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Abstract

Offshore pipelines subjected to accidental loads, such as impacts from
trawl gear or anchors, may experience large global displacements from its
initial position and large local strains. The axial forces set up during defor-
mation move the pipeline back towards its initial position, thereby creating
a complex local stress and strain history that may lead to fracture in the
pipeline. In this study, material and component tests have been carried out
on an X65 offshore pipeline material to investigate the behaviour during
impact, and to observe if fracture occurs. Pipes were first impacted in a
pendulum accelerator at varying velocities before they were pulled straight
in a tension machine. Fracture was found in the impacted area of all the
pipes. Material tests were carried out to determine the characteristics of
the X65 pipeline material. A metallurgical investigation was also conducted,
revealing that fracture initiated both inside the pipe wall and on the surface.
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1. Introduction

Transportation of oil and gas is an essential part of the offshore indus-
try. To this end, pipelines are under widespread use, often under high pres-
sures and temperatures (Jones, 2010; Manes et al. [2012). Impacts from
trawl gear and anchors are known to cause problems, see e.g. [Statoil ASA
(Cited 23.01.2013) where an anchor impacted a pipeline and dragged it far
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from its initial position after hooking it. The anchor chain eventually broke
and the pipeline was subsequently released and straightened due to the large
axial forces present. This necessitates an assessment regarding the hazards
and potential damage following such an event (Jones and Birch, [1996) as
failure in a pipeline transporting oil and/or gas could result in severe envi-
ronmental damage and economic losses. A local dent caused by such an event
may lead to a propagating buckle (Kyriakides and Nettol [2000), while the
large global deformation sets up large forces as mentioned. The Petroleum
Safety Authority of Norway has published a comprehensive list online of ac-
cidental damage on structures in the North Sea and Norwegian Sea (Ptil,
Cited 23.01.2013).

Det Norske Veritas (DNV) has given guidelines on certification and ver-
ification of pipelines (DNV/| |2000), a standard on general design of pipeline
systems (DNV] [2008) and specified some recommended practice on inter-
ference between pipelines and trawl gear (DNV) [2010). The latter of these
provides a critical load of a trawl clump weight of 9000 kg impacting the
pipeline at 2.8 m/s. It also includes pull-over as well as possible hooking
analysis. A load cycle of impact, pull-over and release produces a complex
stress and strain history which is not well covered in the guidelines. In ad-
dition to the simplified analysis, the guidelines allow for use of numerical
analyses and model tests in the design phase.

The open literature provides several studies on pipeline impact. Johnson,
Reid and coworkers published a series of three papers on large transverse de-
formations of thin walled circular tubes (Thomas et all [1976; [Watson et al.
1976a,b)). Thomas et al.| (1976) did impact tests where a wedge was dropped
onto the pipe’s midspan. The energy required to reproduce the same magni-
tude of deflection quasi-statically was compared to the initial potential energy
of the dropped object. Less energy was needed when deforming the mild steel
pipes quasi-statically, typically 50% to 70% of the initial potential energy in
the wedge. Energy transfer ratio increased with increasing dropping height,
occasionally up to 90%. Fully clamped pipes have been studied by Jones
et al.| (1992) and by Chen and Shen| (1998)). Pressurized pipes were studied
by [Shen and Shul (2002), Ng and Shen| (2006) and more recently by Jones
and Birch| (2010)). [Palmer et al.| (2006b)) considered concrete coated pipelines
dropped on one another. [Manes et al.| (2012) attempted to recreate the load-
ing sequence of impact, pull-over and subsequent release by subjecting plate
strips of an actual offshore pipeline to quasi-static three point bending tests.
The strips were then pulled straight and checked for fracture.

This study presents impact experiments on a simply supported pipe made
from X65 steel, a material typically used for offshore pipelines transporting
oil and/or gas (Oh et al., [2007). To gain a better understanding of the ma-
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terial’s behaviour, a material test programme was performed on specimens
taken in different directions and from different locations across the pipe’s
cross-section. A pendulum accelerator, described in detail by [Hanssen et al.
(2003)), was used to launch a trolley with a given mass and velocity against
the pipe. No surrounding water was present, and no internal pressure was
applied to the pipe. After the impact event the pipe was pulled straight in
a tension rig. This is thought to represent the loading sequence of impact
and straightening of a full-scale pipeline, albeit simplified in order to accom-
modate the experiments in the laboratory equipment available. The main
physics of the problem should nevertheless be captured. In addition to pro-
viding experimental data on a pipe being struck and stretched, investigation
on whether such a loading sequence would form cracks and/or fracture in the
pipe wall was of particular interest. A metallurgical investigation including
scanning electron microscopy (SEM) was therefore conducted on both de-
formed and undeformed material. Cracks discovered in the component tests
were examined closely, and additional material tests were performed in an
attempt to explain the fracture surfaces observed.

2. Material tests

2.1. Material description

The material in the pipes used in this study is similar to the X65 grade
steel used by Manes et al. (2012)), but the pipes are manufactured in a differ-
ent manner. Where the pipes used by [Manes et al. (2012) were formed from
rolled plates and welded longitudinally, the current pipes are made seam-
less. A rough outline of the forming process is as following: By subjecting a
solid metal cylinder to radial compression, a cavity forms along the cylinder’s
longitudinal axis. This is known as the Mannesmann effect (Ghiotti et al.,
2009). The cylinder is then pierced, thus expanding the cavity to form a shell.
This shell is then worked to the desired specifications in terms of diameter
and thickness. The production of the pipeline has been in accordance with
the guidelines in DNV-OS-F101 (DNV| [2008) by the Argentinean supplier
Tenaris. Further details can be found in Tenaris’ documentation (Tenaris,
Cited 23.01.2013)). Variations in the production method may give rise to
different material properties, hence a new material test programme was con-
ducted as described below.

All specimens used in the material tests (and the component tests pre-
sented in Section [3|) in this study were taken from the same continuous pipe,
which had an initial length of approximately 12 m. According to the ma-
terial inspection certificate, the nominal yield stress and the ultimate ten-
sile strength are 450 MPa and 535 MPa, respectively. Young’s modulus is
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(a) Spherical particles (b) Angular particles

Figure 1: Pictures from the electron probe microanalysis of the two types of particles
found in the material.

208000 MPa. The inner diameter of the pipe is 123 mm, and the nominal
wall thickness 9.5 mm, making the outer diameter 142 mm and the diameter
to thickness ratio approximately 13. Aside from Fe, the main chemical con-
stituents of this alloy are 0.09 C, 0.25 Si, 1.13 Mn, 0.04 Cr, 0.09 Mo, 0.09 Cu
and 0.06 V (numbers in weight percentage).

From an energy-dispersive X-ray spectroscopy (EDS) of the matrix, it
was evident that it contained Fe, Mn and C, as expected from the material
inspection certificate. SEM investigations of the undeformed material re-
vealed two types of particles; spherical and angular (both seen in Fig. [1f). A
diameter of about 2 um to 25 um was found for the spherical particles, and
they were inhomogenously distributed in the matrix. They consisted mainly
of calcium aluminate, and bonded poorly with the matrix. The angular
particles, while much less numerous, bonded well with the matrix and their
typical size was about 5 pum. Titanium was the main component of these
particles, with carbon or nitrogen (inconclusive) second. The microstructure
of the undeformed material seen in Fig. [2] was similar in both the radial and
longitudinal direction of the pipe, and it has a ferritic grain structure with
grains of size < 10 pm.

2.2. Experimental programme

The pipe material’s cross-section homogeneity and possible anisotropic
yielding properties were the characteristics sought by the material test pro-
gramme in this study. To examine the section homogeneity, tensile speci-
mens were cut from different locations — dubbed north, south, east and west
— across the cross-section of the pipe. Being seamless, the pipe has no nat-
ural reference point on the cross-section, so one was chosen at random. As
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(a) Radial direction (b) Longitudinal direction

Figure 2: The microstructure of the material in undeformed condition taken from the
pipeline, at x 100 magnification.

the material may have anisotropic properties, specimens were cut in three
different directions with respect to the pipe’s longitudinal axis; 0°, 45° and
90°. Fig. |3(a)l makes evident the positions and directions from where the
specimens were cut. These specimens were tested quasi-statically in tension.

2.3. Uniazial tensile tests

Tensile tests were carried out at quasi-static strain rate and room tem-
perature on smooth axisymmetric specimens, whose geometry can be seen in
Fig. . The chosen geometry should, based on the images in Fig. [2| from
the light optical microscope, be large enough to sample a representative por-
tion of the material. A displacement controlled Zwick testing machine was
used with a constant deformation rate of 0.3 mm/min. This corresponds to
an initial strain rate of ¢ = 1073 s~! using a gauge length of 5 mm. Two
tests from each of the positions across the cross-sections (north, south, etc.)
and two from each of the directions (0°, 45° and 90°) were performed.

During testing, the force, the cross-head displacement and the specimen’s
diameter reduction were continuously measured. A laser based measuring
device was used to measure the diameter reduction until fracture (i.e. also
after incipient necking). Two perpendicular lasers (AEROEL XLS13XY with
1 pm resolution) executed the measuring with great accuracy. The lasers
were mounted on a mobile frame to ensure that the diameters were always
measured at minimum cross-section. With diameter reduction measurements
it is possible to calculate the true stress o and the true logarithmic strain e
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through the formulas

F
o=7 (1)

() o

where F' is the force measured by the load cell on the Zwick machine and Ay
is the specimen’s initial cross-sectional area calculated by Ay = (7/4) D2, Dy
being the initial diameter. A is the current area of the cross-section, obtained
by

A= %Dng (3)

in which D; and D, are the diameters measured by the two lasers. Assuming
additive decomposition of the elastic and plastic strains, the plastic strain can
be found through the relation e? = ¢ — o/E where FE is Young’s modulus. It
should be noted that plastic incompressibility and negligible elastic strains
are assumed in Eq. , and that after necking the stress o and strain e
represent average values over the minimum cross-section.

Results from the section homogeneity tests (one from each of the posi-
tions) are presented in Fig. plotted as true stress vs. true strain. These
curves are similar to those for the X65 steel used by |Hyde et al. (2007) in their
study of longitudinal indentation of unpressurised pipes. The scatter between
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Figure 4: Data from quasi-static tensile tests on uniaxial specimens.

(a) North 0° (b) West 0° (c) South 0° (d) East 0° (e) North 45° (f) North 90°

Figure 5: Fracture surfaces from different tensile test specimens.

each individual test from each position was low, and the same applies to the
directional tests. Based on average values from 12 tests, the material yields
at 478 £ 15 MPa and has a nominal peak stress of 572 + 14 MPa, strain
hardens to a true peak stress of 1314 4+ 12 MPa and fails at a true strain
of 1.61 £ 0.03 by a ductile cup-and-cone fracture. The data from the tests,
along with the fracture surfaces shown in Fig.|5(a){(d), strongly suggest that
for practical and design applications the material properties are homogenous
across the cross-section.

True stress-true strain relations from the tests at different directions (one
from each direction) are displayed in Fig. showing the same tendencies;
yielding at almost 500 MPa and a peak true stress of about 1300 MPa. The
fracture strain was also of the same magnitude, approximately 1.6. Again the
data is quite conclusive; no anisotropy appears to be present, as the circular
fracture surfaces in Fig. [5(e){(f)| also indicate. Based on these results, the
material will henceforth be treated as isotropic and homogenous, in contrast

to the quite anisotropic appearance of the X65 steel used by
(2012).



Real case Experiments
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Figure 6: Comparison of reality and experiments, respectively the left and right part of
the figure. The dotted lines indicate the initial position, while the solid lines signify the
displacements. Stage 1 is zoomed in for clarity, and the sketch is not to scale.

3. Component tests

3.1. Setup

The experimental setup is an attempt to recreate the loading scenario
where a pipeline is first hit and displaced by an impacting object before
being released and straightened as a consequence of rebounding caused by
the presence of global axial forces. The experiments consist of two main steps.
A simply supported pipe is first struck by a trolley with a given mass and
velocity in a pendulum accelerator. The pendulum accelerator is described in
detail by Hanssen et al.|(2003)). Next, the pipe is straightened quasi-statically
in a standard 1200 kN Instron universal testing machine using bolts through
the unlathed end sections of the pipe, leaving it free to rotate. The former
part represents the impact, while the latter is thought to correspond to the
rebound and straightening of the pipeline. These steps are a simplification
of the actual load events, but will serve as indicators as to what may happen
in a real case.

Fig. [6] illustrates the difference between the actual impact scenario and
the experiment, with the actual event divided in three stages. The first part
is when the impactor hits and creates a local dent. Large global deformations
are then caused by a continuation of the impact and hooking of the pipeline.
These two steps occur simultaneously in the laboratory experiments. As the
pipeline is displaced in the real case, axial forces (labelled N in Fig. @ arise as
a consequence. These axial forces will in the current tests not be present due
to the test pipe being simply supported, which is one simplification. When
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Figure 7: Schematic sketch of impact part the component test, which corresponds to stage
1 and 2 from Fig. [f]

the pipeline is finally released in the real case, the axial forces move it towards
its initial position. This corresponds to the stretch part of the experiments.
Although the actual case and the tests differ somewhat, the experiments
should capture the main physics of the problem. Eight pipes were tested in
total, with no surrounding water and no internal pressure. The first six pipes,
labelled A through F, were impacted at different velocities and subsequently
stretched. Two pipes, called K and L, were exposed to the impact part of
the test only. This was done to make bent pipes available for a metallurgical
study.

As indicated, an actual piece of a pipeline (albeit of decreased length to
make it fit the test rig) was used as test component. Vital test parameters,
like the free span of the pipeline, the trolley’s mass and impact velocity,
indenter shape and the pipe’s thickness, were designed by means of numerical
simulations and the guidelines given by DNV/| (2010). A schematic sketch of
the impact test setup is shown in Fig. It has been noted, as one might
expect, that a pointed indenter pierces the pipe more easily (Palmer et al.,
2006al). For that reason the sharpest indenter given in the guidelines was
chosen. The pipe was given a total length of 1300 mm, a free span of 1000 mm
and a nominal thickness of 4 mm, resulting in a D/t ratio of about 30.
This ratio is approximately the same as in many pipelines in use for oil
and gas transportation (Manes et al., [2012)) as well as in the tubes used
by Thomas et al.| (1976). To achieve this thickness the pipe was lathed down
from 9.5 mm to 4 mm, thus introducing a slightly uneven surface and wall
thickness over the cross-section. The thickness of the different pipes were
measured by a portable ultrasound device and measurements were taken at
multiple locations across each pipe.

The trolley was assigned a mass of 1472 kg and an initial velocity vy in
the range of approximately 2.5 and 5.0 m/s, representing the trawl veloc-



(a) Impact testing (b) Stretch test of pipe B

Figure 8: The component tests’ @ impact phase, and @ stretch phase.

ity (DNV], 2010). Pictures of the test setup are shown in Fig. [§ where

shows the impact part of the experiments and @ the stretching phase after
the impact. If the global deformation of the pipe was too small after the
impact, the tension step afterwards would require a very high axial load in
order to see some straightening effect. For that reason, it was important
to produce a global deformation sufficiently large (of the order of the pipe’s
radius). The supports in the impact phase were massive cylinders with a
diameter of 50 mm, while the nose of the trolley (the part making contact
with the pipe) had a radius of 10 mm. A load cell located between the nose
and the trolley was used to sample the contact force during impact
et all [2005). In addition, aluminium crash boxes were set up as buffers to

limit the maximum transverse deformation of the pipes.

3.2. Results

Force-displacement curves for all pipes A through F during both impact
and subsequent stretching are plotted in Fig. [9] As seen, the scatter is very
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Figure 9: Results from @ the impact tests, and @ the stretch tests sorted by impact
velocity. It should be noted that the stretch data does not account for the increased
moment arm caused by the deformation from the impact. Deformations in the tension
machine has been subtracted in the stretch data based on the measured machine stiffness.

low. The curves for e.g. pipes A and B are virtually identical, meaning that
initial velocity exerts little or no influence on the shape of the curve. As long
as the mass ratio between the trolley and the pipe is large (i.e. the inertia of
the pipe becomes negligible), it seems that the strain rates in this velocity
range have no significant influence on the measured contact force between
the impactor and the pipe. When testing pipes B and E the trolley hit the
buffer in the rig, hence the matching maximum displacement. The peak
force in the impact tests (see Fig. averaged at 73.1 + 2.5 kN. The force
increases in the beginning when the deformation is still local, and starts to
decrease when a transition is made from local to global deformation, which
suggests another explanation for the peak loads being similar despite the
different initial velocities. The remainder of the kinetic energy after the peak
is attained, is mainly absorbed by global deformation.

The deformation pattern observed corresponds well with the three modes
of deformation identified by the quasi-static three-point bending tests on
tubular components with similar D /t-ratio by [Thomas et al.| (1976]). These
modes are crumpling, crumpling and bending, and finally structural collapse.
Increasing the velocity from 3.24 m/s (pipe A) to 4.14 m/s (pipe E) resulted
in the largest jump in final transverse deformation (from 170 mm to 330 mm),
indicating that a transition from crumpling and bending to structural collapse
occurs in this velocity interval.

From Fig. it is clear that higher initial velocity, and thereby higher
deformation after impact, produces a much lower force level during stretch-
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(b) Pipe B, vy = 5.13 m/s

Figure 10: The impact phase of the component tests, examplified by @ pipe A and

@ pipe B.

ing. The machine stiffness in the tension rig was measured by placing a
massive, rigid cylinder in the machine and loading to slightly above the max-
imum force from the stretch tests. Any deformation measured is then in
the machine, and this was subtracted from the original results. When the
stretching phase initiates, the least deformed pipes can take the applied load
as axial forces almost immediately, while the most deformed ones have to
withstand a bending moment first due to their large global deformation. Af-
ter being straightened, the oval shape of the pipes became quite circular,
which can make impacted zones hard to detect, especially if no visible cracks
or dents are present. As will be shown in Section [4.1] the most deformed pipes
received a significant crack already after impact only. Photo series at 5000
frames per second obtained by a highspeed camera of type FASTCAM SA1.1
model 675K-M1 can be seen in Figs. [L0(a)| and [L0(b)|, which show pipes A
and B respectively. The test setup showed very good repeatability, and some
important parameters from the experiments are listed in Table [I| with an
illustrative legend in Fig. [11] Data for pipes K and L used for metallurgical
investigations were very similar to that of pipes B and A, respectively.

In the impact phase, the pipe was aligned so that it was struck on the side
labelled north, and all pipes deformed well into the plastic range. Fracture
was observed by visual inspection in all pipes during the stretch phase, but
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Figure 11: Typical outline of deformation shapes of pipes after impact load at midspan
(not to scale), along with explanation of measurements given in Table
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(a) Overview of pipe B (b) Through-thickness crack in pipe B

(c) Surface cracks in pipe A

Figure 12: Photographs of |(a)| impact zone in pipe B with an arrow signifying the impact
direction and location, |[(b)| close-up of through-thickness crack in pipe B and surface
crack in pipe A. All images are taken after impact and stretching.
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Table 1: Experimental matrix for component tests. See Fig. for explanation of mea-
surements.

[Pipe A B C D E F
Trolley mass [kg] 1472
Nose radius [mm] 10
Avg. thickness  [mum] 3.89 3.86 4.04 4.26 4.19 4.09
+0.36 £0.34 +£0.18 +0.38 =£0.32 +£0.30
Impact test results
Initial velocity — [m/s] 3.24 5.13 3.06 2.72 4.14 2.69
Kin. energy [J] 7708 19356 6875 5435 12613 5316
Abs. energy [J] 7294 11736 6520 5096 12503 5083
Peak force [kN] 70.7 72.7 75.1 75.8 74.6 69.7
w; [mm)] 170 333 142 105 330 101
Ly.n [mm] 1250 1104 1267 1286 1123 1288
dy-s [mm] 60 22 71 86 25 08
dp-w [mm] 180 199 172 162 195 159
a [deg] 12 30 9 3 30 3
Stretch test results
Def. rate (] 20 20 5 5 10 5
Max. force [kN] 590 90 602 601 307 601
Fracture force*  [kN] 100 10 146 274 24 269

*Determined by visual inspection during stretching

at very different load levels, ranging from a maximum value of 274 kN to
just after stretching was initiated (about 10 kN judged by visual inspection
during stretching) for the most deformed pipe. Due to the large differences
in deformation, different cross-head velocities were used during stretching,
but was always kept in the quasi-static regime. During stretching, pipe B
(vo = 5.13 m/s) ruptured through the entire thickness of the pipe wall (shown
in Fig. and [(b)). A visual inspection of pipe A (vg = 3.24 m/s) re-
vealed only surface cracks and not through-thickness failure (Fig.|[12(c)). The
through-thickness crack has three distinct zones as indicated by the numbers

on the picture in Fig. [12(b)]

Zone 1: The impact side of the pipe
Zone 2: The side opposite to the impact side
Zone 3: The transition zone between the two first zones

Looking at Fig. [12(c)] traces of the pipe being milled down are visible
and fracture appears to initiate at the bottom of these traces. An uneven
surface may lead to stress and strain concentrations, thereby initiating cracks
at specific locations, but as will be shown this is believed to be of minor
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(a) Zone 1 x 1000 (b) Zone 2 x 1000

Figure 13: SEM images of [(a)] cleavage fracture in zone 1, and [(b)] ductile fracture in zone
2, both taken from pipe B.

importance for the fracture process itself.

4. Fracture investigations

The undeformed material is described in Section [2.1] whereas this sec-
tion will focus on the deformed and fractured material subjected to different
loading conditions, taken from the component tests as well as additional
material tests on notched specimens. The samples were examined using an
optical light microscope and a scanning electron microscope.

The metallurgical investigations are divided in three parts. The first part
is comprised of the samples taken from the pipes used in the component
testing. The material was examined after two different load cases: impact
and stretching, and impact only. The second subsection concerns notched
compression-tension samples. Finally, notched specimens subjected to com-
pression only have been investigated. The additional material tests will be
presented along with the results from the microscopy.

4.1. Samples from component tests
4.1.1. Impact and stretching

Firstly, the fracture surfaces from the pipes impacted and straightened
were investigated to see what kind of fracture mechanisms that were present
after the entire loading sequence described in Section Visible fracture
surfaces from the pipes were inspected, so the samples were taken from the
pipes’ most deformed area. Two main types of macroscopic cracks were
present after impact and stretching; through-thickness cracks (Fig. [12(b))
and cracks on the pipe’s surface (Fig. [12(c)|). The through-thickness cracks
had three different zones as mentioned above.
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Figure 14: SEM images of the transition zone (zone 3) between brittle and ductile fracture
surfaces.

Fig.|13(a)| shows the fracture surface of zone 1, exhibiting a classic cleav-
age fracture (Anderson, [2005). These cracks were the first to appear dur-
ing stretching, almost immediately after applying the load. Zone 2, seen
in Fig. has a fracture surface of a completely different character — a
mixture of small and large dimples along with spherical particles (typically
located at the bottom of the dimples) are observed, thus indicating a duc-
tile fracture. This part of the crack propagated at a later stage during the
stretch part of the experiments. The final zone is a ductile “ridge” (framed
by a black rectangle in Fig. [14(a))) in the transition from the ductile to the
cleavage fracture surface. Large dimples with particles were observed along
this edge, seen in Fig. . Cracked particles were also present, exampli-
fied by Fig. A close up of one of the dimples with particles is offered
in Fig. It appears that voids initiate around the spherical particles
(sometimes cracked), which bonded poorly with the matrix.

In addition to the through-thickness cracks, there were also surface cracks.
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(c) Fracture at x 20 (d) Microstructure and crack at x 50

Figure 15: External crack and and internal crack and found in pipe K

subjected to impact at 5.18 m/s. SEM investigation of the fracture surface indicated by
the horizontal arrow in @ suggested a cleavage fracture.

These were also inspected in the SEM, and a ductile fracture with directional

voids, typical of tearing, was found. The surfaces were very similar in nature
to that of zone 2, seen in Fig. [13(b)

4.1.2. Impact only

Two additional pipes were subjected to impact, one in the upper end of
the velocity spectrum (pipe K, 5.18 m/s) and one in the middle (pipe L,
3.26 m/s), corresponding to pipe B and A, respectively. These were not
exposed to stretching, thus allowing investigation of potential damage after
impact only. Samples were once again cut from the dent where the trolley hit
the pipes. Macroscopic inspections of pipe K revealed a clearly visible crack
in the dent where the nose of the trolley hit. The crack ran through 75% of the
pipe wall’s thickness (pictured in Fig. [15(a)|). This crack probably emerged
during the springback after the impact. Investigation of the microstructure
in the optical microscope disclosed a mixed fracture type (intercrystalline and
transcrystalline) after large deformations (Fig. [15(c)). Further investigation
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(a) Overview of samples 1 and 2 (b) Overview of samples 3 and 4

Figure 16: Overview of samples taken from pipe L subjected to impact at 3.26 m/s. The
arrows point to the side inspected in the microscope.

showed that the grains were much less deformed at the end of the crack tip.
This indicates that the outer side of the pipe wall facing the impactor suffers
more deformation than the inner side.

A cross-section of the pipe at the outer edge of the dent created by the
trolley’s nose, where the crack no longer was visible on the surface, was also
investigated. Internal cracks were found through 75% of the wall thickness,
as seen in Fig. These cracks did not connect with any surface cracks ei-
ther, and may therefore be difficult to detect when inspecting a pipeline after
an impact event. This is why the traces from the milling process are thought
to be of minor importance. An intercrystalline fracture was found, with no
large deformation of the material’s microstructure, shown in Fig. @ The
fracture surfaces from this test (indicated by the arrow in Fig. [15(a)]) were
also investigated in the SEM, revealing a brittle cleavage fracture of the same
character as seen in Fig. [13(a)

The pipe impacted at 3.26 m/s showed no immediate tendency to crack
initiation, neither by visual inspection nor in the optical microscope. The
surface was intact and no internal cracks were seen. Four samples were cut
from the impacted area, all of which are shown in Fig. Sample 1 showed
no signs of fracture at any magnification. Investigation of the second sample,
shown in Fig. , revealed a latent crack approximately 300 ym long in
the middle of the material thickness, where the traces from the milling ex-
erts little or no influence. The crack was found around the grain and phase
boundaries, and can be very hard to detect. Deformation of the microstruc-
ture appears to be small (compare Fig. to Fig. . Surface cracks of
about 50 pum were observed at the impact side in sample 3, as shown in
Fig. [17(b)] These may be initiated by the traces arising from the milling
process. Hard phases can be seen near the surface in connection with the
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(a) Crack from sample 2, x 100 (b) Surface cracks in sample 3, x 20

Figure 17: Internal crack [(a)] and surface cracks [(b)] found in samples taken from pipe L
subjected to impact at 3.26 m/s.

cracks, but as this investigation is conducted on a 2D plane, it is difficult to
say with certainty whether or not such phases are significant with respect to
crack initiation. In sample 4 internal cracks were found along grain bound-
aries, with lengths of approximately 20 pm. All the cracks were located
towards the impact side of the pipe wall.

4.2. Notched compression-tension tests

During impact the pipeline appears to suffer large compressive strains
in the dent where the impactor hits, before being exposed to tension in the
course of the springback and the following stretching. To shed some light
on the material’s behaviour under such loading conditions, experiments on
notched specimens (shown in Fig. [I8(a))) were performed in a deformation
controlled Instron 100 kN testing machine. A similar study was conducted
by Bao and Treitler| (2004)) on an aluminum alloy, which displayed a decrease
in ductility with increasing compression. A contrary conclusion was reached
by Bouchard et al. (2008) after exposing two different ductile steel grades
to compression-tension loading. Based on the component tests, the ductil-
ity is expected to decrease with increasing compression before tension as a
transition from ductile to brittle fracture is observed in this zone.

Based on numerical simulations, the geometry shown in Fig. [18(a)| was
chosen in an attempt to avoid possible buckling during the compressive phase.
First, the specimens were compressed to different levels of large plastic strain
— two of each specimen to 10%, 20%, 30% and 40% — before being stretched
in tension to failure. The specimens’ change of diameter was measured by
the same technique as for the tension tests. Two additional specimens were
stretched to failure without compression for reference, making two series of
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Figure 18: Specimen geometry and results [(b)| from the first test series of notched
compression-tension tests.

five specimens each.

True stress-true strain curves are presented in Fig. . The scatter be-
tween the two parallel test series from 0% to 40% compression was negligible.
In tension only, the true stress-true plastic strain curve has a clear concave
shape. This is not true for the specimens compressed first, which exhibit a
slight decrease in work hardening rate before approaching their respective
asymptotes. The transient Bauschinger effect is observed through the early
onset of re-yielding for the reversed load. Towards the end of the tensile
phase, all the curves tend to become almost parallel including the specimens
loaded in tension only. Circular and ductile cup-and-cone fracture surfaces
were observed for all specimens. The area Ay of the fracture surfaces in-
creased with increasing compression, causing the “absolute” fracture strain
er = In(Ag/Ay) to decrease as seen in Fig. [19(a)] The “relative” fracture
strain ¢,, obtained by using the area at load reversal A, as reference rather
than the initial area, also exhibits a drop with increasing compression. From
Fig. [19(b)| it is seen that the effect on the relative fracture strain is smaller.

The fracture surfaces of the notched compression-tension specimens were
examined using scanning electron and optical light microscopes. Using the
SEM, a mixture of large and small dimples was found in the centre. Further,
shear lips were present in the region near the outer surface in accordance
with the cup-and-cone fracture. At 250 times magnification, the larger dim-
ples appear to be deeper in the uncompressed specimen than those in the
ones loaded in compression first (see Fig. , indicating that voids can grow
to larger extents with less compression — a signal that ductility is being re-
duced(Ghajar et al 2013). In specimens compressed to 20%, 30% and 40%
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Figure 20: SEM images of fracture surfaces of notched compression-tension specimens at
x 250 magnification.

the calcium aluminate particles are clearly seen in the large dimples, suggest-
ing once again that voids initiate around these particles in compression (Sabih!
and Nemes| 2009). After compression, the stress level is considerably higher
and the hardening similarly lower. This could lead to earlier void nucleation
and accelerated void growth and coalescence by interligament necking at an
early stage.

In Fig. the magnification is increased to 1000 times, revealing cal-
cium aluminate particles in all the large dimples. No specific difference was
found between the different magnitudes of compression at this magnifica-
tion level. Compression before tension is expected to damage or fracture
the spherical particles, and such a phenomenon was observed here. This has
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Figure 21: SEM images of cracked particles in the specimen compressed to 40% at different
magnification levels.

been reported in the litterature e.g. by Cottrell (1959). By increasing the
magnification to 3500 times, cracked particles are clearly visible, displayed
in Fig. 21(b)|

A further inquiry was made using a light optical microscope; the sample
compressed to 40% was investigated along with the reference 0% specimen.
Both specimens were cut through the center along the longitudinal axis, mak-
ing the fracture surface’s profile and the specimen’s inner surface available for
inspection. Before they were placed in the microscope, they were ground and
polished to 1 um. Figs. and @ show that voids have formed in a zone
near the fracture surface in both the 0% and 40% specimens. These voids
become visible during tension but may initiate during compression, as will
be explained in Section Fig. showing the 0% sample at 50 times
magnification, displays a somewhat blurry edge compared to what is seen in
Fig. [22(d)| which shows the corresponding 40% sample at the same magnifi-
cation. This suggests a less ductile fracture in the 40% specimen. Also, the
voids in this specimen are more spherical compared to the more rhombus
shaped voids of the 0% test. This indicates a more even pore growth when
tension is preceded by compression. Voids may initiate around particles and
expand perpendicularly to the load direction during compression, and along
the load direction during tension. From Fig. so-called ductile “fingers”
are indentified in the 0% test. The 40% instance, on the other hand, has no
such indications of ductility, made clear by the straight edges on the fracture
surface in Fig.

The microstructure also revealed another distinct difference between 0%
and 40% compression when etched in nital. The grains are deformed and
elongated to a much larger extent without the initial compression. Relative

22



L / 50 pm
@ sopm

(c) 0%, x 50 (d) 40%, x 50

Figure 22: Optical microscope images of cross-section at different magnification levels.
Both the 0% and 40% samples are shown.

deformation is therefore decreased in the samples exposed to compression
first. Both samples’ microstructures at failure are shown in Fig. while
the undeformed microstructure can be seen in Fig. 2 Defects like voids and
particles of size 5-40 um were observed in the specimen exposed to tension
only, while the one compressed to 40% before tension showed such defects
ranging from 5 to about 90 pm. Both cases are shown in Fig. but be
aware that this is a 2D representation of a 3D material, so the darker areas
seen might as well be distorted areas in the vicinity of the calcium aluminate
particles.

Compression to 60% was attempted, but barreling of the specimen pro-
hibited valid test results from being obtained — the specimen failed in the
threads during tension due to the cross-section being widest in the area where
the notch had initially been. Therefore a change was made in the specimen
geometry; the cross-sectional diameter was reduced (shown in Fig. [24(a))) to
postpone the onset of this barreling, which was incipient in the 40% spec-
imens of the primary geometry. Two of each of the new specimens were
compressed to true strain values of 40%, 60%, 80% and 90%, with 40%
overlapping the initial tests for comparison. In addition one specimen was
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(a) Microstructure, 0% (b) Microstructure, 40%

Figure 23: Optical microscope images of microstructure and defects in 0% specimen and
40% specimen at x 100 magnification.

attempted compressed to 100% true strain.

Again the scatter between the two parallel series was negligible. Be-
tween the two different geometries compressed to 40% and then stretched to
failure, it was expected similar stress levels for corresponding strain. The
fracture strain, however, should be different as the stress triaxiality o* is
altered (Borvik et al., 2001). Stress triaxiality is defined as the ratio be-
tween the hydrostatic stress oy and the von Mises equivalent stress o,
0* = op/oe. The stress triaxiality is dependent on both the notch ra-
dius, which in this case remained the same, and the cross-sectional diameter,
which was changed from 6.4 mm to 4.0 mm — thus decreasing the triaxiality
ratio (Hill, [1950). Based on the results obtained by Bervik et al| (2001)), a
reduction in ¢* should lead to an increase in fracture strain. This is exactly
what is observed; the first geometry produced an absolute €, of approxi-
mately 0.5, while the latter gave about 0.8.

True stress-true strain curves from the second series of tests are plotted
in Fig. Herein lies a very interesting feature: where tendencies to
ductility reduction was observed in the previous tests, it is now even more
evident. Compressing the specimen to 90% appears to decrease the ductility
to a significant extent, also when looking at the relative deformation from
load reversal to failure in tension. The mode was also altered to a 45° shear
fracture, which can be seen in Fig. 25| Again the surface area at fracture
tends to increase with increasing compression. Both the absolute and relative
fracture strains showed the same tendencies as in Fig. with the 90%
specimen standing out. The SEM images revealed a ductile fracture for the
40% specimen, very similar to the surface shown in Fig. [20(b)l Both the
60% and 80% specimens did show signs of cleavage fracture along the edges,
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Figure 25: Altered fracture mode between 80% and 90% compression before tension.

examplified by Fig. [26(a)[ where a particle in a growing void is also shown.
This indicates that ductile behaviour and large scale plasticity may precede
a cleavage fracture, as noted by (1968). Similar results were found
for the the 90% specimen, although with less presence of cleavage fracture
areas. Fig.[26(b) shows the fracture surface, with a smaller particle initiating
a void. Both ductile and brittle fracture surfaces were observed, and the
brittle areas showed signs of strongly elongated dimples, meaning that large
plastic deformation precedes the brittle fracture.

Compressing the specimen to 100% created a slight barreling effect, caus-
ing the specimen to become widest at the centre. After stretching it to failure
another 45° shear fracture was observed, although with much less indication
of cleavage and an almost entirely ductile fracture. Being widest at the cen-
tre, fracture at the cross-section with lowest area or a shear fracture are

25



TR b

20.0kV 25.5mm x800 SE

(a) 60%, x 800 (b) 90%, x 1500

Figure 26: SEM images showing indications of both cleavage fracture and ductile behaviour
in specimens compressed to [(a)] 60% and 90%.

more likely to occur. This lead to a questioning of the results from the 90%
specimen as a similar fracture mode was observed.

4.83. Compression only

Specimens of the geometry in Fig. were compressed to 20%, 40%,
60% and 80% plastic strain without being being stretched in tension after-
wards, and then investigated in a microscope in comparison with the un-
deformed material. Firstly, larger voids (150-200 pm) were found in all
the compressed specimens in an area outside the notched zone, i.e. in the
threaded area. No voids were found in the zone where they were observed in
the notched compression-tension tests (examplified by Fig. , which indi-
cates that voids mainly increase in volume during tension even though they
may initiate during compression close to the particles (Sabih and Nemes,
2009). The angular particles did not appear to be affected by the deforma-
tion, while some irregularities were observed around the spherical particles.
Between the different compression levels there did not seem to be any signif-
icant difference.

The 80% sample of the initial notched geometry got stuck in the test
machine due to a very high force when compressed, and had to be cut out
of the machine. Compression to 80% for the geometry from Fig. [24(a)| was
also attained, as well 90% and 100%. Observation in the microscope showed
that the profile of the specimens had a slight barreling effect at 80%, and
more clearly so at 90% and 100%. The microstructure had deformed quite
uniformly for the 80% and 90% specimens. Images from the microscope dis-
played clearly visible shear bands in the microstructure of the 100% sample,
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confirming the assertion that the fracture mode altered due to the geometric
conditions, and can thereby explain the more ductile fracture surface ob-
served. Such localised shear bands are fracture modes that most likely will
not occur in impacted pipes. Thus, the reduced ductility seen in the 90%
and 100% samples seems to be an effect of the deformed specimen geometries
rather than a material property, and therefore not necessarily representative
for the problem at hand.

5. Discussion

Quasi-static tensile tests showed that the X65 material is both homoge-
nous and isotropic. Almost perfectly circular fracture surfaces from the ten-
sile tests confirm this assertion. Component tests of the pipeline showed
that the peak force during impact was fairly constant regardless of impact
velocity due to the shift of deformation mode from local to global, and the
mass ratio between the pipe and the trolley. Global deformation was nat-
urally very dependent on the initial velocity since more kinetic energy has
to be absorbed. So were the force-displacement curves from the subsequent
stretching as well. Cracks were observed in all pipes during tension, where
in the study by Manes et al| (2012) only one test displayed fracture. Very
different load levels were needed to produce visible cracks, depending on the
deformation from the impact. The highest impact velocities produced frac-
ture already after impact and springback, causing cracking through 75% of
the pipe’s wall thickness for the highest velocity. The crack extended to the
surface, but internal cracks of the same magnitude were also detected. At
first the lower velocities did not seem to produce such fracture, but after
a more thorough investigation in the microscope, cracks were indeed found
without any visible signs on the surface. In this area the material appears
to suffer compression to great extents, hence the motivation for the notched
compression-tension tests.

The ductile fracture observed in both the material and component tests
occurs through void nucleation, growth and coalescence and is extensively
discussed in the litterature over the last decades (Rice and Tracey, |1969;
Thomason) 1982; Tvergaard and Needleman, |1984 [T'vergaard and Hutchin-
son), 2002 Tian et al., [2010). Voids are often thought to initiate by particle-
matrix decohesion or cracking of particles (Goods and Brown, 1979), con-
firmed here by the microscope images. As plastic deformation continues,
voids grow in size and eventually coalesce.

Compression-tension tests on the first series of notched specimens (see
Fig.|18(a)|) showed a clear reduction in absolute fracture strain with increas-
ing compression, while the relative fracture strain was less affected but still
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decreasing. This indicates an accelerated void nucleation (Sabih and Nemes,
2009). Microscope images showed a less deformed microstructure and more
shallow dimples, also signs of earlier fracture (Ghajar et al.| 2013). Cracked
particles were observed, and can also contribute to this as cracks formed in
particles can propagate into the surrounding ferrite (McMahon and Cohen,
1965). Voids were round and evenly shaped after compression-tension, as
opposed to the rhombus shaped pores emerging from tension only. Under
compression, voids may extend perpendicularly to the load direction before
growing along the load direction during tension, thus creating a more even
shape (Bao and Treitler, 2004)). Perpendicular void growth and/or more fre-
quent void nucleation due to compression necessarily reduces the distance
between voids, leading to earlier coalescence and provides an explanation for
the more shallow pores in the specimens compressed before tension. Notwith-
standing the compression, the fracture in the specimens compressed up to
40% did not transform to a brittle one as seen in the component tests where
the plastic flow is more restricted. Such restricted flow conditions may in-
crease the chances of cleavage fracture (Gao et al., [1996; Anderson, 2005)).

Modifying the geometry of the notched specimens, seen in Fig. [24(a)]
allowed for compressive strains of 40%, 60%, 80%, 90% and even 100% to
be attained. Tendencies to cleavage fracture were observed in the 60%, 80%
and 90% specimens, however less so in the 100% sample. McClintock| (1968)
noted that cleavage planes initiated in adjacent grains rarely have a common
intersection with the grain boundary, thus requiring additional deformation
to cause void coalescence. This makes fracture more of a process rather than
an instantaneous event. This could explain the mixture of ductile and cleav-
age fracture surfaces seen in these specimens, confirming that these fracture
modes are not mutually exclusive (Smith, 1968)). Hoagland et al. (1972)
found that brittle fracture could appear highly segmented, and attributed
this to isolated regions difficult to cleave. They also noted that ligaments are
the main source of resistance against cleavage crack propagation.

Higher level of compression can further extend a void initiated at a
cracked particle without necessarily increasing its volume, thereby requir-
ing less tensile deformation to obtain void coalescence. Another account of
the fracture could be that since the particles deform less than the matrix,
stress concentrations arise around the particles. Locally the stress may be
many times the yield stress, causing a ductile to brittle transition. |Antretter
and Fischer| (1998)) found through numerical investigations that if a particle
is already cracked, it increases the chance of a neighboring particle crack-
ing due to stress concentrations, thereby initiating a cleavage fracture. A
combination of decreased ligament size and increased local stress is entirely
possible.
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Compression only to 80% and 90% created a slight barreling effect, and
an apparent uniform deformation of the microstructure. The 100% specimen
exhibited barreling and clearly visible shear bands, explaining the ductile
fracture surface observed. Fixing the specimens with a slightly larger diam-
eter might ameliorate the barreling problem — an effort left for future work.

6. Conclusions

Impact and stretching tests of pipes made from an X65 offshore pipeline
steel have been carried out. Straightening the pipes after impact always pro-
duced cracks. This need not be the case for lower impact velocities. SEM
investigations of the fracture surface emerging first after impact revealed a
brittle (cleavage) fracture, and was located on the impact side. The fracture
surfaces that appeared during stretching were ductile. As fracture occurs
after impact only, a pipe’s axial load capacity can be greatly reduced by an
impact event. Damage in the material can be difficult to assess without cut-
ting and investigating using microscopy as it may initiate without appearing
on the surface.

Compressing specimens appears to reduce ductility, and tendencies to
cleavage fracture were observed on the fracture surfaces when tension was
preceded by large compressive strains. Cracked particles were found as a
consequence of compression. Voids may initiate during compression, leading
to a more brittle fracture if allowed to grow extensively. Brittle fracture is
caused by large local stresses arising from cracked particles, void nucleation
on the sides of particles during compression or a combination of both. Multi-
ple nucleation sites and extension of voids into the matrix during compression
can reduce ligament size and thereby contribute to a less ductile behaviour
when the load is reversed.
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