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ABSTRACT

Offshore pipelines may be exposed to a range of extreme
loading situations during operation on the seabed such as im-
pact by trawl gear or anchors. While not primarily being de-
signed for it, thermal insulating polymeric coatings are expe-
rienced to provide beneficial contributions to the structural in-
tegrity of subsea pipeline designs. In recent editions, the pre-
vailing standards and design guidelines are allowing for the in-
clusion of external coating products in the mechanical design
evaluation. This secondary functionality of insulating coatings
presents a great potential in terms of more optimized pipeline
designs. However, due to the lack of reliable and versatile me-
chanical models, any beneficial effects from these complex poly-
meric insulating coatings are often omitted in simulations. This
work presents a finite element based approach for assessing the
mechanical response of polymeric coatings on offshore pipelines
with different porous structures imaged using X-ray micro com-
puted tomography. The modeling approach is also compared
with experimental results.

INTRODUCTION

Rigid steel pipelines are used to convey oil and gas along
the seafloor by the offshore industry. The high inherent tem-
peratures and pressures drive the fluids topside from the reser-
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voirs. Therefore, pipelines are insulated with thick polymeric
coating solutions in order to prevent loss of heat. While often
installed without any dedicated mechanical protective measures
(trenching, covers, armors, etc), the long-spanning components
are rendered vulnerable to extreme loading situations. Extreme
loading situations may be caused by impact from moving objects
like fish trawling gear or falling anchors [1]. Vestrum et al. [2]
proved significant energy absorbing capabilities of a polymeric
insulating coating during impact from moving objects. As both
pipelines network systems and cross-section architectures are de-
signed with respect to the likelihood and risks of such accidental
events [3], a great economical potential exists in the inclusion
of the thermal insulation during mechanical assessments. How-
ever, due to their complex material and design features, any ben-
eficial effects introduced by the presence of polymeric insulat-
ing coatings are often omitted in mechanical design evaluations.
Prevailing standards and design guidelines are allowing for ther-
mal coatings to be included however, their effectiveness must be
documented [3,4]. This may be done with full-scale component-
specific experiments [5,6]. However, a cost-effective alternative
to expensive experimental programs are found in numerical tech-
niques as the finite element method. For such tools to be accurate
and versatile, efforts need to be made towards developing good
modeling strategies. As many pipeline coating products consist
of multiple layers with unique and complex characteristics, con-
ventional finite element models may not suffice in accurately de-
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FIGURE 1: Illustrations of the particular coated pipeline design studied in this work.

scribing their combined response for advanced engineering pur-
poses.

In this work, an alternative modeling approach for assessing
the mechanical response of insulating pipeline coatings is pre-
sented. The approach employs X-ray micro computed tomog-
raphy in mapping the porous structure of the insulation layers.
These mappings are used to derive finite element models repre-
senting the exact macroscopic morphology. Actual specimens
from a typical polymeric insulation coating are modeled using
the presented approach, while the same specimens were also ex-
perimentally tested in uniaxial compression. The experiments
were used to validate the modeling approach. It is concluded
that the modeling approach managed to adequately capture the
mechanical behavior at low deformations (though well into the
post-yield domain) produced by the specimens with very differ-
ent porous morphologies. While improvements are suggested for
the model, the current approach may serve as a reasonable lower-
bound estimate for the compressive behavior of similar coatings.

MATERIAL

The insulating coating solution used to exemplify the me-
chanical modeling approach herein is a multilayer polypropylene
system produced by Shawcor Norway under the product name
Thermotite [7]. The layering structure is customizable and a cer-
tain coating design depends on the operational demands of the
pipeline. While the majority of a full coating volume consist of

a thermal insulating layer, other thinner layers are also included
in the system. These are applied to shield the pipeline from a
corrosive and generally harsh ambient environment. Figure 1(a)
gives an illustration of the steel pipeline with the particular mul-
tilayer design used in the work presented herein. Figure 1(b)
presents a portion of a cross-section with the study-specific lay-
ering scheme where a 3-layer polypropylene (3LPP, 6mm thick)
system was applied to an X65 pipeline, followed by a thick layer
of foamed polypropylene (Porous PP, 39mm thick) and an outer
layer of solid polypropylene (Solid PP, 3mm thick). The 3LPP
layer is an integrated solution providing corrosion protection for
the steel and adhesion to the insulating coating, the Porous PP
layer insulates the pipeline preventing heat loss in multiphase
flow, while the external Solid PP serves as a shield for the inner
layers of the cross-section. Coating specimens were retrieved
from virgin pipeline samples from a production batch intended
for operational use. Other pipeline samples from the same batch
have previously been studied in terms of the coating products
ability to absorb energy during impact events [2, 6]. Previous
studies [5] revealed a strong variation in the porous morphology
throughout the thickness of the Porous PP with possible implica-
tions for the mechanical response (and thus energy absorption)
of the full coating. It is these implications that are further exam-
ined herein. To this end, five cylindrical specimens throughout
the Porous PP layer were sampled and further studied. Figure 2
gives the positions and corresponding labels (A to E) indicating
where the specimens were retrieved across the layer thickness.
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FIGURE 2: Overview of the original positions and corresponding labels of the cylindrical coating specimens retrieved. See Figure 1(b)

for the cross-section related to the layer measures.

All specimens were cylinders with axes of symmetry parallel to
r (see Figure 1(b)) and with nominal heights and diameters of
6mm and 10mm, respectively.

X-RAY MICRO COMPUTED TOMOGRAPHY

X-ray micro computed tomography (XRMCT) is a gen-
eral and nondestructive testing method using a series of two-
dimensional X-ray projections (radiographs) to reconstruct a
three-dimensional image of the densities in a body. X-ray ra-
diation is passed through the specimen where it is attenuated. As
the solid polypropylene attenuates much more radiation than the
vacant pores, high resolute mappings of the two-phased structure
is possible. The pore morphologies of the five cylindrical spec-
imens were mapped using XRMCT. All scans were conducted
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at facilities located at the Norwegian University of Science and
Technology (NTNU) in Trondheim using a Nikon XT H225 ST
MicroCT machine. The reconstructions of the three-dimensional
density images were made with the commercial software Nikon
CT Pro 3D (Version XT 3.1.3).

Figure 3 presents rendered surface models created from the
raw data of the XRMCT scans. It is readily seen that the mor-
phology differs between the specimens. Previous work [2] re-
vealed a concave variation in terms of density across the layer
thickness. This may also visually be deducted from the porosi-
ties seen across the specimens in the figure: Specimen C is read-
ily seen to be more porous than the specimens A and E sampled
closed to the layer boundaries.
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FIGURE 3: Surface models from the XRMCT of the five specimens with a close-up of specimen C.
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FIGURE 4: Images from (a) the test setup, and recorded deformation images at (b) 0.0mm and (c) 3.0mm of specimen A.

MECHANICAL TESTS

Following the XRMCT, all specimens were tested in uniax-
ial compression in order to map their mechanical response. The
tests were performed using an Instron 5982-1.2035 [8] universal
test machine at a deformation rate of 0.006mm/s. Multipurpose
lubrication was applied to both the top and bottom of the cylin-
drical specimens to minimize friction at the interfaces. The reac-
tion forces (F) were recorded using an Instron 2580-301 (100kN)
load cell with a +0.15% measuring error within the force ranges
achieved during testing. Figure 4(a) shows the test setup with the
specimen placed in the testing machine in the foreground and two

5-megapixel Prosilica GC2450 cameras in the background (only
one of these was used in the post-processing presented herein).
The cameras were used to take still images of the specimens
during deformation. Figure 4(b) and (c) provides two images
at 0.0mm and 3.0mm of deformation, respectively. The periph-
eral edges of the deforming geometries were traced (using self-
written software routines in Python). These tracings were used
to estimate the updated cross-section areas (A) of the specimens
during deformation. The results from this edge tracing are vi-
sualized as vertical red lines in Figure 4(b) and (c). From these

Experimental results
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FIGURE 5: Force-displacement curves from uniaxial compression of the porous specimens.
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Post-processed experimental results
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FIGURE 6: True stress-strain curves derived with Equation 1 and 2 from results given in Figure 5.

measures, the true stress (o) could be estimated via

o =F/A. ey

The crosshead displacement (A) was deemed as an adequate
measure for this study as the error at the maximum force
achieved was measured to be less than 2%. Provided the height
of the specimen (%), the true strain could be calculated through
the relation

e=1In(1+A/R). )

Both the air humidity and temperature were measured during the
testing period and found to be in the intervals of 26-28% and
22-25°C, respectively.

Figure 5 presents force-displacement curves from the tests
using the described setup. Clear differences are seen between
the specimens in terms of uniaxial compressive behavior. While
having similar initial responses, specimens B and C are seen to
diverge early on during deformation with B converging to E at
larger deformations. Similar behavior is seen between specimens
D and E with comparable pre-yield response, with D converging
with C (crossing paths with B at around 0.75mm) at larger defor-
mation.

The force-displacement curves in Figure 5 were used in the
calculation of the true stress-strain curves shown in Figure 6.

There exist contradictions in deriving material data from such
highly inhomogenous specimens. Due to the graded porosity
across the specimen height, the strains tend to localize in the
less dense regions. This may be thought to occur due to the in-
creased stress across the least dense regions, having the lowest
cross-sectional area. It will therefore exists a stress distribution
throughout the specimen height. While the presented compres-
sion tests may not necessarily be strictly usable as material char-
acterization tests, they are indeed viable component tests that can
be used to evaluate the model approach presented herein.

IMAGE-BASED MODELING

The rendered surface models in Figure 3 are heavily post-
processed and are not the starting point of the modeling ap-
proach derived in this section. The actual raw data from the
XRMCT may be thought of as a three-dimensional array (im-
age) of gray-scale values with range {0, 255} (where an increas-
ing value corresponds to increasing material density) and domain
2000x2000%2000. Each element in the three-dimensional ar-
ray is called a voxel (analogous to a pixel in a two-dimensional
image). The spatial resolution of voxels will vary between indi-
vidual XRMCT scans, but sub 0.01mm-resolution was achieved
for the scans presented herein. The raw XRMCT data set holds
8.0e9 (2000%) values between 0 and 255 representing the relative
X-ray attenuation (i.e., radiodensity) across the scanned volume.

Voxel-based finite element models have been used in ear-
lier studies of cellular materials [9], and presents an efficient

Copyright © 2019 by ASME



r r r r A

A | B | C | D | E |
FIGURE 7: Undeformed meshes produced from the XRMCT mappings (with a close-up of specimen C) using the stepwise rutine
outlined below.

and pragmatic approach of integrating XRMCT data into finite
element analysis by replacing the voxels-based data sets with
meshes of hexagonal elements. The modeling approach pre-
sented herein is derived on this idea. All the model meshes were
created using self-developed Python software routines. This
makes the solution method a cost-efficient alternative compared
to a more advanced tetrahedral-based meshing which needs more
sophisticated and costly commercial software. A more detailed
derivation of the applied approach is given by Vestrum et al. [10],
while a conceptual overview is presented in the following:

1. Mapping the densities in the sample via XRMCT resulting
in a three-dimensional array of gray level values denoted ®.
Adopting index notation, the elements in the XRMCT data
set may be expressed as

ok € {0,1,2,...,253,254,255 )" ?3)

where m = n = o = 2000.

2. As the XRMCT data is prone to noise (i.e., high frequency
local fluctuations in @;j;), @ needs to be low-pass filtered to
facilitate subsequent steps. The filtering is more precisely
expressed as the convolution between @ and a suitable filter
kernel g — and the filtered data set is formulated as

D=0xg @

s0 that @ € {0, 1,2, ...,253,254,255 }mx<nx0_

. As the final goal of this process is to convert the density

mapping into finite elements, a domain of 8.0e9 would yield
a mesh containing far too many elements to be processed.
Thus, a reduction of the domain is necessary. A downscaling
of the resolution of @ is denoted in index form as

@i € {0,1,2,...,253,254,255}4xbx¢ 5)

with a = b = ¢ = x. The value of x will govern the element
size and has to be chosen with respect to both the computa-
tional efficiency and accuracy of the model.

. The next step is to separate matter from void (or foreground

from background). This separation of distinct phases is
known as segmentation in the field of image processing. As
the two phases manifest themselves as two distinct peaks
within the full gray-scale spectrum of @, a single threshold
value may be used to distinguish them. This is known as
binarization. There are various approaches, with various de-
grees of sophistication, in how to establish a suitable gray
level threshold. The most simplistic approach would be to
plot the gray-scale histogram of @, and simply identifying a
threshold value, which separates the two peaks. In this bina-
rization operation, all gray levels above the threshold value
is identified as matter (foreground / white / 1) while all lev-
els below is considered to be void (background / black / 0).
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FIGURE 8: Deformed configurations at around 3.0mm displacement.

The resulting data set is expressed as 5. The final step is to port @ to a chosen finite element solver.
In this work, Abaqus/Explicit (hereby Abaqus) has been ap-
@;j = {0, [ Jaxbxe, (6) plied. Each entry of @ is converted into an element in a part
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FIGURE 9: Comparison between experimental (solid lines) and model (dashed lines) force-displacement curve.
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mesh. This is done by establishing node, element and con-
nectivity tables exported to input files readable by Abaqus.

The meshes seen in Figure 7 were produced via the outlined
procedure and these are used in the full model setups of the com-
pression experiments. Two analytical rigid surfaces are placed at
the top and bottom of each cylindrical specimen in the FE-model,
representing the interface to the testing machine. A velocity is
smoothly imposed to the top surface using a general contact for-
mulation (with minor friction) between both surfaces and speci-
men. The velocity (which was chosen to yield quasi-static con-
ditions) resulted in a displacement of the surface, which in turn
compressed the specimen due to the contact properties. A second
contact definition is added to account for the self-contact within
the specimen itself. The reaction forces and displacements are
recorded in the top surface for comparison with the experimental
results.

The matrix material of the porous layer was made from a
polypropylene material produced by Borealis under the product
name BA202E. The data sheet of BA202E [11] indicates an ini-
tial yield stress in tension at 28MPa (cp) with a mass density
of 900kg/m>. A reasonable run time for the models (around 16
hours at an in-house computational cluster) was found with x cor-
responding to an element size of 0.08mm. Along with an elastic
modulus (E) of 800MPa, the material parameters constituted the
input for a linear elastic J, plasticity model with no work hard-
ening used with the developed meshes. The equivalent stress (o)
in terms of the equivalent strain (€) applied in the model is for-
mulated as

o(e) =

{Ee if e<9%/g )

[on)) if €>9%/g

Figure 8 presents deformed configurations of the unde-
formed meshes in Figure 7 at displacements of 3.0mm. The re-
spective deformed configurations are readily seen to vary among
the specimens at this displacement. When comparing Figure 8
(a) to that of Figure 4(c), comparable curvatures of the pheriphi-
cal sides are seen. By studying specimen A and E in Figure 3, one
can see that the top of the specimen is observably more porous
for A, while the same goes from the bottom of specimen E. In
Figure 8 it may be seen that these regions experience a larger ra-
dial (cylindrical radius, and not  in Figure 1(b)) expansion than
at the opposing ends. This may be caused by less constrained
deformations in these relatively low-density parts.

In Figure 9, the force-displacement curves produced by the
described model (dashed lines) have been plotted alongside the
experimental results (solid lines). While only differing in terms
of specimen geometries (i.e., the same material definition for the
matrix material across the specimens), the global yield points
are seen to be reproduced well. The force levels produced by

the model shows excellent correspondence at lower levels of de-
formations (A < 0.75). However, neither the exponential force-
increase nor the cross-over characteristics of the graphs observed
in the experiments (as commented upon previously) are repli-
cated with the proposed model.

CONCLUSION

The presented modeling approach is seen to provide a reli-
able lower-bound estimate for the mechanical response of poly-
meric coating in compression. This is achieved using only the
XRMCT data, mapping the pore morphology into a FE-model,
and readily available material data from the data sheet of the
matrix material. At larger deformations, the models do not ex-
perience the characteristic evolutions in terms of force-versus-
displacement as in the corresponding experiments. This may be
caused by an over-simplistic mechanical representation of the
polymeric matrix in the finite elements, which is suggested for
future work.
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