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INFLUENCE AND EVALUATION OF CONSTRAINT ON FRACTURE
TOUGHNESS IN PIPELINE RESEARCH
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Abstract Accessing nowadays fossil fuel reserves requires a strain-based design approach. Within such
design, the ductile tearing resistance is a key parameter in assessing the defect tolerance. To determine
this tearing resistance, full scale (pressurized) tests can be performed. However, such approach would be
costly and time consuming. Consequently, effort is made to select appropriate small scale test specimens.
Most research has focused so far on the single edge notch bend (SENB) and tensile (SENT) specimen. To
evaluate the suitability of these test specimens, the crack tip stress fields can be examined or the
resistance curves compared with full scale structures. This paper aims at comparing the trends observed
using these techniques. Furthermore, the suitability of the small scale test specimens is evaluated. It is
concluded that sufficiently long (length-to-width ratio equal to ten) clamped SENT specimens have the
potential to predict the tearing resistance of full scale pipes. In addition, the internal pressure does not
significantly affect the fracture toughness. These conclusions are stated by both experimental results and
finite element simulations.
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1 INTRODUCTION

Seen the diminishing fossil fuel reserves and the ever increasing demands, large effort is put in accessing
sources located in more and more challenging environments. As an example, the discovery of two major oil
fields in the Barentz sea has recently been reported (Skrugard and Havis [1]). A possible way to
accommodate these oil reserves is by constructing pipelines crossing both sea and land. Since these oil
fields are located in the arctic regions, these pipelines should exhibit superior low temperature properties.
Next to the temperature aspects, such pipelines potentially cross areas prone to frost heave or thaw
settlement. These loading conditions necessitate a so-called strain-based design (SBD) approach, since
the loading is displacement rather than force controlled [2]. Within such SBD, effort is made to predict the
pipelines’ defect tolerance as the girth welds connecting the pipe sections are sensitive to defects.

It is widely acknowledged that one of the key parameters in strain based defect assessment is the ductile
tearing resistance [3]. Consequently, an accurate determination of the tearing resistance is required.
Although full scale tests unmistakeably yield representative results, such tests are both costly and time-
consuming. As a result, different small scale fracture toughness test specimens have been developed ever
since the origin of fracture mechanics theory [4].

It is well understood that the fracture toughness of a material is not only a material property but might also
be influenced by the loading conditions and geometry of the test specimen. Accordingly, different
toughness values can be expected from the fracture mechanics test specimen. Therefore, it is not clear
which specimens vyield resistance curves representative for (pressurized) pipes. To gain insight in the
obtained fracture toughness values, the authors have performed a literature review, comparing the results
from commonly used fracture mechanics test specimens to full scale pipe test results. The considered small
scale specimens are the standardized Single Edge Notch Bend (SENB) specimen (see Fig. 1a and [5]) and
two variants of the Single Edge Notch Tensile (SENT) specimen, namely the clamped SENT specimen (see
Fig. 1b) and the pin-loaded SENT specimen (see Fig. 1c). The difference between the last two variants is
in the boundary conditions, the first one restricts all rotations while the second allows rotations in the
loading points.
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Fig. 1 Schematic representation of fracture mechanics test specimens considered in this paper :
SENB (@), clamped SENT (b) and pin-loaded SENT (c)

2 NUMERICAL ANALYSIS OF CRACK TIP STRESS FIELDS

A first way of assessing the potential difference between different fracture toughness test specimens and
the actual full scale structure, is by analyzing the stress fields ahead of the crack tip. Under equivalent
loading conditions, these should represent a similar degree of triaxiality, supposing. To date, a wide range
of theoretical frameworks have been developed. This section provides a description of the most promising
ones.

2.1 JQ-theory

Developed in the early 1980’s, the J-Q theory aims at predicting the actual shape and magnitude of the
crack tip stress fields. Therefore two parameters are considered, namely J-integral and the Q-parameter [6,
7]. At first, it is assumed that for non-linear elastic materials (Ramberg-Osgood constitutive law) the shape
of the crack tip stress fields is described by the Hutchinson-Rice-Rosengren (HRR) formulation [4].
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However, this formulation was later on modified to allow other material definitions as well. Consequently,
the HRR solution was no longer considered as the reference solution. Alternatively, the small scale yielding
(SSY) solution was considered. This SSY solution is obtained from the analyses of the crack tip stress field
in a high constraint Modified Boundary Layer (MBL) model [8]. It should be noted that both the shape and
magnitude of the SSY and HRR formulation do not differ significantly for Ramberg-Osgood materials [9].

Second, the Q-parameter is introduced to characterize the magnitude of the oy, stress field ahead of the
crack tip. This Q-parameter is defined by the difference between the actually observed crack tip opening
stress and the reference stress:
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Although theoretically independent of the distance ahead of the crack tip, this difference is typically
evaluated at a normalized distance ahead of the crack tip equal to:

r=2J/o,and 9 =0 3)



Consequently, the Q-parameter describes a hydrostatic shift of the crack tip stress field, thereby
characterizing the triaxiality at the crack tip. This implies that positive Q-values increase the magnitude of
the crack tip stress fields while negative values correspond to a decrease.

Based on the so-obtained J and Q parameters, a J-Q trajectory can be constructed. This reflects the
degree of constraint (in terms of Q) at subsequent loading levels (defined by the J-integral). Note
furthermore that using this description, the J-integral can be seen as setting the size scale of the plastic
zone, while the Q-parameter determines the magnitude of the stress fields.

2.2  Triaxiality parameter h

A second method used to describe the triaxiality at the crack tip, makes use of the first and second invariant
of the stress tensor. The first invariant, the hydrostatic stress, does not represent any plastic deformation. In
contrast, the second invariant, which corresponds with the Von Mises equivalent stress, represents the
amount of plastic deformation. Consequently, the ratio of both can be seen a measure for the resistance
against plastic deformation [10, 11].
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The distance ahead of the crack for the evaluation of this h-parameter is arbitrarily chosen equal to the
distance used for the Q-parameter. Noteworthy is also the link between this h-parameter and the
Q-parameter as defined in the previous paragraph. Through the analysis of crack tip stress fields in
compact tension (CT) and SENB specimens, a linear relation between both parameters has been observed
(see Fig. 2).
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Fig. 2 Relation between Q-parameter (x-axis) and triaxiality parameter (y-axis) obtained from the analysis
of crack tip stress fields in both SENB and CT specimens [10]

2.3 Linking constraint calculations to resistance curves

Evidently, the above constraint calculations should link to the resistance curves. Considering the J-integral
as a fracture parameter, the resistance curve is generally described as follows:

J(4a) = C;(Aa) (5)

Additionaly, the above theoretical frameworks assume that this curve depends on the triaxiality level ahead
of the crack tip. Assuming that this triaxiality can be appropriately described by the Q-parameter, this
relation can be extended as follows [12, 13]:
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In the above equation, both C; and C, depend on the triaxiality level. Accordingly, a clear link can be
established between the constraint calculations and the resistance curves of different cracked structures.
This link allows correcting a known resistance curve to different constraint conditions. To the author’s
believe such correction should be seen as a theoretical link rather than a practical tool, the selection of a
test specimen that shows matching constraint levels is of primary interest. In case such specimen is
inexistent, one can think of a constraint correction in accordance to the above framework. Example studies
using such correction have been reported in literature, indicating that in particular the C, parameter shows a
high dependence on the constraint level [14].

3 RESISTANCE CURVES

The objective of selecting an appropriate fracture test specimen, is to end up with a specimen that allows
determining the resistance curve of a pressurized pipe from the small-scale test specimen. Ideally, the
resistance curves should match between the actual structure and the test specimen. These curves can be
obtained from finite element simulations or experimental data.

3.1 Finite Element Analysis: Gurson-Tvergaard-Needleman damage model

The main advantage of numerical data over experimental data is the absence of scatter, e.g. originating
from heterogeneous material properties. However, the damage models incorporated in the finite element
software should embody the physical principles that govern fracture. A commonly used, and validated [11],
approach is based on the damage model developed by Gurson and later on modified by Tvergaard and
Needleman. In this model, the material damage is described by the following function:

® = ( % )2+qufcosh(M)—(1+q3f2)=o )

Oflow 20f10w

Remark that, using this formulation, the Von Mises equivalent stress and the hydrostatic stress determine
the material’'s damage. This supports the use of the triaxiality parameter h for the assessment of triaxiality
at crack tip. For a more in depth description of the GTN damage model, the reader is referred to the
literature [15-19].

3.2 Experimental results

A wide variety of fracture mechanics tests has been reported in literature. Mostly, the crack tip opening
displacement (CTOD) is adapted as crack driving force parameter, in contrast to the J-integral reviewed for
constraint calculations. To the authors’ experience, this is attributed to the measurability of the CTOD. This
parameter can straightforwardly be measured during a test; it does not require any additional calculations,
potentially relying on assumptions (e.g. regarding material properties). This contrasts the J-integral concept,
which is unquestionably of large theoretical importance, but can hardly be measured during a (full scale)
test.

4  DISCUSSION

This paragraph provides an overview of the most relevant constraint related results reviewed in literature. It
comprises both results obtained from finite element analysis and experimental results.

4.1 Influence of deformation level

In general, it is observed that as plasticity develops at the crack tip, the triaxiality decreases ahead of the
crack tip. Regarding pipes, this observation is particularly striking for the deepest point of the crack, near
the free surface this effect is far less pronounced [20]. The amount of decrease strongly depends on the
material properties; both the yield strength and the strain hardening behavior influence the J-Q trajectories.
It has been observed from multiple finite element studies that lower Y/T-ratios result in lower constraint
levels (see Fig. 3) [21, 22]. A higher yield strength increases the triaxiality level for equal load levels in
terms of J-integral [22]. From these observations, it can be concluded that higher local plasticity levels in



general yield lower triaxiality levels for equal crack driving forces. Accordingly, in more general terms
plasticity is related to the fracture toughness. This is not surprising as the constraint can be perceived as a

structural obstacle against plastic deformation [23].
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Fig. 3 Influence of Ramberg-Osgood strain-hardening exponent on the Q-parameter
in simulations of SENB specimens [21]

4.2 Influence of loading conditions (SENB versus SENT)

The loading mode has a significant influence on the triaxiality level ahead of the crack tip and thus on the
tearing resistance. It is nowadays generally acknowledged that SENB specimens have a higher constraint
and lower ductile tearing resistance compared to SENT specimens (see Fig. 4) [24-28]. This increased
constraint originates from the presence of compressive stresses in the cracked ligament, originating from
the bending of the specimen. Accordingly, plastic deformation around the crack tip is hindered and limited
to a narrower zone with tensile stresses.

Regarding the SENT specimens, a significantly different behavior is observed between pin-loaded and
clamped specimens. In general, the clamped specimens show lower constraint levels. This observation
again relates to the presence of bending stresses in the cracked ligament. For the clamped specimen, the
bending of the specimen is hindered by the boundary conditions. In contrast, the pin-loaded specimen has
the potential to bend. The resulting bending stresses increase the constraint level, analogous to the SENB
specimen, however less pronounced.
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Fig. 4 Comparison of J-Q trajectories between SENT and SENB specimens [26]



4.3 Influence of relative crack depth

Regarding the SENB and SENT specimens, multiple studies have been completed on evaluating the
influence of crack depth on the tearing resistance. Both J-Q studies and experimental data confirm that
lower relative crack depths decrease the triaxiality level ahead of the crack tip and thereby increase the
tearing resistance. However, this effect is less pronounced for clamped SENT specimens [29].

This effect can again be understood considering the relative importance of the bending stresses. At first,
SENB specimens are considered. For low relative crack depths, and thus relatively large uncracked
ligament sizes, the development of a plastic zone at the crack tip is only marginally affected by the
presence of compressive stresses opposite to the cracked surface. This contrasts the situation for large
relative crack depths. For large relative crack depths the bending stresses interfere more significantly with
the tensile stresses at the crack tip. Accordingly, higher constraint levels are observed, reflected by a lower
tearing resistance (see Fig. 5a).

Second, the pin-loaded SENT specimens are examined. For lower relative crack depths, the bending
component is far less pronounced as the resulting force in the cracked ligament is closer to the load line of
the externally applied forces. In addition, the still present bending stresses do not significantly influence the
crack tip stress fields. For deeply notched SENT specimens however, the bending component is much
higher and the resulting bending stresses also more easily interact with the crack tip stress fields as the
uncracked ligament is smaller. This explains the pronounced difference in obtained fracture toughness
between shallow and deeply notched pin-loaded SENT specimens. It should furthermore be noted at this
point that this trend is close to independent to the specimen’s length, since the bending stresses are not
influenced by the length of the specimen either.

Third, the clamped SENT specimens are considered. For these specimens, the influence of the relative
crack depth highly depends on the clamping distance. As observed from published J-Q trajectories, small
clamping distances (e.g. length-to-width ratio equal to four) show close to now effect of the relative crack
depth on the constraint level. This is because they have the tendency to completely prevent bending in the
specimen. In contrast, larger clamping distances (e.g. length to width ratio equal to 10) allow bending of the
specimen through the elastic deformation of the specimen itself. Accordingly, mechanisms similar to the
ones influencing the fracture toughness in pin-loaded specimens become increasingly important (see also
Fig. 5b).

For pipes finally, the relative crack depth also affects the constraint level. The higher the relative crack
depth, the lower the constraint level [11, 29]. This again relates to the presence of bending stresses in the
cracked ligament.
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Fig. 5 Influence of relative crack depth (a/W) for SENB (a) and clamped SENT specimens (b)
with a length-to-width ratio equal to 10 for the SENT specimens [30]

4.4 Influence of biaxial loading

Different constraint analyses for pipes have been reported. Of particular interest are the trends observed for
analyses incorporating both pressurized and unpressurized pipes and thus biaxial loading. Typically,
different internal pressure levels are examined. This internal pressure is typically expressed in the hoop
stress going with the pressure level (onp). HoOp stresses slightly below the yield strength of the material,
e.g. 72% or 80% of the specified minimum yield strength, are of practical interest.



Considering the internal pressure effect, it has been observed that the J-Q trajectories as well as the
J-h trajectories are comparable for pipes with and without pressure (see Fig. 6a), indicating that the
triaxiality at the crack tip is not significantly influenced by the biaxial loading [11, 31-33]. Indeed,
experimentally obtained resistance curves from pressurized and unpressurized pipes indicate that the
internal pressure does not significantly shift the resistance curve. The reported differences approximate the
measurement accuracy [25, 34]. From resistance curves obtained through finite element simulations, the
same can be concluded (see Fig. 6b) [11, 27, 35].
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Fig. 6 Influence of internal pressure on triaxiality level from crack tip stress field analyses (a)
and influence on resistance curves (b) [11]

4.5 Small scale test specimens versus full scale pipes

Traditionally, deeply notched single edge notch bend (SENB) specimens, with a relative crack depth about
one half of the specimen’s height, have been used for the characterization of the material's fracture
toughness. However, if the J-Q trajectories are compared to the ones obtained from pipe specimens, it is
typically observed that the SENB specimen shows a significantly higher degree of triaxiality at the crack tip.
This reflects a fairly conservative situation. Although this conservativeness might decrease if lower relative
crack depths would be considered, the SENB specimens are unlikely to yield resistance curves
representing the actual pipe toughness [26, 36].

Next to the SENB specimen, the SENT specimen is compared to the full scale (pressurized) pipe. First, the
pin-loaded specimens are considered. For these specimens, it is observed that the J-Q trajectories predict
the same trend as compared to full scale pipes, although they are slightly conservative. This
conservativeness originates from an overestimation of the bending component in the pipes.

Second, the clamped SENT specimens are compared to pipes. An important choice here is a proper
selection of the specimens’ length-to-width ratio, as the length of the specimen significantly influences the
bending in the specimen. It is observed that specimens with a length-to-width ratio equal to 10 have J-Q
and J-h trajectories match the trajectories obtained from pipes with different internal pressure levels (see
Fig. 6a). In addition, different experimental studies have reported comparable resistance curves for
clamped SENT specimens and (pressurized) pipes (see Fig. 7) [34, 37, 38]. Although, it should be noted
that such length-to-width ratios might promote the presence of bending stresses in the cracked ligament.
Therefore, the relative crack depth again influences the constraint ahead of the crack tip. Accordingly, it is
advised to use so-called “constraint-matched” specimens with a relative crack depth equal to the one of the
assessed defects in the full pipes [36].
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Fig. 7 Reported correspondence between tearing resistance curves obtained from full scale tests with

varying internal pressure levels and SENT specimens with comparable relative crack depth [38]

In accordance to these observations, effort is currently made to develop a standardized procedure for
SENT testing [39]. It should not surprise that the length-to-width ratio prescribed by this procedure equals
10, neither should the clamped boundary conditions.

5

CONCLUSION

A proper determination of the material’s tearing resistance curve is a key issue within a strain-based design
context. Accordingly, a proper determination is of primary importance. Although these curves can be
obtained from full scale testing, small scale fracture mechanics test specimens can be used, if properly
selected. Regarding this selection, the following techniques have successfully been applied, yielding
consistent results:

Analysis and description of crack tip stress fields using either the Q-parameter or the h-parameter
to describe the triaxiality in the zone governing fracture. Examination of the J-Q (J-h) trajectories
allows estimating the relative fracture toughness.

Finite element simulations using the Gurson-Tvergaard-Needleman damage model. The so
obtained resistance curves can be compared.

Experiments on a variety of test specimens using the same materials. These data represent the
nature of the problem, yet are susceptible to scatter.

Based on these above methods, the following conclusions can be drawn regarding the characterization of
pipeline steels:

The ductile tearing resistance is unaffected by the internal pressure.

Single Edge Notch Bend specimens yield overly conservative predictions, even for shallow notched
specimens.

Single Edge Notch Tensile specimens have the potential to yield representative fracture toughness
results. Although, attention should be paid to select appropriate clamping conditions and specimen
dimensions. A length-to-width ratio equal to 10 is advised, whereas the specimen is ideally loaded
using clamped grips rather than considering a rotating connection. The relative crack depth in the
SENT specimens ideally matches the relative crack depth in the pipe.

Larger relative crack depths yield conservative predictions of the tearing resistance curves.



6 NOMENCLATURE

a Ramberg-Osgood material parameter -

9 Angular position relative to crack face radials
O, Yield strength MPa
Ohoop Stress in circumferential direction MPa
o  Stress component @i,) MPa
o,, Hydrostatic stress MPa
o, Von Mises equivalent stress MPa

5”- Dimensionless function -

O 0w FlOW stress MPa
a Crack height mm
CTOD Crack Tip Opening Displacement mm
Aa Ductile crack extension mm
E  Young's modulus MPa

f  Void volume fraction -
h  Triaxiality parameter -
| Integration constant -

J J-integral N/mm

n Ramberg-Osgood strain hardening exponent

0, Damage parameter -

Q  Constraint parameter -

r Radial distance ahead of crack tip mm
t Wall thickness of pipe test specimens mm
W wall thickness of fracture test specimens mm
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