is smaller than the yield surface for a shallower crack.
When the crack grows, the yield surface shrinks and rotates.

The crack growth resistance curve is on the form as shown in Eq. 32. The yield surface, f, is
then expressed as in Eq. 33.

§ = Ci(Aa)” (32)

> f=f (“ = Q,epl) (33)

where ¢ is the crack tip opening displacement calculated from the line-spring displacement and
rotation. This is presented in detail by Berg et al. [3]. The crack growth resistance curve used
in the input file comes from experiments or from damage mechanics analyses, e.g. the Gurson
model.

2.3 Contact formulation - crack closure

The concept of crack closure is challenging to manage. Here a simple methodology to account
for crack closure for the line-spring element is presented.

To avoid material merging at the location of the crack mouth, an elastic spring with very large
stiffness is used (see Fig. 8a). When the crack mouth points from each crack face get in contact
due to reversed loading, the spring is activated to avoid further relative displacement. The same
methodology is used to prevent material crossing in the cracked ligament. An elastic spring is
positioned at mid-ligament position (see Fig. 8b). These springs will be a contribution to the
stiffness matrix in the integration point as expressed in Eq. 34. The expression of the stiffness
matrix of the springs are relative to the centre-line of the thickness, thus eccentric terms in the
stiffness matrices occur as shown in the two last matrices in Eq. 34. Fig. 8 shows the location
of the two springs.

E
b = o
K = Kmat + Ks,bend + Ks,tens
Kll K12 o Kﬁat Kgat ks dbend . ks + ks _dtens . ks (34)
K21 K22 n Kglmt ngmt dbend : ks dgend : ks _dtens : ks d%ens : ks

where « is a high value scalar, e.g. 107, to ensure sufficient high axial stiffness. E is the
Young’s modulus for the material, a is the crack depth and [ is the axial length of the spring
(small number). dy.,s is the distance from the spring to the centre line of the thickness. For
the temporary spring for bending situation, the value of dye,q is (t — a)/2. The terms K{?“t in
Eq. 34 are the terms from the tangent stiffness matrix in Eq. 31.
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Figure 8: Schematic views of the high stiffness elastic contact springs illustrated for an open
crack for (a) bending and (b) tensile situations

The high stiffness elastic spring introduced in membrane situations is similar to the one in
bending situations. The main difference lies in the measure for when the spring should be
activated, i.e. when the crack faces are in contact. The axial elongation of the line-spring
element is used as a measure. When the axial elongation is reduced back to zero due to
compressive loading, the elastic spring is activated. The formulation is equal to the formulation
of the spring at bending situation. The eccentricity quantity, di.,s, is equal to half the crack
depth, a/2. Fig. 8b shows the location of the spring.

When the crack faces are not in contact, the springs shown in Fig. 8 are not active. The springs
are activated separately when they satisfy the contact conditions expressed in Eq. 35.

_ ks Vbend S 0 o ks Vtens S 0
ks,bend — { 0 Vbend > 0 ) ks,tens - { 0 Vtens > 0 (35)

where Upeng and vy, are expressed in Eq. 36.
t—a a

Vbend = A+ TG y  Utens = A — 59 (36)
where A and 6 are the accumulated generalised line-spring displacement and rotation in the
integration point.
2.4 Fatigue tearing
Ductile crack growth or tearing is accounted for by employing the crack growth resistance curve.
When the crack opens the tearing is computed from the crack growth resistance curve. The

crack closes when the local load is reversed. When the distance between the crack faces is
reduced, the crack tip opening displacement also decreases and the crack does not grow.
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When the crack faces come into contact, the crack is closed and the springs from Fig. 8 become
active to prevent material crossing. When the load again reverses the crack starts to open
again.

It is assumed that the crack depth has increased according to the accumulated tearing from
the last crack opening. Fig. 9a shows one load cycle with indications of where crack opening
occurs and how the crack depth update is handled. Fig. 9b shows an example of a crack growth
resistance curve where the tearing intervals are marked.

P
I\ P3 P1
ap1 = aop -+ Aap1
cCTOD
apz = apz + Aapsy A
0 - |
= Aa
Aapy
|<—>
PQ, ap2 = Ap1 :CLO+ACLP1 A

aps
set Aa =0 [
(a) (b)

Figure 9: (a) an example of a load cycle with ductile tearing and (b) a crack growth resistance
curve with tearing contributions from the load cycle in (a) are marked

In the example in Fig. 9a, the initial crack depth is ap. At point P1, the crack growth is Aap;
as marked on Fig. 9b. The load is reversed at P1. During the unloading sequence, the crack
is gradually closing and no further tearing occurs. When the compressive load is completed
(point P2 in Fig. 9a), the crack depth is updated as aps = ap + Aap; and the ductile tearing
is set as zero. When the opening load from P2 to P3 starts, the crack growth starts at zero
on the crack growth resistance curve in Fig. 9b. At load completion (point P3 on Fig. 9a) the
ductile crack growth from point P2 to P3 is marked as Aaps on Fig. 9b. If now the load is
again reversed, the updating procedure is repeated.

3 Modelling aspects

3.1 Material properties

The material used in this study for numerical comparisons between LINK,;,. and ABAQUS
corresponds to an X65 construction steel with a yield strength of 460M Pa. The Young’s
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modulus is 200.000M Pa and Poisson’s ratio equals 0.3. The material curve used as input to
LINK,pe is shown in Fig. 10.

b

036 9 12 15 18 21 24 97 30
True plastic strain [%]

Figure 10: Plastic strain versus true stress for the material used in the following comparisons.
Some points on the curve are marked with circle

The kinematic hardening model chosen in ABAQUS [1] uses the expression for the back-stress
presented by Lemaitre and Chaboche [16] as shown in Eq. 37 for constant temperature.

C
do = O—dspl (0 —a) — yadey (37)
0

where C' and ~ are two fitting parameters for this material model. The first term in Eq. 37
gives a linear behaviour (original Ziegler), and the second recall term gives the non-linearity.
The values of the fitting parameters are chosen to capture the monotonic stress-strain curve as

accurately as possible. The parameters are chosen as C' = 5500M Pa and v = 25. 0y is also
here 460M Pa.

For the experimental comparison of a surface cracked pipe subjected to cyclic bending loading,
the stress-strain curve shown in Fig. 11 was obtained from the pipe material as presented by
Nyhus et al. [20].

For the ductile crack growth behaviour the monotonic crack growth resistance curve from
multiple single edge notched tension (SENT') specimens shown in Fig. 12 as reported by Nyhus
et al. [20] is used.
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Figure 11: Monotonic stress strain curve from the experiment of a surface cracked pipe subjected
to global bending loading (from Nyhus et al. [20])

3.2 Geometry, FE-properties and loading conditions
Un-cracked pipe

A selection of un-cracked pipes is employed first to verify the proposed kinematic hardening
model for the shell element. The mesh used in LINK,,;,. is shown in Fig. 13a and the corre-
sponding model for ABAQUS is shown in Fig. 13b. The outer diameter, D and wall thickness,
t of the pipe are taken as 400mm and 20mm respectively. The total length, 2L, of the pipe seg-
ments was chosen to be six times the outer diameter. The ABAQUS-models use twenty noded
brick elements with reduced integration (C3D20R) as element type. The models contain 200
elements and approximately 3800 degrees of freedom. The corresponding models in LINK,;,.
consists of 144 ANDES elements and approximately 900 degrees of freedom. The number of
Lobatto integration points through the thickness is 7.

Four load cases are considered. The first two cases are pipe segments subjected to cyclic tensile
loading where one of them is preceded by an internal pressure giving a hoop stress of 20% of
the yield stress. The other pipe segment is subjected to a pure cyclic tensile loading. The two
last load cases are pipe segments subjected to a cyclic bending loading. One of the bending
cases is preceded by the same internal pressure as the tensile one.

For the cases with an internal pressure, the pressure is fully introduced initially, and the external
deformation (tensile or bending) is applied when the desired pressure level is reached. For the
tensile cases, the end surface is translated in the global Z-direction. For the bending cases, a
constraint between the nodes at the end surface and a centre node is applied to achieve end
rotation in both the LINK,;,. and the ABAQUS analyses. For the models in LINK,;,. such a

constraint is always performed when doing pipe analyses.
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Figure 12: Crack growth resistance curve from Nyhus et al. [20]

Figure 13: (a) model analysed with LINK,;,. and (b) model analysed with ABAQUS

Surface cracked pipe

The ABAQUS-models with a surface crack are more complicated to create as a very refined
mesh at the crack zone is needed. The mesh distant from the crack zone is relatively little
affected by the loading, thus a coarse mesh is chosen there. The number of degrees of freedom
is about 38000. The corresponding pipe in LINK,;, has about 6500 degrees of freedom. A
stationary crack, i.e. no crack growth, is assumed in these analyses, thus the coarse mesh
surrounding the crack tip is sufficient to achieve reliable results. The crack geometries are
crack depth to thickness ratios of 0.2 and 0.3 and the crack length to circumference is 0.1,

For the comparison width the large scale experiment only analysis performed with LINK,;,. has
been carried out. The outer diameter of the pipe was 325mm and the nominal wall thickness was
15.3mm. The crack length (2c) is 60mm and the initial crack depth is 4.0mm (a/t = 0.26).
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Figure 14: Example of a finite element mesh used for modelling a surface cracked pipe for the
ABAQUS analyses

The length of the numerical pipe model is six times the outer diameter. Details about the
experimental setup is described by Nyhus et al. [20].

4 Results and discussion

First, the results from the comparisons between pipes analysed with LINK,;,. and ABAQUS
are presented. Both tension and bending loads are presented along with the effect of inter-
nal pressure. Second, a section with comparison between the present model and large scale
experiment is presented.

In the result presented here, the model in LINK,;,. makes use of the stress-strain curve as direct
input, and few material parameters must be fitted prior to the analyses. In general data from
material testing must be filtered to ensure a monotonic increase in stress level from one point
to the next.

4.1 Pipe models without surface flaw

In this section, the results obtained from LINK,;,. are compared with 3D analyses performed
with ABAQUS. For the tensile cases, the global tensile reaction force versus applied displace-
ment is compared, and for the bending analyses, the global reaction bending moment versus
applied end rotation is compared. The results are displayed in Fig. 15.

In Fig. 15a a pipe subjected to pure tensile loading went through a load cycle with initial tensile
loading followed by a complete reversed compressive loading, and finally a fully reversed tensile
loading. For the initial tensile load step, the two models follows very well. This can also be used
as a verification of the input parameters in the kinematic hardening model used in ABAQUS.
In the following reversed load step (compressive), the models are deformed from 2% nominal
tension strain to 2% nominal compression strain. It is observed that the global response from
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the 3D model is positioned slightly below the model from LINK,;,.. When the compressive
load step is completed, the difference between the models is about 2%. It is worth mentioning
that for the LINK,;,. analysis the absolute value of the force at the end of the compressive
load step equals the value at the end of the initial tensile load step. For the 3D analysis, the
absolute value at the end of the compressive load step is somewhat larger than the one at the
end of the initial tensile load step. The differences are however small.
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Figure 15: Comparisons of pipe segments between ABAQUS and LINK,;,.. (a) and (b) tension
without and with internal pressure and (c¢) and (d) bending without and with internal pressure

In Fig. 15b an internal pressure of 10M Pa is applied prior to the axial deformation. It is
seen that the internal pressure induces a hoop stress in the pipe, thus to get the same level of
deformation as for the case without internal pressure a higher axial reaction force is needed.
Also here the difference in the global response between the numerical models is marginal.

Fig. 15¢ shows the global response from bending analyses without internal pressure for LINK,;,.
and 3D analyses. A rotation at the ends of the pipe segment is applied for both models to
simulate a pure bending situation. The applied rotation is 0.1 radians which gives a nominal
tensile strain at the outer pipe wall level of about +£1.7%. As for the tensile cases, a marginal
deviation between the models is also observed here. Fig. 15d shows the same result for a
pipe subjected to an internal pressure prior to the global bending moment. The effect of the
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internal pressure is marginal at this strain level. For higher strain levels, the internal pressure

will prevent the pipe from local buckling as demonstrated by several authors, e.g. stby et
al. [22] and Berg et al. [2].

Fig. 16 contains only analyses from LINK,;,. where the history effect is demonstrated. It is
seen that the history effects are handled correctly for these variations of strain range in the
cycles. Fig. 16a shows applied nominal strain versus tensile force for a pipe subjected to tensile
deformation. In Fig. 16b a pipe is subjected to a pure bending situation.
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Figure 16: History effects for a uniform pipe subjected to pure (a) tensile force and (b) bending
moment

4.2 Pipe models with surface flaw

Pipe models with a surface flaw subjected to tensile loading are studied here to investigate
the local behaviour of crack closure. The total crack length is 10% of the circumference. Two
crack depth to thickness ratios are studied; 0.2 and 0.3. Note that only tension followed by
compressive loading has been carried out. This is done in order to see the crack closure on the
local behaviour. Full load cycles with a surface cracked pipe are explored in the comparisons
with the large scale experiment at the end of this paper.

Fig. 17a and c show the applied elongation versus global reaction force for the pipes subjected
to pure tensile loading. Results from the different crack geometries obtained from LINK,,;,. are
displayed along with the corresponding 3D analyses. It is seen from the results that the global
forces computed in LINK,,,. corresponds very well with those from the 3D analyses. The effect
of the crack depth on the global response from LINK,;,. as shown in Fig. 17c is minimal. This
corresponds with results from the literature, e.g. Jayadevan et al. [11].



130 PAPER 1V

The local response of the tensile models are shown in Fig. 17b and d. The crack face separation
is plotted as a function of the applied nominal strain. Crack face separation is here defined
as the opening distance for the penalty spring shown in Fig. 8a. For the first tensile load
cycle (starting in origin), the response from LINK,,;,. follows the 3D analyses with reasonable
agreement.

For the compressive load step, the results from the LINK,;,. analyses follows the 3D analyses
fairly well. The trends are captured although the crack faces come into full contact at slightly
different global deformation levels. This can be due to the fact that the crack faces in the 3D
analyses can change shape during the load cycle, whereas the crack face shape in the LINK,;,.
analyses does not change, i.e. shape change is not incorporated in the line-spring formulation.
The chosen contact formulation seems to work well. When the crack faces come into contact,
the crack face separation saturates when the applied global deformation increases.

The effect of the crack depth to thickness ratio on the crack face separation for pipe subjected
to pure tensile loading is seen in Fig. 17f. It is seen that the crack face separation increases
with increasing relative crack depth. Increasing relative crack depth gives raise to increasing
crack faces, hence the crack face separation increases.

Fig. 18 shows the comparison between LINK,;,. and 3D analyses for surface cracked pipes sub-
jected to a global bending moment. Also here the total crack length is 10% of the circumference
and the crack depth to thickness ratios are 0.2 and 0.3 respectively. It is seen that the global
response corresponds very well for all crack depths. Fig. 18e shows the effect of crack depth
on the global response. It is also here observed a marginal difference in the reaction bending
moment which corresponds to results in the literature, e.g. Ostby et al. [22].

The local behaviour of the crack face separation for the pipes subjected to pure bending is
displayed in Fig. 18b and d. It is seen that the separation correspondence is most accurate
for the crack depth to thickness ratio of 0.2 (Fig. 18b). The crack seems to open (first half of
load cycle) with reasonable accuracy, but when the loads are reversed, a significant deviation
between LINK,;,. and the 3D model is seen.

Fig. 18f shows the effect of relative crack depth on crack face separation. As also observed for
the tensile cases, the crack face separation increases with increasing crack depth for the same
deformation level.
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Figure 17: The variations of global axial force versus applied displacement (elongation) and
crack face separation for a surface cracked pipe subjected to pure tensile loading, (a) global
load for a/t=0.2 and (b) crack face separation for the same pipe. (c) global load for a/t=0.3
and (d) crack face separation for the same pipe. (e) shows the effect of crack depth on the
global load and (f) shows the effect of the crack depth on the crack face separation for the

LINK,,. analyses
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Figure 18: The variations of global moment versus applied rotation and crack face separation
for a surface cracked pipe subjected to pure bending, (a) global load for a/t=0.2 and (b) crack
face separation for the same pipe. (c) global load for a/t=0.3 and (d) crack face separation for
the same pipe. (e) shows the effect of crack depth on the global load and (f) shows the effect
of the crack depth on the crack face separation for the LINK,;,. analyses
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4.3 Cyclic loading of a surface cracked pipe

Large scale experiments of a surface cracked pipe subjected to cyclic loading was carried out by
Nyhus et al. [20]. The pipe was subjected to a cyclic bending loading with a maximum nominal
strain level of 2% and a negative nominal strain level of 0.57%.

The original experiment was done with a four point bending configuration of the pipe giving a
constant curvature and strain level at the middle part of the pipe. The numerical analysis is
carried out applying a bending moment giving the same nominal strain level. A reeling cycle
for the experiment is displayed in Fig. 19. The initial crack depth (a) and crack length (2c¢)
before cycling are 4.0mm and 60mm respectively.

Load
A 4
0.57%
| -
: 2.1%
B

Figure 19: Reeling cycle starting with tension (OA), followed by a compressive loading (AB)
before the applied forces are released and the elastic springback gives a straight pipe (BO)

The material’s stress-strain curve and the crack growth resistance curve used in the comparison
in Fig. 21 are shown in Figs. 11 and 12.

In Fig. 20 the generalised internal forces in an integration point in a line-spring element is
displayed for the loading history in the comparison with the large scale experiment. It is seen
how the stress resultant path rotates and shrinks after each reversal, indicating an increasing
crack depth which gives a less steep slope on the curve. The hysteresis also contracts after each
reversal indicating a contraction in the yield surface as described in Fig. 3.

The choice of using the monotonic crack growth resistance curve as base for determining the
crack growth even for cyclic loading is because of the large cyclic plastic strains and very few
cycles before failure. The crack growth mechanism in each load cycle from the experiment also
reveals significant ductile tearing in each load cycle.
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Figure 20: Normalised generalised forces in a line-spring element subjected to cyclic loading

The comparison of the accumulated crack growth at the deepest point versus number of load
cycles is shown in Fig. 21. It is seen that the numerical analysis is conservative compared to
the experimental measurement of accumulated crack growth. It must be remarked that the
tearing curve presented by Nyhus et al. [20] (Fig. 22) is a linear relation between crack growth
and CTOD. For a construction steel like the one used in this comparison, a significant amount
of blunting is generally observed prior to the onset of ductile tearing. The numerical analysis
assumes all crack extension to be tearing when the crack growth resistance curve starts in origin.
The first reeling cycle appeared not to have any ductile tearing, thus blunting and resharpening
of the crack occurred. The tearing was first observed in the second reeling cycle. The crack
growth resistance curve used is taken from multiple SENT specimens loaded to different levels
of crack growth. Ostby et al. [21] demonstrated the effect of measurement techniques on the
crack growth resistance curve. It was seen that the crack growth resistance curve measured
on multiple SENT-specimens was generally more conservative than the one measured directly
on the pipe using silicone replicas. Also the region where crack tip blunting is controlling
was more clearly seen on the curves. The crack growth resistance curve reported by Nyhus et
al. [20] does not have a distinct blunting region. Due to the lack of a blunting region on the
crack growth resistance curve, the experimental data are shifted upwards corresponding to the
blunting displacement prior to ductile tearing (= 0.43mm).

With this in mind it can be argued that the crack growth resistance curve used in the present
comparison is conservative and a crack growth resistance curve measured on the actual pipe
geometry accounting for crack tip blunting would be more accurate. A brief parametric study
of the effect of having a higher crack growth resistance curve is now presented. T'wo approaches
are studied. The first approach changes the slope of the crack growth resistance curve assuming
the constraint level of the actual pipe is lower than the constraint level of the multiple SENT-
specimens used to form the crack growth resistance curve. The second approach uses a non
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Figure 21: Comparison between large scale experiment and LINK,,;,. for a surface cracked pipe
subjected to pure bending loading

linear crack growth resistance curve where the initial part of the curve where crack tip blunting
is governing the behaviour is steeper than the region where tearing is controlling.

In Fig. 22, the effect of altering the slope on the crack growth resistance curve for the same pipe
geometry and loading conditions as used in Fig. 21. An increasing slope increases the tearing
resistance. The upper dashed curve (red) is the curve from Fig. 21.

Generally the monotonic crack growth resistance curve has a distinct blunting region which is
seen as an initial steep curve where the slope is gradually reduced when tearing occurs. These
curves can in many cases be approximated as a non linear function on the form 6 = C(Aa)®?
where C7 and Cs are two fitting constants. The current implementation assumes that the curve
follows such a relation. Fig. 23 shows some analyses carried out using crack growth resistance
curve on this form. Here the experimental data are not shifted since the chosen crack growth
resistance curve has a distinct blunting region present. The parameter Cf is kept constant to
2.3 and the exponent, 5 varies from 0.6 to 0.8. The curve with an exponent of 0.7 gives almost
a perfect match to the experimental curve.
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5 Conclusions

In this study numerical models from LINK,;,. are compared with corresponding 3D-models
from ABAQUS. Pipe models subjected to cyclic loading are investigated. The different load
cases have been tension, bending and internal pressure.

A proposed simple contact formulation for the line-spring element based on penalty springs is
also presented. The contact between the crack faces seems to be captured well. When the crack
faces come into contact, further compression of the line-spring element does not occur.

The Ziegler kinematic hardening rule is a linear kinematic hardening rule. In the current
implementation in the ANDES thin shell finite element, the Ziegler rule is applied on a piecewise
linear stress-strain behaviour with promising results. An approximation to the Masing’s rule is
also implemented to ensure a correct behaviour for reversed loading. The results from the pipe
analyses using this hardening model show good correspondence with the 3D analyses for both
tension, bending and with/without internal pressure.

A proposed kinematic hardening model for the line-spring element is presented herein. The
yield surface for the line-spring element consists of tabulated points for different crack depth to
thickness ratios where the points are connected by line segments. The crack growth follows the
crack growth resistance curve and the yield surface contracts when the crack depth to thickness
ratio increases.

Comparison between LINK,,. and large scale experiments of a pipe subjected to a cyclic
global bending loading and ductile crack growth is also carried out. It shows that the present
methodology can catch the tendencies despite a deviation in the comparison. The monotonic
crack growth resistance curve used as input for the ductile tearing in this comparison has some
implications due to its form. A parametric study of a tearing curve on the more general form
with a distinct blunting region is carried out.
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