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Abstract: Mechanical damage in form of dents, cracks, gouges, and scratches are common in pipelines.
Sometimes, these damages form in proximity of each other and act as one defect in the pipe wall.
The combined defects have been found to be more injurious than individual defects. One of the
combined defects in pipeline comprises of a crack in a dent, also known as dent-crack defect.
This paper discusses the development of finite element models using extended finite element criterion
(XFEM) in Abaqus to predict burst pressure of specimens of API X70 pipeline with restrained and
unrestrained concentric dent-crack defects. The models are calibrated and validated using results of
full-scale burst tests. The effects of crack length, crack depth, dent depth, and denting pressure on
burst pressure are investigated. The results show that restrained dent-crack defects with shallow
cracks (depth less than 50% wall thickness) inside dents do not affect pipeline operations at maximum
allowable operating pressure if crack lengths are less than 200 mm. Releasing restrained dent-cracks
when the pressure is at maximum allowable operating pressure can cause propagation of deep cracks
(depth of 50% wall thickness or more) longer than 60 mm. However, only very long cracks (200 mm
and higher) propagate to burst the pipe. Cracks of depth less than 20% of wall thickness inside
dents formed at zero pressure are not propagated by the maximum allowable operating pressure.
Dent-crack defects having dents of depth less than 2% outside diameter of pipe behave as plain cracks
if the dents are formed at zero denting pressure but are more injurious than plain cracks if the dents
are formed in pressurized pipes.
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1. Introduction

Mechanical damage like cracks, scratches, and gouges often occur inside dents in pipelines.
The combined defects are considered more injurious to pipeline integrity than plain defects [1-6].
An example of combined defects found in pipelines is a crack inside a dent, also known as a dent-crack
defect [2—4]. Vilkys et al. [7] showed that gouge depths greater than 50% of wall thickness cause stresses
higher than yield strength of pipe material and cracks are likely to initiate at the tip of such gouges
under normal operating pressure. The dent magnifies the maximum principal stresses developed
in the gouge, increasing susceptibly to cracking. Ronny et al. [8] also showed that hoop stresses are
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higher in a pipeline with combined dent and gouge defects than in a pipeline with plain gouges and
concluded that dent-gouge defects significantly lower the burst strength of pipelines.

Very few full-scale experimental studies on dent-crack defects in pipelines have been
accomplished [2-5], mainly because of the difficulty in creating artificial cracks for experiments.
Usually, the cracks are represented by notches and gouges [9] with a small fatigue crack at the tip.
Currently, there are no analytical models for assessing the integrity of a pipeline with dent-crack
defects. The pipeline defect assessment manual [10,11] recommends the use of dent-gouge fracture
models to assess dent-crack, without taking the difference between the stress environments at the tip
of cracks and gouges into consideration.

Oryniak et al. [12] proposed a model for assessing dent-crack defects based on the stress distribution
in a dent with an axial crack lodged at its deepest point by treating the dent as a source of geometric
nonlinearity. Bending stresses through the crack caused by the geometric nonlinearity were added to
the stresses caused by the internal pressure and the sum used to calculate the stress intensity factor
used to analyze crack propagation. The model is considered conservative because it does not account
for the effect of re-rounding of dents under internal pressure on the bending stresses through the crack.
Bai et al. [13] used a notch in an infinitely long dent to represent a dent-crack defect and then modified
the plastic collapse stress of the pipe material to account for deterioration in the material properties
due to the mechanical damage during defect formation and the effect of notch shape. They considered
the modified collapse stress as the burst stress of the pipe, and a fraction of it was used to compute
burst pressure. The main limitation of their approach is that they used a notch instead of a crack.

In the absence of analytical models, the finite element method (FEA) has been successfully used to
evaluate burst pressures of pipelines with dent-crack defects [2-4]. But, it lacks an in-built criterion
for determining burst pressure. The software user must choose one out of several that have been
suggested in literature. Das et al. [14] used a threshold for equivalent plastic strain in the defect
area to analyze fatigue fracture. Adeeb and Horsley [15] used 20% maximum principal strain as the
critical strain for safe excavation of defective pipes in a rock ditch, considering material fails at 20%
strain. Tian and Zhang [16] used an equivalent stress criterion to assess burst strength of pipes with
dent-scratch defect, considering failure to occur when the equivalent stress equals the true tensile
strength of the pipe material. Other studies [2—4,17] used the J-integral concept, assuming failure
occurred when the J-integral at any integration point in the model equaled a critical value J;. of the
material. All the above FEA failure criteria use material properties and geometry of pipe, which are
altered by denting and rebound action of dents [18], further introducing uncertainty in the results.

The extended finite element method (XFEM) uses damage parameters determined through
calibration and input in the model as material properties. Any moderating effects of denting and
re-rounding of dents on material properties and fracture behavior is considered in the calibration
process. The cracks in XFEM models propagate when the value of strains, stresses, and fracture
energy or displacements at any point within the pipe exceed the calibrated damage parameters.
Pressure required to propagate a part-wall crack to a through-wall crack is the burst pressure of the
flawed pipeline, and crack growth is observed from the post processing graphics, which makes it easy
to accurately determine the burst pressure of the pipeline [19].

This paper uses the XFEM procedure in Abaqus [20] to analyze propagation of longitudinal cracks
inside restrained and un-restrained dent and predict burst pressure of pipeline with dent-crack defects.
Pipeline specimens with longitudinal part-wall cracks inside dents are modeled and subjected to
internal pressure to initiate and sustain crack propagation and burst the pipe.
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XFEM uses the partition of unity concept to waive the need for mesh geometry to match crack
geometry by introducing local enrichment functions and additional degrees of freedom in the standard
FEM formulation [21-23]. An intra-element algorithm freely lays the crack within the mesh without
tying it to element boundaries, thus overcoming the requirement to match the geometry of mesh to
crack geometry. The software searches for regions of crack initiation where stresses and strains exceed
a critical value, after which phantom nodes and their superposed original real nodes move apart as the
crack propagates, following a specified traction separation law (TSL) and damage evolution criterion.

Abaqus standard [20] provides linear, exponential, and tabular TSL options and maximum
principal stress (Maxps) or strain (Maxpe), and maximum nominal stress or strain for damage initiation
criterion. Other damage initiation criteria options include quadratic nominal stress, quadratic nominal
strain, and user-defined criterion. Damage evolution criteria include fracture energy and crack
tip displacement.

2. Materials and Methods

2.1. Overview of Burst Tests

Burst test results and material properties of API X70 pipe samples with dent-crack defects were
obtained from literature [2] and used to calibrate and validate finite element models for prediction
of burst pressure. The pipes had outside diameter (OD) of 762 mm, wall thickness (t) of 8.5 mm,
and length (L) of 2.5 m. Fatigue load actuators were used to create 0.3 mm deep fatigue cracks at
the tip of 4 mm deep, crack-like v-shaped notches cut at the 12 O’clock position of the pipe using an
electro-discharging machine (EDM). Thus, the total crack-like defect was 4.3 mm deep, approximately
50% of wall thickness and the four specimens used in this study had cracks with lengths (2c) X depth
(a) of 20 x 4.3 mm, 60 X 4.3 mm, 100 X 4.3 mm, and 200 X 4.3 mm.

A rigid rectangular steel block attached to a universal loading actuator was used to create 50 mm
wide by 100 mm long dents over the cracks, to obtain the desired dent-crack defects. Dent depth
and plastic deformation during the denting process were monitored using linear variable differential
transducers (LVDTs). The measured dent depth that remained upon releasing the indenter was 28 mm,
approximately 4% OD of the pipe. A pressure of 3.8 MPa, equivalent to 30% of the yield pressure
(Py) of the pipe, was maintained in the pipe as denting pressure during dent formation. The pressure
was administered using a hydrostatic pump and monitored both manually and electronically through
transducers. Strains along the pipe length were measured by strain gauges arranged on the pipe
surface. Figure 1 shows the set-up of the burst tests.

Monotonically increasing internal pressure was supplied to the flawed pipe specimens by a
water pump to cause leakage or burst, upon which the test was discontinued. The pressure was
monitored mechanically using pressure gauge and electronically using transducers. Table 1 shows
the experimental and predicted burst pressures of the different pipe specimens used in the burst test.
The pipes in the test had a 28 mm deep dent formed under a pressure of 3.8 MPa, equivalent to 30% of
the yield pressure (Py = 12.67 MPa) of the pipe.



Appl. Sci. 2020, 10, 7554 40f18

Actuator
Actuator Location
on the Pipe
— Collar Pipe
L \ /—Rubber
L u ’ Open End
Notch
Rubber - o

/ Collar g -
B A 1 [ — o 1y
=3 Pin 7 ]Roller‘nl 8 I
‘ End ‘ Middle | | o | Fatigue Crack
J_# Support | if Support | | [ ——

(b)
(a)
Loading Actuator
I Indenter
,;gy Pipe
Welding ’ End Cap
4 Rubber ’
welding

Collar

& f/{j

— ]jj;_supp

(c)

Figure 1. Schematic diagram showing (a) fatigue loading, (b) fatigue crack, and (c) denting process
(used with publisher’s consent granted under license number 1528-896X).

Table 1. Burst pressures of different specimens.

Burst Pressure (MPa)
Crack Size (mm X mm)

Burst Test Results Model Predictions
20x 4.3 13.56 14.9
60 x 4.3 11.28 11.14
100 x 4.3 9.48 10.12
200 x 4.3 7.82 8.34

2.2. Material Properties

Samples extracted from the pipe in accordance with procedures of the American Society for
Testing and Materials, standard E8 (ASTM E8) were used in tensile tests. The material had a yield stress
of 540 MPa (5% proof strain), tensile strength of 620 MPa, Young’s modulus E of 204 GPa, and Poisson’s
ratio v of 0.3. Figure 2 shows the stress-strain curve of the pipe material. Charpy-V notch impact tests
of five sub-size samples (full wall thickness in specimen sizes) taken from the pipe showed that the
pipe material was sufficiently ductile. The material was reported to present a fully ductile fracture
behavior, with approximate Charpy impact energy of 152 J at room temperature.
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Figure 2. Stress-strain curve of the pipe material.

2.3. Numerical Modelling

2.3.1. Overview

XFEM in Abaqus [20] was used to model the crack propagation. Maximum principal strain
(Maxpe) and fracture energy (G.) were used as damage parameters. The pipe material was modelled as
elastic-plastic with isotropic hardening behavior. Denting of the pipe was accomplished by prescribing
a maximum downward displacement load to the indenter as a boundary condition. A displacement
load of 63.53 mm left an unrestrained dent of 4% OD depth upon releasing the rigid indenter from the
pipe surface.

2.3.2. Setup of the Model

Figure 3a shows the setup of the model and the boundary conditions. Symmetry of the burst test
set up along the z-axis (along pipe length) was used to model half of the pipe and reduce computational
cost. The model comprised of a deformable solid strip of length 250 mm, width 20 mm, and thickness
8.5 mm, a deformable shell of OD 762 mm and length 1250 mm, with part of it cut out and replaced
with the solid strip in which the crack was embedded. Shell geometry was defined by the top surface
such that the pipe was assembled by joining the top edge of the shell to the top edge of the solid
strip. Previous studies [19] show that shell elements work best when the section is offset at mid
surface. The predictions are closer to predictions made using a fully solid model. But the analysis
time is significantly longer than the time taken when shell geometry was offset at the top surface.
Predictions with shell section offset at the top surface were within 10% of the solid model predictions
and yet the analysis time was at least 4 times faster. Shell-solid coupling constraint was used for the
transition between solid and shell elements in the pipe body. The crack was modelled as a rectangular
planar shell embedded in the solid strip, while the indenter was modelled as a discrete rigid solid block
placed at the 12 O’clock position of the pipe and over the crack. Surface-to-surface standard contact
was prescribed between the pipe and the indenter. Z-symmetry boundary condition was applied along
the circumferential edge of the pipe for symmetry along the z-axis. Vertical support was provided at
the bottom of the pipe by restraining degree of freedom U2 against vertical displacement at locations
on the pipe surface that were placed on steel blocks during the burst test. Kinematic constraint was
used at the ends of the pipe with the geometric centers as reference points, fixed against displacement
and rotation but allowing the pipe to freely expand.
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Figure 3. Showing: (a) Model geometry; (b) Mesh distribution in the model.

2.3.3. Mesh Distribution

Eight-node linear brick elements (C3D8R) with reduced integration were used in the solid part of
the pipe, while four-node (S4R) elements with quad-dominated free mesh were used in shell parts of
the pipe. Mesh sensitivity analysis was done to optimize accuracy of prediction and reduce the time
required to complete analysis. Predictions were very sensitive to size of elements in the solid part of
the pipe having the crack. Therefore, fine mesh distribution was used in it, and coarse mesh in the rest
of the pipe. Final element dimensions in the solid were 5 mm X 2.86 mm X 0.85 mm in the longitudinal,
circumferential, and thickness directions of the pipe respectively, and element size of 18 mm was used
for the shell elements. Figure 3b shows mesh distribution in the model, with fine mesh near the crack
and coarse mesh away from the crack to reduce computation cost. A total of 10 elements were used in
the thickness direction of the pipe.

2.3.4. Defect Configuration and Loading Sequence

Three common pipeline dent-crack defect configurations were investigated. The first defect
configuration investigated was a pipe with an unrestrained dent-crack defect subjected to internal
pressure. The denting load was applied through the indenter as a displacement. The indenter was
released from the surface of the cracked pipe after loading, to create the unrestrained dent-crack and
the flawed pipe was then subjected to internal pressure to propagate the crack. The second defect
configuration was a pipe with a restrained dent-crack subjected to internal pressure. The indenter was
left on the pipe surface after applying denting load and internal pressure was then applied to propagate
the crack. This configuration simulates a pipe dented and cracked by a hard object on which it is placed
during construction. The last configuration was a pipe with a restrained dent-crack defect, subjected to
maximum allowable operating pressure (MAOP) of the pipe. The indenter was gradually released
from the pipe surface with the pipe still at MAOP. The objective was to assess whether releasing the
indenter at MAOP would propagate the dent-crack. Often in the field, an initially restrained dent is
unrestrained circumstantially. In such a scenario, getting the maximum safe operating pressure that
does not propagate an existing crack as the restraint is released becomes paramount. Figure 4 shows
the steps used to vary the defect configurations investigated in this study. Different permutations of
the steps produce different defect and loading scenarios in the pipe. Unrestrained dent-crack defects
under internal pressure were realized using steps 1-4. Restrained dent-crack under internal pressure
was created using steps 1, 2, and 4, eliminating step 3 altogether. Finally, the third scenario (release of
indenter at MAOP) was simulated using steps 1, 2, 4, and 3, in that order, with the amount of pressure
used in step 4 being the MAOP of the pipe. Parametric studies were conducted for the three defect
scenarios by varying denting pressure, dent depth, and crack dimensions.
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Figure 4. Showing typical distribution of von Mises stress in the pipe at different loading steps followed
in this study; Step 1: Apply denting pressure; Step 2: Dent the pipe; Step 3: Release the indenter from
pipe surface; Step 4: Pressurize the pipe to propagate crack and burst the pipe.

2.3.5. Calibration and Validation of the Model

Maximum principal strain (Maxpe) with exponential traction separation law, were used as damage
parameters for XFEM crack propagation. Available studies [19] show that model calibration can
be successfully accomplished using either small-scale or full-scale test results. Burst test results
were used to calibrate and validate the model in this study. Burst pressure of the specimen with
100 mm x 4.3 mm crack was used for calibration. The crack length in the specimen matched the
dent length perfectly. Results of the three remaining specimens (20 mm X 4.3 mm, 60 mm X 4.3 mm,
and 200 mm X 4.3 mm cracks) tested were used in validation. Damage parameters obtained from the
calibration and validation process were fracture strain, Maxpe = 0.045, and fracture energy, G¢ = 2 kJ/m?.
High fracture strain and low fracture energy cause large plastic deformation followed by brittle crack
propagation [24]. Resistance to propagation of a cohesive crack in elastic-plastic materials depends
on material properties and damage parameters (cohesive strength and energy). According to Li and
Chandra [25], the resistance is effected through plastic dissipation of energy in the material surrounding
the fracture process zone and dissipation of cohesive energy inside the fracture process zone itself.
Increasing cohesive strength (fracture strain) and strain hardening exponent increases the contribution
of plasticity towards resistance of crack propagation but lowers contribution of cohesive energy
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(fracture energy). Large fracture strains show that the material has a high flow stress and require large
loads to plasticize. The large loads produce large traction within the fracture process zone resulting
in greater resistance to fracture. Low fracture energy shows that resistance to crack propagation is
fundamentally by the plastic dissipation of energy in the material around the fracture process zone.
A very low amount of energy is required to separate the surfaces within the cohesive zone to form the
crack. Table 1 shows burst pressures of four specimens obtained from test and predictions made using
the calibrated model. The result shows that the model is generally non-conservative, and predictions
were within 10% of the test results.

Load-displacement curves [2] for the dent formation process in the experiments were used to
validate the denting of the numerical model. Figure 5 shows load-displacement curves for application
and release of the rigid indenter from the pipe surface. There is good agreement between test and
model-derived curves for all specimens, but the maximum denting load of the model was on average
13% higher than maximum load from tests, showing the models was stiffer than the experiments. This is
attributed to the firm supports achieved in modelling compared to supports used in experiments.

600 A

450

Load (kN)

300

150

60 75

Vertical displacement of pipe surface {(mm)

® Test A XFEM-4x20mm crack 0O XFEM-4x60mm crack
© XFEM-4x100mm crack X XFEM-4x200mm crack

Figure 5. Load-displacement curve for application and release of indenter.

3. Results and Discussion

3.1. Unrestrained Concentric Dent-Crack Defects

Figure 6 shows the Von Mises stress distribution at different stages of crack propagation through
the wall of the specimen having a 60 mm X 4.3 mm crack at the center of a 4% OD deep unrestrained
dent formed at 0.3 Py denting pressure. The crack does not propagate during dent formation but
stresses at the tip are higher than the yield stress of the material (Figure 6b). When the internal pressure
is applied, the dent rebounds to recover the circular pipe geometry before the crack begins to propagate
through the wall as shown in Figure 6¢c. Fracture occurs with visible upward displacement of the
internal surface of the pipe (Figure 6d,e) due to plasticization under sustained pressure, typical in
specimens with deep cracks [24,26].
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Figure 6. Distribution of von Mises stress in pipe wall at various stages of propagation of a crack inside
unrestrained dent: (a) Model of pipe with unrestrained concentric dent-crack; (b) Before applying
pressure; (c) At start of crack propagation; (d) After through wall crack emerges inside pipe; (e) When
crack has fully opened and fracture is complete.

Table 2 shows the effect of varying the defect parameters on the burst pressure of a pipe with
unrestrained concentric dent-crack defect, considering crack depths of 1.7 mm (0.2 t) and 4.3 mm (0.5 t).
Internal pressure (denting pressure) ranging from 0% to 80% of yield pressure, Py (Py = 12.67 MPa),
was maintained in the pipe during dent formation as crack length and dent depths were varied.

Denting the pipe at a pressure of 0.8Py (=10.13 MPa) caused cracks to propagate in the
circumferential direction during formation of the unrestrained dent-crack because the total bending
and membrane strains normal to the circumferential plane surpassed the threshold fracture strain in
the process. The risk of circumferential propagation increased with dent depth and denting pressure.
It was impossible to dent the pipe to 6% OD depth at 0.3 Py denting pressure with 200 mm long crack.
Similarly, creating 6%OD deep dents at 0.5Py denting pressure was generally problematic for all crack
lengths because large strains are involved.
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Table 2. Burst pressure of pipes with unrestrained concentric dent crack defects.

Crack Size (mm) Denting Pressure (MPa)
0.0 Py 0.3 Py 0.5 Py 0.8 Py
Dent Depth (%OD)
Depth  Length
2% 4% 6% 2% 4% 6% 2% 4% 6% 2% 4% 6%
Burst Pressure (MPa)

20 15.081 15121 15251 15491 1569 1429' 15511 15.16! o O wk
02t 60 15111  15.13% 15211 15711 15.831 14.5 15581 1481 ot o wk
’ 100 15031 15261 15181 15591 1564 1437 15171 14661 63* o ow
200 1596 16421 15191 15651 15641 ot 15.31 10.8 ki R
20 15.01 1513 1519 1559 14.9 1415 1533 13.7 1045 o= o
05t 60 13.63 10.51 1012 1178 1114  11.66 10.7 11.76 #* L
’ 100 1268  10.28 9.89 11.07  10.12 3.8% 10.14 63%  63* v owr o
200 11.18 9.57 9.62 10 8.34 - 8.18 - - oA e

I; Pipe plasticizes without crack propagation; *: Crack propagated by denting pressure; **: Crack propagates during
denting, dent formation unsuccessful; t: wall thickness; OD: Outside diameter; Py: yield pressure.

3.1.1. Effect of Crack Depth on Burst Pressure

Unrestrained dent-cracks having 0.2 t deep cracks of any length inside dents less than 6% OD
deep had no tangible effect on the burst pressure if the defects were formed at <0.5 Py denting pressure.
A denting pressure of 0.5 Py for dents of depths < 6% OD and crack of lengths < 200 mm, was not
consequential to operations of pipeline if crack depths were <0.2 t. The pipes sustained pressures
higher than 10.13 MPa -the MAOP of the pipe- without bursting. Most specimens with 0.2 t deep
cracks inside dents sustained very high internal pressure and plasticized significantly without crack
propagation. On the other hand, all specimens with 0.5 t deep crack in the dent failed by fracture and
their burst pressures decreased with crack length, for all dent depths and denting pressures. Specimens
with shallow cracks tend to fail by plastic collapse, while deeply cracked specimens tend to fail by
fracture [19,24].

3.1.2. Effect of Crack Length on Burst Pressure

Crack length was varied from 20 to 200 mm while maintaining crack depth at 0.5t, varying dent
depths from 0% to 6% OD, and denting pressures from 0 to 0.8 Py. Increasing crack length from 20
to 200 mm in a 2% OD deep dent formed at zero pressure caused a 25% drop in the burst pressure
and a 36% drop for dent depths >4% OD. Dent-crack defects with <2% OD dent depths formed at 0
pressure had the same burst pressure as plain cracks (Figure 7a). With cracks of lengths >20 mm and
dent depth >2% OD, dent cracks were more severe than plain cracks, as shown in Figure 7b,c, with the
disparity increasing with crack length and denting pressure.

According to Ghaednia et al. [2-4], dent-crack defects with cracks of 0.5 t depth inside dents of 4%
OD depths were unable to sustain pressure equivalent to the MAOP of the pipe if crack lengths were
greater than 75 mm, regardless of the pressure at which the dents were formed. This study shows that
the margin of safety is higher and varies with pressure. All dents formed at zero pressure with a 0.5 t
crack would sustain the MAOP for crack lengths < 200 mm as shown in Figure 7a, while Figure 7b
shows that 0.5 t deep cracks inside 4%OD deep dents formed at 0.3 Py denting pressure have limiting
length of 100 mm. The same defect if formed at 0.5 Py would have a limit length less than 100 mm.

Ghaednia et al. [2] applied the J-integral concept to decide whether the pipe had failed.
Failure occurred when the J-integral value at any point in the crack reached 1.15 Ji., the critical
value of J-integral at which the material fractured. We believe, based on our analysis, that using the
J-integral value at the tip of an existing crack to determine burst pressure of pipeline is conservative.
Whereas crack growth in the model initiated at lower pressure, its progression beyond the immediate
vicinity of the original crack tip was slowed by plasticity, enabling the pipes to sustain more pressure
before bursting.
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Figure 7. Variation of burst pressure of specimens with 0.5 t deep crack inside dents of different depths
formed at: (a) Denting pressure = 0, (b) Denting pressure = 0.3 Py; (c) Denting pressure = 0.5 Py.

3.1.3. Effect of Dent Depth on Burst Pressure

Increasing the dent depth from 0% to 6% OD while keeping the crack length and the crack depth
constant did not change the burst pressure if the dent was formed at zero pressure (Figure 8a). But,
where denting of the pipe was accomplished with the pipe already under pressure, increasing the dent
depths at constant crack length and crack depth reduced the burst pressure, as shown in Figure 8b,c.
The rate of drop in the burst pressure with dent depth increased with crack length and denting pressure.

Dent-crack defects having dents > 4% OD deep, formed at denting pressure > 0.3 Py with a crack
of length > 100 mm and depth > 0.5 t were likely to burst at pressures lower than MAOP of the pipe.
All dents formed at 0.5 Py denting pressure and having crack of lengths > 100 mm inside them did not
sustain the MAOP of the pipe.
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Figure 8. Variation of burst pressure with dent depth, for pipes having 0.5 t deep cracks of various
lengths inside dents formed at: (a) Denting pressure = 0, (b) Denting pressure = 0.3 Py; (c) Denting
pressure = 0.5 Py.

3.1.4. Effect of Denting Pressure

Figure 9 shows the variation of the burst pressure with denting pressure for pipes having different
dent depths and crack dimensions. The results show that dent-crack defects formed when the pipe
was under pressure were more severe on burst strength. For a given crack length and dent depth,
burst pressure dropped with increase in denting pressure. Specimens having crack length > 100 mm in
dents of depth > 4% OD formed at 0.3 Py were likely to burst at pressures lower than MAOP of the
pipe. All specimens with dents formed at 0.5 Py and having crack length > 100 mm burst at pressures
lower than MAOP. It is thus valid to say that dents augmented the effect of cracks on burst pressure,
and denting pressure magnified the effect of the dent depth. Dent-crack defects formed at 0.3 Py or
lower denting pressures sustained the MAOP if the dent depths are less than 4%OD and cracks inside
the dents were less than 100 mm long and 0.5 t deep. Defects formed at 0.5 Py only sustained the
MAOQOP if the crack lengths were less than 100 mm. As concluded by Ghaednia et al. [2], dent-crack
defects having 4% OD deep dents formed at 0.3 Py are likely to sustain the MAOP if the crack length is
<75 mm and crack depth is 0.5t.
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Figure 9. Variation of burst pressure with denting pressure, for pipes with 0.5 t deep cracks of varied
lengths inside dents of varied depths: (a) Crack length = 20 mm, (b) Crack length = 60 mm, (c) Crack
length =100 mm and (d) Crack length = 200 mm.

3.2. Restrained Concentric Dent-Crack Defects

Figure 10 shows the von Mises stress distribution at different stages of crack propagation through
the wall of the specimen having a 60 mm X 4.3 mm crack in a 4% OD deep restrained dent formed at
0.3 Py denting pressure. The remaining ligaments experienced large stresses similar to the ligaments
in the unrestrained dent-cracks prior to the start of crack propagation under pressure. Plasticization
accompanied fracture but upward displacement of the internal surface of the pipe was limited by the
dent restraint. There is negligible difference between the pressure required to propagate the crack and
burst pressure of the pipe with restrained dent. This is in sharp contrast with the response of pipes
with unrestrained dent cracks, where the crack propagated at 9 MPa internal pressure and burst at
11.14 MPa internal pressure.

Unrestrained dents rebound before the cracks begin to propagate through the wall, hence releasing
elastic bending stresses. The crack is then free to open and propagate when the stress intensity at its tip
exceeds material strength. The rebound action is prevented in restrained dent-crack defects. Therefore,
the cracks are not free and require high internal pressure to open and begin propagation. The high
internal pressure also plasticizes the pipe wall around the crack tip to the extent that the pipe cannot
sustain significant additional pressure once crack propagation begins.



Appl. Sci. 2020, 10, 7554

S, Mises

SNEG, (fraction = -1.0)

(Avg: 75%)
7.236e+
+6.661e+!

2

5 2
+5.511e+02
- +4.935e+02
.360¢ 2
+3.785; 2
+3.210e+02
+2.634e+

+1.484

ODB: Job-60x4r

Y
X ‘_Lz Step: Step-2

/Standard 3DEXPERIEN

(a)Restrained dent-crack model

S, Mises

(b) Initial crack in dent

14 0f 18

(c) Start of crack propagat

S, Mises

SNEG, (fraction = -1.0)

(Avg: 75%
+7.274e+02

(d) Fracture of pipe

Figure 10. Distribution of von Mises stress in pipe wall at various stages of propagation of a crack
inside a restrained dent: (a) Model of pipe with restrained dent-crack; (b) Before applying pressure;
(c) At start of crack propagation; (d) After fracture is complete.

Table 3 shows the predicted burst pressure of specimens with various sizes of restrained dent-crack
defects. All specimens with cracks of depth 0.2 t inside dents sustained pressures greater than the yield
pressure, Py, of the pipe without fracturing. Crack length, dent depth, and denting pressures had no
measurable effect on the burst pressure of the specimens, as they failed by plastic collapse. Releasing
the indenter from the pipe surface with the pipe operating at MAOP did not cause crack propagation
in the specimens (Table 4).

Table 3. Burst pressure of pipes with restrained concentric dent-crack defect.

Crack Size (mm)

Denting Pressure (MPa)

0.0 Py 03Py 0.5Py 08Py
Dent Depth (%OD)
Depth  Length
2% 4% 6% 2% 4% 6% 2% 4% 6% 2% 4% 6%
Burst Pressure (MPa)

20 16761 15971 15831 15731 15721 15941 15751 16267 15811 16057 1580% 15981
02t 60 1725 16871 1580' 15691 15631 15781 15621 1568 15911 16.06 1595' 15881
: 100 1662 15821 15931 1566' 15791 15911 15591 15631 15601 15951 15801 15811
200 1645 15841 15791 15607 15931 15651 16011 15757 16101 1574  16.03 16471
20 16261 16221 16.03%1 15951 15831 15981 15761 15711 16.061 16.03' 16.04' 16.031
05t 60 1567 1603 16181 1553 1561' 16.10° 1576 1598 16141 1558 1591 16.06

) 100 1535 1586 1597h 155 15651 14.06h 1545 1571  647M 1528 1522 *

200 14.93 1523 13760 14.83 1516  11.82h 1477 1509 10.06h 1436 b ki

i: Pipe plasticizes without crack propagation; ": Longitudinal crack propagates in circumferential direction; **: Crack
propagates during denting, dent formation unsuccessful; t: wall thickness; OD: Outside diameter; Py: yield pressure.
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Table 4. Effect of releasing indenter from pipe surface with pipe operating at maximum allowable

internal pressure.

Crack Size (mm) Denting Pressure (MPa)
0.0 Py 0.3 Py 0.5 Py 0.8 Py
Depth Length Dent Depth (%0D)

2% 4% 6% 2% 4% 6% 2% 4% 6% 2% 4% 6%
20 v v v v v v v v v v v v
0.2 60 v v v v v v v v v v v v
2t 100 v v v v v v v v v v v v
200 v v v v v v v v v v v v
20 v v v v v v v v v v v v
60 +~ +~ +~ +~ +~ +~ +~ ~ +~ +~ +~ +~
0.5t 100 +~ +~ ~ +~ £ «h 3 +~ «h £ i x3
200 x x x x x x x x «h * x *2

v No crack propagation, +: Crack propagates but does not burst the pipe; v": Crack propagated in circumferential
direction but no burst; *: Pipe burst as indenter is released; *x2: Pipe bursts during denting, x3: Pipe bursts during
pressurization, with dent restrained; t: wall thickness.

With a crack of depth 0.5t, burst pressures dropped with increasing crack length, dent depth,
and denting pressure similar to the pipes with unrestrained dent-crack defects. However, burst
pressure of specimens with restrained dents-cracks were generally higher than burst pressures of
the corresponding specimens with unrestrained dent-cracks (Table 2) and plain cracked specimens
(Table 5).

Table 5. Burst pressure of specimens having plain cracks.

Crack Size (mm)

Burst Pressure (MPa)

Depth Length
20 15.75
60 15.62
0.2t 100 15.43
200 15.00
20 15.32
60 14.04
0.5t 100 13.00
200 11.39

Restraining dents contribute in two ways to improve pipe resistance to fracture. First, compressive
stresses from the restraint reduce stress triaxiality at the crack tip and secondly, they counteract hoop
stresses from internal pressure. Therefore, high pressure is required to develop the fracture strain and
propagate cracks in restrained dents.

Restrained dent-crack defects with crack lengths > 100 mm inside dents of depth > 6% OD formed
at any pressure were problematic as they displayed susceptibility to unstable crack propagation
in circumferential and longitudinal directions. Denting pipes at 0.8 Py propagated cracks of
length > 100 mm inside dents of depths > 4% OD. Releasing the dent restraint at MAOP did
not propagate cracks of length < 60 mm. Cracks of length > 60 mm propagated but only those
with lengths > 100 mm and inside dents of depth > 4% OD deep formed at 0.8 Py denting pressure
propagated until the pipes burst when the dent restraint was released.
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4. Conclusions

Burst pressure of pipeline with restrained and unrestrained concentric dent-crack defects was
investigated in this study, considering the effect of varying crack geometry, dent depth, and denting
pressure. Predicted burst pressures are compared with burst pressure of longitudinally cracked pipes
without dents. Lastly, the effect of releasing the indenter from pipe surface when the pipe is operating
at its maximum allowable operating pressure on crack propagation was assessed.

Specimens with unrestrained concentric dent-crack defects with dent depth of 2% OD formed
at zero denting pressure had the same burst pressure as plain cracked specimens, but dent-crack
defects were more injurious than plain cracks with increasing dent depth and denting pressures.
A 0.2 t deep crack in dents formed at zero pressure was not problematic because the affected specimen
sustained the MAOP of the pipe without the crack propagating, for crack lengths < 200 mm and dent
depths < 6% OD.

Unrestrained dents of depth 6% OD formed at pressures > 0.3 Py, with cracks of depth > 0.2 t, did
not sustain the MAOP of the pipe. The cracks propagated at pressures lower than MAOP of the pipe,
and risk of bursting at pressure lower than MAOP increased with crack length and denting pressure.

Specimens with restrained dent-crack defects had higher burst pressure than the corresponding
specimens with unrestrained dent-crack defects and releasing the restraint at MAOP did not propagate
0.2 t deep cracks but propagated 0.5 t deep cracks. Risk of propagation and bursting increased with
crack length, denting pressure, and dent depth. All cracks with length > 60 mm propagated but only
those of length > 100 mm propagated until the pipes burst when dent restraint was released at MAOP
of the pipe.

Increasing crack depth, crack length, and dent depth were more detrimental to pipe integrity than
increasing denting pressure. But, deep dents (>4% OD) disproportionately increased the effect of the
other defect parameters on pipeline integrity and burst pressure.

Pipelines with restrained concentric dent-crack defects are safe for service at maximum allowable
operating pressure of the pipe if the restraints remain in position on the pipe surface.

Integrity of pipelines with unrestrained concentric dent-cracks vary with defect geometry.
Affected pipelines retain significant strength and may be maintained in service with careful assessment.

Although only two crack depths were considered in this study, the results suggest that dent-crack
defects are not too severe on integrity of pipelines subjected to monotonically increasing pressure.
A study involving more crack depths and locations within dents other than the dent center (apex) is
required for a broader understanding of the effect of dent-crack defects on the integrity of pipelines.
Our future work will investigate more crack depths and the effect of cracks located in the flank of dents
on burst pressure. Additionally, the fatigue life of pipelines with dent-crack defects, which has not
been the focus of the present study, will be investigated.
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