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Summary

Defects may be introduced in metal pipelines during con-
struction, repair, or by accident. A common example is a
gouge from a backhoe bucket or other heavy equipment.
At the site of a local defect operating stresses may be-
come sufficiently concentrated to induce plastic deforma-
tion and material damage, possibly resulting in eventual
failure of the pipeline.

Historically, methods for assessing the structural integ-
rity of a damaged pipe have been based on experimental
tests. The Abaqus finite element suite includes the ability
to simulate the initiation and evolution of damage in met-
als, providing a low-cost alternative to laboratory struc-
tural testing. In this Technology Brief, Abaqus/Standard
will be used to predict the burst pressure of a steel pipe-
line with a notch-type defect. A ductile damage initiation
criterion is used, and favorable comparison with available
experimental data will be shown.

Background

Pipelines are a critical component of industrial infrastruc-
ture and are used world-wide to transport liquids and
gases. During the course of its lifetime, a metal pipeline
may sustain mechanical damage in such forms as dents,
gouges, or weld defects. When damage is detected, a de-
cision to monitor, repair, or replace is necessary.

A body of assessment guidelines for determining the fit-
ness-for-purpose of a damaged pipeline has been built
over the past several decades. As discussed in [1], many
of these methods rely on experimental results and semi-
empirical procedures; as such, their validity may be lim-
ited when considering loadings, materials, or specific
damage configurations that are outside the scope of their
assumptions.

With the ability to include the effects of damage initiation
and evolution in the analysis of a ductile metal pipeline,
the Abaqus finite element suite can complement existing
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Key Abaqus Features and Benefits

e Damage initiation and failure modeling for duc-
tile metals

— Ductile and shear initiation criteria allow for
the modeling of two primary fracture mecha-

nisms: coalescence of voids and shear band-
ing
— Can be used for bulk or sheet metal analyses

— Available for all mechanical elements and
allows for element removal

methodologies by adding a more general predictive capa-
bility. Specifically, two types of damage initiation crite-
rion are offered: ductile, based on the nucleation, growth,
and coalescence of voids, and shear, based on shear band
localization. We will focus on the use of the ductile crite-
rion. The present analysis will consider an internally pres-
surized pipe of API X65 steel with a gouge defect.

Finite Element Analysis Approach

The geometry of the model under consideration is shown
in Figure 1. A simulated gouge, T00mm long, was intro-
duced into the pipeline. A quarter-symmetric mesh of
second order hex elements was generated, and internal
pressure loading was applied. End forces were applied to
simulate experimental closed end conditions, and the
loads were increased linearly with time. In general, the
specification of damage initiation is included in the mate-
rial definition and must be used in conjunction with a
plasticity model. In this analysis we use the Mises plastic-
ity formulation. The mesh is shown in Figure 2.

The ductile damage initiation criterion is 3 phenomenol-
ogical model. It is included in the analysis by specifying
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Figure 1: Geometry of damaged pipe model, with detail of simulated gouge
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Figure 2: Quarter symmetric mesh of the pipe, with close-up of detailed mesh at the gouge

the equivalent plastic strain at damage initiation as a

function of stress triaxiality and equivalent plastic strain DUCTCRT
oD e : ~ . (Avy: T5%)
rate. Stress triaxiality is defined as 1= -p/g (where p is #1271 8+00

the pressure stress and ¢ is the Mises equivalent stress), - lgenn
and is known to play a role in damage growth. The proce-
dure for calibrating the model used here is outlined in
Appendix A.
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Results

We compare the Abaqus/Standard results to the full scale
experimental burst test data collected by Oh et al [2]. Ax-
ial and hoop strain measurements from two gauges are
plotted against the analytical result in Figure 3. The
gauges are located adjacent to the gouge, at circumferen-
tial distances of 24.9 and 54.9 mm. Favorable compari-
son with the experimental data is achieved.
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A contour plot of the damage initiation output variable
DUCTCRT is shown in Figure 4. Damage has initiated

when this variable is greater than 1.0. From the contour, Figure 4: Damage initiation criterion in the pipe gouge
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Figure 3: Experimental and analytical strain results near the notch and location of strain gauges



14 i Table 1: Comparison of failure criteria
N Burst Pressure
t Criterion Predicted/
1.0 .
e 1 Experimental
% e Abaqus Ductile Failure 1.01
2 I
E" } Net Section Collapse 1.04
a
B4 / Peak Max Principal 101
Stress
" [ Peak Equivalent Plastic
. 1.01
| o — | Strain
o 5. 10, 15, 0. 25.
Internal pressure Axial Crack (ASME B&PV 0.86
Code Sec. XI) ’
Figure 5: Damage criterion v. internal pressure load
in critical element
we see that the critical element in the structure is in the used to determine material properties as compared to

root of the notch at the intersection of the symmetry that of the actual application (~0.6).
planes. By X-Y plotting the initiation criterion in the criti-

cal element, a more precise determination of the failure Conclusions

pressure can be determined. In Figure 5, DUCTCRT at the
centroid of the critical element is plotted against the ap-
plied internal pressure, and the threshold of 1.0 is crossed
at a pressure of 24.97 MPa. The experimentally deter-
mined burst pressure 24.68 MPa.

In this Technology Brief we have demonstrated the util-
ity of the Abaqus/Standard ductile failure initiation crite-
rion for predicting the burst pressure of pipes with notch-
type defects. Good correlation with available full scale
experimental data has been shown. The Abaqus damage
initiation and evolution capability for metals provides a
general numerical tool that can supplement existing fail-
ure prediction methods that are based on empirical data.

The Abaqus prediction is compared to several other com-
monly used failure criteria in Table 1. The relatively good
performance of the peak criteria is attributed to the same
relative triaxiality of the smooth round tensile bar (~0.65)
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Appendix A - Determination of the Ductile Failure Ini-
tiation Parameters

To use the ductile failure initiation criterion in Abaqus/
Standard, one must specify the equivalent plastic strain
at damage initiation as a function of stress triaxiality and
strain rate. As outlined in [2] this requires an experimen-
tal program, a finite element analysis of each test, and
the construction of a failure loci.

Experimental tests were performed on round, notched
bars. The notched specimens were used to capture the
effect of stress triaxiality on yield and tensile strength. A
schematic diagram of the bar geometry is shown in Fig-
ure A1. The bars had an outer diameter of 17.5 mm and
length of 130 mm. Smooth bars and those with three
different notch radii were tested: 1.5, 3 and 6 mm. The
bars were loaded in tension until complete fracture was
achieved.

———

Figure A1: Schematic geometry of round, notched tensile test
specimen

Each test had a corresponding axisymmetric finite ele-
ment analysis. Second order, reduced integration ele-
ments (CAX8R) were used in a half-symmetric mesh. In
the critical location, an element size of 0.15 mm x 0.15
mm was used. The Mises plasticity model was emploued,
and nonlinear geometric effects were included. A com-
parison of the computed stress-strain response and the
experimental measurements is shown in Figure A2. The
Abaqus/Standard analyses were run until crack initiation
occurred in the experiment and good correlation was ob-
tained. It can be seen that as notch radius decreased,
yield and tensile strengths increased, but strain to failure
decreased. This behavior is consistent with the increasing
triaxiality of the stress state with decreasing notch radius.
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Figure A2: Experimental and Abaqus results for smooth and
notched bar tensile tests
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The critical location for each of the test specimens is at
the center point of the bar. From the analysis results, the
equivalent plastic strain as a function of the stress triaxi-
ality at that location is plotted in Figure A3.
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Figure A3: Equivalent strain vs. stress triaxiality, with values of
average stress triaxiality

Included in Figure A3, shown by red dotted lines, is the
average stress triaxiality for each specimen, defined as
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where ¢, is the equivalent strain at failure initiation. Each
equivalent strain trace in Figure A3 ends at its correspond-
ing value of &, The points located by the black squares in
Figure A4 are the equivalent stain—stress triaxiality data
points used in the Abaqus ductile failure initiation defini-
tion. The red curve is the loci fitted by Oh et al. [2].
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Figure A4: Equivalent strain—stress triaxiality pairings (black
squares) used in the Abaqus ductile failure initiation criterion
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