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ABSTRACT

This study extends amicromechanics approach based upon the computational cell methodology to model ductile
crack extension of longitudinal crack-like defects in a high strength pipeline steel. Laboratory testing of an API
5L X60 pipeline steel at room temperature using standard, deep crack C(T) specimens provide the data needed
to measure the crack growth resistance curve for the material. A central focus of the paper is the application of
the cell methodology to predict experimentally measured burst pressures for pre-cracked pipe specimens with
different crack sizes. The experimental program includes longitudinally precracked pipe specimens with 20”
(508 mm) O.D. The numerical simulations demonstrate the effectiveness of the cell approach to describe crack
growth response and to predict the burst pressure for the tested pipes.

1 INTRODUCTION

The accurate prediction of the failure pressure in damaged pipelines remains a key issue for the safety
assessment of high pressure piping systems, including onshore and offshore facilities. Conventional
failure criteria for longitudinal crack-like defects in pipelines (e.g., blunt corrosion, inclusions, weld
flaws, etc.) are derived based upon a simple fracture mechanics analysis for planar or crack-like flaws.
Such procedures are calibrated by extensive burst testing of pipes containing machined cracks con-
ducted on low-to-moderate strength structural steels. While these acceptance criteria for linepipe de-
fects clearly simplify integrity analyses of in-service piping components, they essentially reflect a lim-
it-load solution for a blunted axial crack in a pressurized vessel or pipe.

This study extends a micromechanics approach based upon the computational cell methodology
to model ductile crack extension of longitudinal crack-like defects in high strength pipeline steels.
Laboratory testing of anAPI 5LX60 steel at room temperature using standard, deep crack C(T) speci-
mens provides the data needed tomeasure the crack growth resistance curve for thematerial. A simple
scheme to calibrate material-specific parameters for the cells employs this measured R-curve. A cen-
tral focus of the paper is the application of the cell methodology to predict experimentally measured
burst pressures for pipe specimens with axial crack-like flaws. The experimental program includes
pipe specimens with different crack depth (a) and crack size (2c). Plane-strain computations are con-
ducted on detailed finite element models for the pipe specimens to describe crack extension with in-
creased pressure. The cell model predictions of crack growth response and burst pressure predictions



are in good agreement with experimental measurements for the tested pipes. The presentmethodology
holds significant promise as an engineering tool to simulate ductile crack growth and to predict the
burst pressure of pipes and pressure vessels containing crack-like defects.

2 EXPERIMENTAL PROGRAM

To investigate the failure behavior of damaged pipelines, a series of full scale burst tests were per-
formed on20″ (508mm)O.D., end-capped pipe specimenswith15.8mmwall thickness and3m length
[1]. These experimental tests are part of a pipeline integrity program conducted by the Brazilian State
Oil Company (Petrobrás) and included both internal and external longitudinal notches with different
sizesmeasured by notch depth and notch length, a×2c : 1) 3×60mm, 2) 7×140mmand 3) 10×200
mm.Thepipe specimenswere notched along their length using an electrical dischargemachine (EDM)
to create the required notch shape. During the loading of the pipes, ductile crack extension wasmoni-
tored by using an ultrasonic pulse technique to measure the crack growth [2].

Thematerial is anAPI 5LGradeX60 pipeline steelwith 483MPayield stress at room temperature
(20 °C) and relatively low hardening properties (σu⁄σys≈1.2). Other mechanical properties for the
material includes Young’s modulus, E=210 GPa and Poison’s ratio, ν=0.3. Laboratory testing of
deep crack (a∕W=0.5) 0.5-T side-grooved compact tension specimens with thickness B=13 mm
also provided the tearing resistance curves (J vs.Δa) at room temperature (20°C) to calibrate the cell
parameters for the tested pipeline steel [3]. Here a denotes the crack length andW the specimen width.
The 0.5-T C(T) specimens were tested at room temperature using a direct potential (DP) method to
measure the crack growth resistance for the material. After fatigue pre-cracking, the specimens were
side-grooved to a depth of 1 mm on each side to promote uniform crack growth over the thickness.
Figure 1 presents the experimentally measured J vs.Δa curves. The fracture tests followed the proce-
dures of ASTM Standard Test Method for Determining J-R Curves (E1152). Experimental J-values
are determined using the measured load-load line displacement records.

3 NUMERICAL MODELING OF DUCTILE CRACK GROWTH

Recent analytical efforts to model crack extension in ductile materials build upon the computational
cellmethodology which defines a single layer of void-containing, cubical cells having linear dimen-
sionD along the crack plane on which Mode I growth evolves [4, 5]. The cells have initial (smeared)
void volume fraction denoted by f0. The layer thickness (D) introduces the required length-scale over
which damage occurs; elsewhere, the background material obeys the flow theory of plasticity without
damage by void growth.Material outside the computational cells, the ‘‘background” material, follows
a conventional J2 flow theory of plasticity and remains undamaged by void growth in the cells. Pro-
gressive void growth and subsequent macroscopic material softening in each cell are described with
the Gurson-Tvergaard (GT) constitutive model for dilatant plasticity [6,7] given by

σe
σ
2+ 2q1f cosh3q2σm2σ

− 1+ q3 f 2 = 0 (1)

where σe denotes the effective Mises (macroscopic) stress, σm is the mean (macroscopic) stress, σ is
the current flow stress of the cell matrix material and f defines the current void fraction. Factors q1,
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Figure 1 Experimental R-curve for side-grooved 0.5-T C(T) specimen of API 5L-60 (20_C).
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q2 and q3 introduced by Tvergaard improve the model predictions for periodic arrays of cylindrical
and spherical voids. Further improvement in the cell methodology [5] enables themodel to create new
traction free surfaces to represent physical crack extension. When f in the cell incident on the current
crack tip reaches a critical value, fE , the computational procedures remove the cell thereby advancing
the crack tip in discrete increments of the cell size. The final stage of void linkupwith themacroscopic
crack front then occurs by reducing the remaining stresses to zero in a prescribed linear manner.

The numerical computations for the crack growth analyses reported here are generated using the
research codeWARP3D [8]. Nonlinear finite element analyses are performed on models for the side-
grooved C(T) specimen and the longitudinally pre-cracked pipe specimen with an internal crack of
7×140 mm. Figure 2(a) shows the finite element model constructed for the plane-strain analyses of
the 0.5-TC(T) specimen (B=13mm)witha∕W=0.5. Symmetry conditions permitmodeling of only
one-half of the specimen with appropriate constraints imposed on the remaining ligament. The half-
symmetric model has one thickness layer of 1078 8-node, 3-D elements with plane-strain constraints
imposed (w=0) on each node. To simulate ductile crack extension, the finite element mesh contains
a row of 130 computational cells along the remaining crack ligament (W−a). Plane-strain finite ele-
ment analyses are also conducted on the longitudinally cracked pipes with the 7×140 mm (internal)
crack. Figure 2(b) shows the finite element model constructed for this pipe specimen. The half-sym-
metric model has one thickness layer of 1171 8-node, 3-D elements with plane-strain constraints
(w=0) imposed on each node. Here, the finite element mesh contains a row of 88 computational cells
along the remaining crack ligament (t−a).

The analyses utilize a piecewise-linear approximation of the measured engineering stress-strain
curve for theAPIX60 steel [3] withE=210GPa and ν=0.3. Thematrixmaterial of the computational
cell elements and the void-free background material are assigned these properties.
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Figure 2 Finite element models employed in the numerical analyses: a) 0.5-T C(T) specimen
with a⁄W=0.5; b) 20” O.D. pipe specimen with internal crack of 7×140 mm.
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4 BURST PRESSURE PREDICTIONS

To verify the predictive capability of the micromechanics methodology adopted in the present work,
this section describes application of the cell model incorporating theGurson-Tvergaard damage crite-
rion to predict the measured burst pressure for the longitudinally cracked pipe with the 7×140 mm
internal crack. The parameters governing cell response, D and f0, are calibrated using the deep notch
C(T) specimen to establish agreement between predicted andmeasuredR-curves (see Fig. 1). The cali-
brated values for these parameters are then applied in similar analyses to predict ductile extension in
the pre-cracked pipe specimen. Guided by similar plane-strain analyses ofXia and Shih [4] and exper-
imental observations, the cell size is taken as D∕2=100 μm for the tested material. With the length
scale,D, fixed for the models, the calibration process then focuses on determining a suitable value for
the initial volume fraction, f0, that produces the best fit to themeasured crack growth data for the deep-
ly cracked specimens. Figure 3 shows themeasured and predicted J-Δa curves for the 0.5-TC(T) spec-
imen. Predicted R-curves are shown for three values of the initial volume fraction, f0=0.01, 0.008
and 0.0055. For f0=0.0055, the predicted R-curve agrees well with the measured values for almost
the entire crack extension range; for Δa2 mm the predicted curve lies a little above the measured
data. In contrast, the use of f0=0.008 and 0.01 produces amuch lower resistance curve relative to the
measured data. Consequently, the initial volume fraction f0=0.0055 is thus taken as the calibrated
(plane-strain) value for the API 5L-X60 steel used in the study.

These calibrated cell parameters are now employed to predict the burst pressure for these pipe
specimens using the plane-strain analysis of the pipe specimen. Figure 4 shows the predicted andmea-
sured ductile crack extension with internal pressure, P. The solid symbols in the plots represent the
measured crack growth for this pipe specimen. Under increased internal pressure, the amount of crack



Figure 3Measured and predicted R-curve (plane-strain) for side-grooved 0.5-T C(T) specimen
of API 5L-X60 at room temperature.
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growth increases slowly up toP≈23MPa. The pressure value marks the beginning of very rapid duc-
tile tearing with little increase in the applied pressure. At P≈25 MPa, the load-carrying capacity of
the remaining ligament cannot keep pace with the damage accumulation in the near-tip process zone
(as characterized by the large number of damaged cell elements in the numerical model) so that an in-
stability point is reached.
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Figure 4 Ductile crack extension for the pipe specimen with 7×140 mm internal crack.
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5 CONCLUDING REMARKS

This study reports on an exploratory application of the computational cellmodel to analyze the ductile
fracture behavior of a high strength, pipeline steel (API Grade 5L X60). The plane-strain analyses re-
ported here demonstrate the capability of the computational cell approach to simulate ductile crack
growth and to correctly predict the burst pressure of the pre-cracked pipe specimen.While the present
study has not explored other ranges of crack configurations, pipe diameters∕wall thickness and other
material properties, the results presented here represent a compelling support to the predictive capabil-
ity of the cell model. More importantly, the inherent difficulty in including ductile tearing effects in
burst pressure predictions within the scope of conventional procedures appears greatly reduced in the
methodology presented here. Ongoing work [9] with the computational cell framework focuses on
analyzing other crack configurations and modeling of ductile tearing in full 3-D setting for cracked
pipelines.
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