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Abstract

With an increasing demand of subsea pipelines igh corrosion resistance such as clad
and lined pipelines, the offshore industry haseased the focus on design of these types of
pipes. Thus, a DNV guideline on how to treat cladl dined pipes is currently under
development, but trawl gear impact has not beeesassl. Consequently, it is proposed to
do this master thesis to study the differenceslad and lined pipes compared with bare
carbon steel pipes, by utilizing finite element Iggas to simulate the trawl gear impact
scenario. Furthermore, it is proposed to perfopai@meter study with different diameters
andDl/t relations, withD being the pipe outer diameter arttie wall thickness.

The existing recommended practice DNV-RP-F111 coweawl gear impact calculations
with bare steel pipes. Thus, the analytical sohgiof this recommended practice is studied
to gain knowledge on the basic aspects of trawt gapact. The analytical solutions are
based on the assumption that all impact energybmsorbed locally, i.e. no global
deformation of the pipeline is present. Variousetymf trawl gear are described but it is
concluded that the clump weight contains the highesunt of kinetic energy, i.e. 47589 J
corresponding to a velocity and mass of 2.8 m/s1&idl0 kg respectively. The acceptance
criteria of trawl gear impact is based on an egendd the permanent indentation of the

pipe.

By studying the composition of clad and lined pigges clear that the difference between
the two pipes is the bonding, as clad pipes aralinggical bonded and lined pipes are
mechanical bonded between the corrosion resistioy @RA and the outer steel pipe.
Thus, clad pipes are modelled with full contactsstn CRA and backing steel, while the
lined pipe model contains contact defined by tatigeffriction and residual stresses to
bond the CRA and backing steel. The materials tsefor all analyses in this project are
DNV SMYS 415 and Alloy 316L for backing and CRA pestively.

As the Abaqus finite element software is used fbsienulations in this project a study is
made to assess the possibilities available. Theotigdaqus/Explicit limits the available
element selection to mainly first order elementshwthe possibility of enhancing with
incompatible modes to improve bending behavioumegaly, there are no limitations of
applicable material models as Abaqus allows forstiness-strain relation to be typed in as
table data. Thus, the Ramberg-Osgood material ma&ledelected to represent both
materials as it is fitted to the yield strength antimate tensile strength, specified in the
standards. Furthermore, strain rate dependencgpsesented by the Cowper-Symonds
relation and implemented in Abaqus by the scalumgcfion. Finally, ductile damage and
failure are defined to induce a limit to the stmaghcapacity of the material corresponding
to the minimum elongation specified by the standard

The implementation of the above mentioned mateldihitions in Abaqus are verified by

simple tensile tests, which additionally are useddlibrate the material models to fit the
engineering stresses and strains and elongatispeasfied by the standards. Furthermore,
simple bend tests are carried out to study the ihgraehaviour of the first order elements
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available in Abaqus/Explicit. Generally, the incaatiple element performs better, but as
later impact simulations shows the incompatiblenglet performs poorly while undergoing
large deformations.

As the trawl gear impact model is double symmetnty ¥4 of the geometry is modelled.
Furthermore, the pipes are modelled with a comlmnadf shell and solid elements, i.e.
with solid elements at and around the impact arba.model is verified by comparing with
test results performed by H. Wathne et al., réf. 22convergence study is carried out but
full convergence is failed as the solution showsiat®ns at the last reasonable mesh
refinement, i.e. a mesh size of 2 mm x 2 mm whigults in a calculation time of over
eight hours. As a large number of analyses areatktm perform the requested parameter
study, possible optimization options are studiedrdduce calculation time. The option
selected is to reduce the number of variablesemtbdel, i.e. number of DOFs, partly by
reducing the solid section to only represent Hadf tircumference and partly by using a
coarser mesh for the shell elements. The resudt séight but acceptable change in the
contact force-displacement relationship, while taculation times are reduced to 1-2
hours dependent on the pipe dimensions.

Finally, the trawl gear impact simulations are earout with pipe diameters of 127, 16”
and 24” withD/t relations of 15, 20, 25, 30 and 40. The simulaiare performed with
bare steel, clad and lined pipes, giving a totad®fanalyses. The main observations made
from the analyses are listed below:

- All pipes generally shows smaller plastic deformatthan estimated by DNV-RP-
F111, except the bare steel pipes vidth=40.

- The plastic deformations of both clad and linedepipre smaller than for the bare
steel pipes. Generally, clad pipes show the snmallastic deformations.

- The plastic deformations are highly dependent efdlameter, but the diameter is
not included in the analytical solution.

- Moderate delamination is observed for most linguepj except for the 12D/t=40
lined pipe which shows severe delamination of apipmately 3 mm at three
different locations.

- Tests shows that internal pressure in lined pipeduges the delamination
significantly, but contact is not fully re-estalblesd between liner and outer pipe.

The results of the analyses should not be takeriulas trustworthy mainly due to
limitations in meshing the geometry, but they brimggood insight into the differences
between conventional steel pipes and clad or lipgegs when subjected to trawl gear
impact.
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Resumé

Med et gget behov for undervands rgrledninger mstbeskyttende egenskaber, som for
eksempel beklaedte og forede rgr, har offshore tndngettet stgrre fokus mod designet af
disse rgr. DNV er derfor i gang med at udvikle esign guide omhandlende beklaedte og
forede rgr, men konsekvenserne af stad fra trawtistyr pa disse rar er endnu ikke
undersggt. Derfor er det af DNV foresldet at arerkysdisse rgr under stgdlaster fra
fisketrawl ved anvendelse af FE-analyser. Endvidemekes det fra DNV at udfgre et
parameter studie med forskellige diametre @y forhold, hvor D er diameteren og
veegtykkelsen pa rgret.

DNV har udviklet en anbefalet retningslinje i foraf DNV-RP-F111, som daekker
stadlaster fra trawludstyr pa rgrledninger af abfeligt kulstofstal. De analytiske lgsninger

i denne analyseres med henblik pa at give et giriedblik i mekanismerne bag trawl
stadlaster. Her konkluderes det bl.a. at den stdisetiske energi kommer fra en sakaldt
klumpveegt, som har en masse pa 12140 kg og enghedtipa 2.8 m/s. Endvidere
konkluders det at godkendelseskriteriet for tratdéaster er baseret pa den permanente
deformation of rarveeggen.

Ved at studere sammenseetningen af disse bekleedterente ror konkluderes det at den
grundlzeggende forskel er at bekleedte ragr har eallongfisk binding med det ydre rar,
mens forede rgr har en mekanisk binding som emneeft af en friktionskoefficient og

restspeendinger fra fabrikationen. Materialerne eselgom DNV SMYS 415 og Alloy

316L for hhv. ydre rgr og indre belaegning.

FE programmet Abaqus anvendes til alle simulerilgerog materialemodellerne
repreesenteres af Ramberg-Osgood relationen. Tgjaitey implementeres ved Cowper-
Symonds relationen og en begraensning af beereeunematerialerne defineres ved duktile
bruddefinitioner i Abaqus. Materialemodellerne d@dses de i standarderne specificerede
minimumskrav og implementeringen verificeres genisenple treekprgvesimuleringer.

Anvendelsen af Abaqus/Explicit medfgrer visse begramger da udvalget af elementer
med enkelte undtagelser er begreenset til farstensrdlementer. Elemeterne testes under
ren bgjning og det konkluderes at de preestereedsktillende mht. deformationer men
med begraensninger i speendingsberegningerne.

Modellen for simulering af trawl stgdlasterne opipyg med dobbelt symmetri og en
kombination af skal- og solidelementer. Modellerrifieres ved sammenligning med
testresultater og resultatet er tilfredsstillendml$s sma afvigelser. Endvidere udfgres et
konvergensstudie men uden en egentlig konvergeseirlg. Dette skyldes beregningstiden
som nar op pa over otte timer for en reduktion shstgrrelse fra 3 mm til 2 mm, og
dermed antages denne meshstarrelse som veerendeerdemn@t. Da det gnskede
parameterstudie indebeerer et stgrre antal analyeshrceres beregningstiden, dels ved at
reducere den solide del til kun at repraesentenedbbdn af tveersnittet og dels ved at gge
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meshstgrrelsen for skalelementerne. Dermed reduideeesgningstiden til mellem 1-2
timer afhaengig af geometrien.

Parameterstudiet indebeerer analyser af rar medetiaml12”, 16” og 24" med/t forhold

pa 15, 20, 25, 30 og 40. Udover de balagte og éored, analyseres ogsa ra stalrgr. Dette
geores med henblik pa at kunne sammenligne resuitateden at skulle tage hensyn til
afvigelser grundet den reducerede model. Konklesios pa analyser er som fglger:

- Alle de analyserede rgrdimensioner viser en mim®rmation end estimeret af
lgsningerne i DNV-RP-F111, pa nzer de ra stalrar Dieek0.

- De plastiske deformationer for bade bekleedte ogd®rer er mindre end for de ra
stalrar. De beklaedte rar viser generelt de mindistermationer.

- De plastiske deformationer varierer signifikant niga@meteren, men diameteren er
ikke medtaget i de analytiske lgsninger i DNV-RP-E1

- De fleste forede rgr viser delaminering mellemrfgrog ydre rar, specielt 12" rgret
medD/t=40 hvor delamineringen nar op pa ca. 3 mm flezdest

- Tests viser at indvendigt tryk reducerer delamimggn, dog uden at reetablere fuld
kontakt.

Generelt skal resultaterne ikke tolkes som dergerdandhed, men de giver et godt billede
af betydningen af hhv. beklsedte og forede rar,\olizdr problemer disse ragrtyper medfaerer.
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Forewords

This master thesis in mechanical engineering isld@ed by Sgren Mathiassen, group
BM4-4, at Aalborg University Esbjerg, in corporatiavith DNV. The original thesis
proposal is developed by Harald Wathne, DNV Hgaikl the extent of the thesis is further
developed in corporation with Harald Wathne andféasor Lars Damkilde at Aalborg
University Esbjerg.

A new guideline on how to treat clad and lined pipes is currently under development by
DNV, but denting by trawl gear impact with thespdyg of pipelines has not been assessed
yet. Thus, this master thesis proposal was madsntolate these impact scenarios by
utilizing finite element simulations.

The reasons for selecting this proposal as a mtstsis are the interest for finite element
simulations and dynamics, plus the fact that futemek at DNV involves pipelines in
general.

All references a found at the back of this repod are referred to by ref. /x/, with x being
the reference number. All figures and tables witteoteference are produced by author.

Sgren Mathiassen
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1. Introduction

Transportation of oil, gas and water supply betwpktforms and to shore is done by
means of subsea pipelines. Figure 1 gives an awenof the Maersk Oil and Gas
installations in the Danish sector with a selectibthe pipelines connecting them.

Figure 1: Maersk Oil and Gas installations in the Daish offshore sector with a selection of the conntitg
pipelines ref. /3/.

A pipeline is either trenched, rock dumped or lyiagse on the seabed, depending on the
water depth, environmental conditions, seabed chemigtics etc., but in the North Sea
most pipelines are trenched. Trenching as well @ rdumping is expensive, but
alternatively the pipeline is lying loose on thelsed, exposed to collisions with trawl
fishing gear. Likewise, when a trenched pipelinsubject to scour, free spans can occur
which also causes a hazard for both fishermen laméhtegrity of the pipeline.
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1.1. Project Scope

DNV has developed a method for assessing the dafmamgetrawl gear impact on subsea
pipelines, given in the recommended practice DNVVRRR1, ref. /1/. This method covers
conventional steel pipelines, but not clad or lingdelines with an internal layer of

corrosion resistant alloy CRA; see section 3 fothier descriptions of clad and lined pipes.
Thus, DNV has proposed to investigate the behavidurlad and lined pipelines when

subjected to trawl gear impact. The official projdescription is attached to this report;
see Attachment 1. The aim is to investigate thieihces in pipes with clad and liner by
using FE-analyses to simulate the impact of trastlihg gear.

The project scope is further developed during maitespondence with Harald Wathne
from DNV Hgvik in Norway. Generally, the aim is gain knowledge on how to treat clad
and lined pipelines in the future with respectreoM gear impact. A design guideline for
clad and lined pipelines is currently under deveiept but trawl gear impact has not been
assessed. Thus, it is proposed to do a paramaetdr st pipes with different diameters and
D/t relations subjected to trawl gear impact, vibtlioeing the pipe outer diameter anithe
wall thickness. The proposed pipe dimensions améiers in the range of 12”-24” with
D/t relations of 15-40. Furthermore, additional stadad lined pipes are proposed to
investigate possible delamination between liner aaoter pipe, and if delamination is
present, could internal pressure straighten thee limd re-establish contact.

1.2. Approach
The approach to this project is to perform inigalalyses to form the basis of the FE-
simulations. Generally, the project is divided ifdar main phases as illustrated below and
described further in this section.

I o $% & &(( ) I

\Z

K

K-
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Generally, theinitial analyses are carried out to gain knowledge regarding subjec
relevant to this project. As this project dealshwiiawl gear impact simulations a study is
made to determine the types of trawl gear usedf@dorresponding design parameters as
specified by DNV-RP-F111, ref. /1/. Additionallyhe existing solutions of trawl gear
impact with bare steel pipes are studied as thdly bei used as benchmarking when
interpreting results. Furthermore, clad and linguep are studied to gain knowledge of the
composition and mechanical properties, includingitation methods and commonly used
materials. The FE software used in this projecAbsqus, wherefore a study is made to
explore the possibilities in the program regarding modelling of clad and lined pipes,
including the material modelling which will be a maspect of this project.

The model calibration and verification part is generally divided into two parts. Theffirs
part involves simple geometries to verify the gaheisage of Abaqus regarding material
modelling, element selection and other relevantufes. Additionally, the simple tensile
test simulations are used to calibrate the matenadlels. The second part involves the
composition of the trawl gear impact model whichverified by comparing with test
results.

Theinterpreting results part involves the actual studies as proposedéamtbject scope,
including a parameter study and additional studiekned pipes. When possible, results
are compared with existing solutions as proposeDNMY-RP-F111.

Finally, generalconclusionsare made to summarize the knowledge gained throlugh
project.

Generally, the approach is to gain conservativelt®svithout being over-conservative.
The most distinct example is the material propsriidiich are based on the minimum
specified requirements from the relevant standasisthis approach insures general
applicability of the results.

1.3.Codes and Standards
The following codes and standards are used thraitghe project:

DNV-0OS-F101 Offshore Pipeline Systems, August20&f. /4/.

DNV-RP-F110 Global Buckling of Submarine Pipelin€stober
2007, ref. /5/.

DNV-RP-F111 Interference between Trawl Gear an@lRips,
October 2012, ref. /1/.

API5LD Specification for CRA Clad or Lined SteapPk,
March 20009, ref. /6/.

ASME B36.10M-2004 Welded and Seamless Wrought $tigsed, October
2004, ref. /7].

ASTM A240/A240M — 12a Standard Specification for@nium and

Chromium-Nickel Stainless Steel Plate, Sheet, and
Strip for Pressure Vessels and for General
Applications, February 2013, ref. /8/.
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1.4. Abbreviations
The following abbreviations are used in this prajec

API American Petroleum Institute

ASME American Society of Mechanical Engineers
ASTM American Society for Testing and Materials
CAE Complete Abaqus Environment

CAPEX Capital Expenses

CFD Computational Fluid Dynamics

CRA Corrosion Resistant Alloy

DEH Direct Electrical Heating

DNV Det Norske Veritas

DOF Degree of Freedom

FE Finite Element

FLD Forming Limit Diagram

FLSD Forming Limit Stress Diagram

MSFLD Mushenborn-Sonne Forming Limit Diagram
OPEX Operating Expenses

oS Offshore Standard

RP Recommended Practice

SMTS Specified Minimum Tensile Strength
SMYS Specified Minimum Yield Strength

SS Stainless Steel

TFP Tight Fit Pipe
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2. Types of Trawl Gear and Impact Calculations Accordng to
DNV-RP-F111

To give a brief introduction to the trawl fishingeay used in the North Sea and the
Norwegian Sea, this section describes the diffetyds of trawl gear and applications as
outlined in DNV-RP-F111, ref. /1/. Furthermore, tlemplified analytical solutions
represented by DNV-RP-F111 are described, including acceptance criteria for
permanent indentation of the pipeline.

2.1. Types of Trawl Gear
The following describes the different types of traygar used in the North Sea and the
Norwegian Sea according to DNV-RP-F111, ref. /TAWl gear used in the North Sea and
the Norwegian Sea is divided into three main caiego

- Otter trawls
-  Beam trawls
- Twin trawls

2.1.1. Otter Trawls and Trawl Boards
Typical types of otter trawling ships are:

- Consumption trawlers
- Industrial trawlers
- Prawn trawlers

Consumption trawlers have the largest equipmerd, @awn trawlers operate in deeper
waters and close to the coast. Otter trawls used tvoards to hold the trawl net open by
hydrodynamic forces as illustrated in Figure 2. Tteavl boards are dragged along the
seabed and are likely to cause damage when croasiegposed pipeline. The maximum
mass of a trawl board is 4500-5000 kg, dependintheriishing method.

/

~—— Warpline

Trawl net

Figure 2: Otter trawl gear crossing a pipeline, ref /1/.
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It is mainly the type and quantity of fish that gons the type and size of the trawl board.
Two major types of trawl boards are used in thetiN&ea and the Norwegian Sea, namely
the V-shaped board and the polyvalent/rectangubard as illustrated in Figure 3. The
polyvalent boards are found to give the highesti$aa case of interaction with a pipeline.

7

Figure 3: The two major types of trawl boards, withthe V-shaped board (left) and the polyvalent boardright),
ref. /1/.

2.1.2. Beam Trawls
Beam trawls are kept open by a transverse beattustsated in Figure 4. The beam shoes
at the ends of the beam often have sharp edgeswhic cause severe damage to the

pipeline. The maximum mass of a beam is 5500 kg.

N\

— N\.___Beam
\__ Beam Shoe

L Warpline

\ Trawl net

Figure 4: Beam trawl gear crossing a pipeline, ref/1/.
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The geometry of a typical beam trawl shoe is itlastd in Figure 5. Beam trawls are
mainly used in sandy shallower waters like the lseurt parts of the North Sea.

TICKLER CHAIN
FIXINGS .

~—r

Figure 5: Typical geomet'ry of a beam trawl shoe, ffe/1/.

2.1.3. Twin Trawls and Clump Weights

Twin trawls uses a combination of trawl boards aluhp weight as illustrated in Figure 6.
Clump weights vary in shapes and sizes, but tharmar mass is taken as 9000 kg.

Clump Weight

K

Figure 6: Twin trawl gear, ref. /1/.
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Two types of commonly used clump weights are itated in Figure 7.

o 2
\__ e

I

|

| \
o R N
= JI

Figure 7: Two commonly used clump weights, the Bolib type (top) and the Roller type (bottom).

2.1.4. Summary

The type of trawl gear used depends on the locasiae of the fishing vessel and fishing
method. Trawl gear is continuously developing arfgtmvassessing a specific location the
newest information regarding fishing methods aavkigear must be collected and used in
the assessment.

2.2. Trawl Gear-Pipeline Interaction

When trawl gear is towed across a pipeline therasteon is divided into three possible
phases according to DNV-RP-F111, ref. /1/:

- Impact
- Pull-over
- Hooking
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Impact is when the trawl gear hits the pipeline and tienssthe kinetic energy to the
pipeline. Since the impact phase last a relatigalyrt period of time, most of the energy is
absorbed through local deformations of the pipd.she

The pull-over phase is when the trawl gear is pulled over tipelpie by tension in the
warpline. This phase covers a larger period of tirasulting in a more global response of
the pipeline.

In extreme cases the trawl gear can get stuck uhéepipeline, which results in loads as
large as the breaking strength of the warplinee Brganning pipelines increases the risk of
this scenario, also referred tolasoking.

The scope of this project is to investigate tragaigimpact on clad and lined pipelines.
Thus, the following section describes the analytmalutions to the impact phase as
proposed by DNV-RP-F111.

2.3.Impact Calculations According to DNV-RP-F111
DNV has developed a method for assessing the darfrage trawl gear impact on
conventional subsea pipelines. More specific, tvathods are described in DNV-RP-F111,
ref. /1/:

- A simplified conservative method covering bare Ispggelines and pipelines with a
thin layer of corrosion coating or concrete coating

- An advanced method to assess pipelines not cousratie simplified approach;
see Appendix 1.

2.3.1. General
The contact force is associated with the trandf&metic energy from the trawl gear to the
pipe, coating and surrounding soil. In general,time of impact is so short that all energy
is absorbed locally, but for pipelines with smallenoss sections the energy is also
absorbed through global deformations.

In general, the impact energy depends on the eféeatass and the effective velocity of
the trawl gear in question. The total effective smigsthe sum of the steel mass of the trawl
gear and the associated hydrodynamic added mattse afntrained water. The effective
velocity is the component of the towing velocitymal to the pipeline. In lack of detailed
information of the design parameters, the conseevatlues in Table 1 are applicable.




Finite Element Simulations of Trawl Gear Impactw@lad and Lined Pipelines

Table 1: Design parameters for trawl gear impact, ef. /1/.

Parameters Consumption Industrial Beam Clump
weight

Shape of board Polyvalent & V-board

rectangitlar

Direction of impact ¢ deg 45 18 0 0 0

Effective impact velocity: m's 2.8Cy 2.8y 1.8 ¢, 34 2.8

Steel mass: m, kg 4500 4500 5000 5500 9000

In plane stiffiess: k; MN/m 500 500 500 4200

Bending board stiffness: & MN/m 10 10 10

Hydrodynamic added mass: m, kg 2.14m, 1.60 m, 2.90 m, 1500 3140

2.14 m,

If free spans are present the impact velocity issgidy reduced with th€;, coefficient
according to Figure 8. The in-plane stiffness afuanp weight is conservatively based on
the stiffness of the corner plate of a Roller tghenp weight; see Figure 7.

G,

1.0+
0.99

0.89

'

_______....-------"'\-"r-board

“Polyvalent board
(consumption)

Span Height (m)
i i | 1 »
— ' ' v
0.3 1.0 2.0

Figure 8: Reduction of impact velocity factorCy, as a function of span height, ref. /1/.

By studying the conservative design parametersaiplel'1l it is clear that the beam trawl
operates with the highest velocity, while the clwwgight carries the largest mass.

2.3.2. Simplified Approach
A conservative model, to estimate trawl gear cdrftace and expected dent, is developed
assuming that all the kinetic energy is absorbealuih local deformations. To account for
energy absorbed through global deformations and-gqil interaction, correction factors
Ris andRy, are given in Figure 9.

10
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Figure 9: Reduction factor Rs and Ry, taking energy absorbed by global deformations andoil into account.

By observing Figure 9, it is clear that the impaweergy absorbed by local deformations is
reduced for all pipelines with a diameter less tH&%0 mm. The magnitude of the
reduction factor depends on both diameter and ¢ygerrounding soil.

Trawl Boards

The impact energy from the steel mass of the ttmardE; is given by:

reduction factor for impact energy associated vethbel mass, given by

2.1)

coefficient for effect of span height on impaetocity, given by Figure 8

where

Figure 9

steel mass of trawl board
Vv tow velocity of trawler

11
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The contribution of the hydrodynamic added massianly acting perpendicular to the
trawl board, and the associated foFgas estimated by:

(2.2)
where
My hydrodynamic added mass
Ko bending board stiffness. If not specified by getyné is conservatively
given by Table 1
The associated impact energy from the hydrodynaahied mask, is given by:
- (2.3)
where
Rea reduction factor for impact energy associated wWitldrodynamic added
mass, given by Figure 9
t steel wall thickness
fy yield stress to be used in design, given by:
ras Ve (2.4)
SMYS Specified minimum yield strength
fy temp Temperature derating value according to DNV-OSik1eef. /4/, as
illustrated in Figure 10
U material strength factor. y =0.96, except for pipelines fulfilling

supplementary requirement U in ref. /4/, whege=1.0

The temperature derating valiyempis given in Figure 10 according to DNV-OS-F101, re
/14]/. The temperature derating value accounts fowar specified minimum yield strength
SMYS or the specified minimum tensile strength SMIL® to higher temperatures.

12
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Figure 10: Temperature derating values according tddNV-OS-F101, ref. /4/.

Regarding the material strength factqy, the supplementary requirement U involves a
higher quantity of material tests after fabricatafrthe pipe, ref. /4/. Thus, when assessing
these simplified calculations in section 9, theldjistrength is calculated from the
assumption that this supplementary requirementnigidgulfilled, i.e. y =0.96.

A conservative relation between contact fdfgeand the expected deft is given by:

- (2.5)

The dent depth; is both plastic and elastic. Finally, the impacemrgy absorbed by local
deformationsg,c is conservatively taken as the maximum of eqa2d eq. 2.3:

ot ! (2.6)
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Beam Trawl
For beam trawls, the impact energy absorbed by tefarmationsE,q is given by:

” - (2.7)

where

Cp coefficient of effective beam trawl mass duringpamt. ConservativelyCy
are set to 0.5 in lack of a more precise value.

m steel mass of beam trawl inclusive shoes

my hydrodynamic added mass from the beam trawl imctuthe mass of water
entrained by the hollow beam

Clump Weights
For clump weights the total energy absorbed bylldebormationsE, is given by:

()* - / (2 . 8)

m steel mass of clump weight
My hydrodynamic added mass from the clump weightuthclg the mass of
water entrained by the hollow section

Permanent Indentation of Pipe Shell
In lack of detailed relationship between the contace and indentation of the pipe wall,
the permanent plastic deidp . may be estimated from:

2333 5
"gx O 1 (2.9)

where

| co

6— . (2.10)
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It is noted that the first term of eq. 2.9 is a wension of eq. 2.5 which involves both
plastic and elastic deformations, i.e. the firstt@f eq. 2.9 gives the total deformation of
the pipe. As eq. 2.9 estimates the plastic defoomahe second term must represent the
elastic deformation. In other words eq. 2.9 expeske following:

9:,<=>2@: A; ?2@: @:;<=72@: (2.11)

As this above described simple approach is baseth®@rassumption that all energy is

absorbed by local deformation, it will lead to etltonservative results for smaller and
more flexible pipelines. Furthermore, this simpppm@ach do not allow for other effects

such as coating, pipe soil interaction and pipetimeffects to be taken into account. Thus,
DNV-RP-F111 has developed an advanced approacivecagmore precise assessment of
the trawl gear impact scenario by utilizing nonéinestatic and dynamic FE-analyses.
Though, the scope of this project is to analysel ead lined pipes and comparing the
results with the existing simplified approach asalded above. Thus, the advanced
approach will not be outlined here but a short dpgon is given in Appendix 1.

2.3.3. Acceptance Criteria
The acceptance criteria for trawl gear impact, etiog to DNV-RP-F111, ref. /1/, is
based on the permanent indentation of the pipéfing given by eq. 2.9. The maximum
accepted ratio between dent depth and diametéraes @y:

% 33 B (2.12)

where /1 is the usage factor which is given by the freqyetiass. The frequency class is

divided into three categories dependent on the runolb trawl gear crossings of the

pipeline in question. The frequency classificateomd associated usage factor is given in
Table 2.

Table 2: Classification of crossing frequency andssociated usage factor.

Frequency class Impact frequency Usage factor/
[lyear/km]

High >100 0.0

Medium 1-100 0.3

Low <1 0.7

The crossing frequency is classified by number raissing per year per kilometre of
pipeline. As this project deals with general assesg of clad and lined pipelines, no
further studies are made regarding the acceptantzia. Though, it is noted that the
acceptance criteria is based on the permanenttauiam of the pipe, i.e. eq. 2.9.

15
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2.4.Conclusions
From the performed study it is concluded that uasi&inds of trawl gear is used in the
North Sea and the Norwegian Sea. Thus, to deterthi@emaximum possible impact
energy from the design parameters given in Tablgh&, maximum kinetic energy
corresponding to each type of trawl gear is catedldy the solutions given in section 2.3.
The results are summarized in Table 3.

Table 3: Maximum impact energy of the different types of trawl gear.

Type of trawl gear

Maximum impact energy [J]

Polyvalent/rectangular

37750

V-board 28224
Industrial 17334
Beam 20230
Clump weight 47589

Thereby it is concluded that the clump weight irekithe largest amount of impact energy
to the pipelines. Thus, the clump weight desigrapeaters will be used during the FE pre-
study in section 7.3, i.e. a total mass of 1214k a velocity of 2.8 m/s.

Regarding the shape of the indenter to representrétwl gear, parameter studies by ref.
12/ shows that the difference between a round shapwl a sharp edged indenter is
negligible. Thus, it is decided to use a round skapdenter with radius=25 mm.

The above described simple approach is based oragkemption that all energy is

absorbed by local deformations and the project esdopolves assessments of clad and
lined pipes by comparing with these analytical 8ohs. Thus, it is decided to use a rigid
surface as boundary condition of the pipes whilggpming the FE impact analyses. This
is further supported by ref. /2/, which recommeadggid surface as boundary condition to
ensure pure local deformations.

The yield strength used while assessing the simglinalytical solutions is calculated
from:

A (2.13)

The temperature derating valfigempis disregarded as no temperature data is available
and y is set to 0.96 as described in section 2.3.

As the acceptance criteria for trawl gear impadtased on the permanent indentation of
the pipeline, the FE results will be compared veith 2.9. Furthermore, the contact force-
displacement relation given by eq. 2.5 will be ased as it is directly related to eq. 2.9;
see section 9 for further studies.

16



Finite Element Simulations of Trawl Gear Impactiw@lad and Lined Pipelines

3. Clad and Lined Steel Pipes

As this project deals with clad and lined steekgipthis section studies the composition of
these pipes to ensure an optimal approach whetirggeghe FE-model. The study includes
fabrication methods, commonly used materials apddyf contact between outer pipe and
internal layer of corrosion resistant alloy CRA.

3.1.General
The transport of corrosive content in offshore pimes is generally increasing due to
higher concentrations of hydrogen sulphidé&Skand carbon dioxide GOThis results in
increasing expenses for conventional carbon stgelipes due to chemical injection of
corrosion inhibitor and higher demands regardirgpattion and maintenance.

An alternative solution is to use bimetallic pipels such as clad and lined pipelines. The
concept of clad and lined pipes is to utilize theictural capacity of carbon steel as
backing material with an internal layer of corrasiesistant alloy CRA to prevent internal
corrosion. Figure 11 gives an idea of the expef@esarbon steel pipelines vs. clad or
lined pipelines during service lifetime, ref. /9The capital expenses CAPEX from
production and material are higher for the clad med pipes, but due to lower operating
expenses OPEX, clad and lined pipes are costafticiver the service lifetime.

savings
Duplex vs.
carbon steel + inhibition

W
/ —  OPEX:
. inhibition
; inspection
maintenance
waste disposal

+

‘service life time

Figure 11: Expenses for carbon steel vs. clad onkd pipelines during service lifetime. Conventionapipelines (red
line) are compared with bimetallic pipelines with &her Duplex SS (black line) or 316 L SS (green l&) as CRA,
ref. /9/.
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A DNV design and construction guideline for claddldimed pipelines is currently under
development, but is not yet published. AlternatlyeAPl 5LD ‘Specification for CRA
Clad or Lined Steel Pipe’ is used as referenchisdection, ref. /6/.

The minimum specified thickness of the CRA laye?2.5 mm, ref. /6/, but a thickness of 3
mm is commonly used. The mechanical propertieb@fpipes are not specified directly in
ref. /6/ as it may be specified in agreement betwtbe supplier and the purchaser. Thus, a
study is made below to determine these mechanioapepties. The study includes
manufacturing processes, residual stresses and fmegstently used materials for both
backing steel and CRA.

3.2.Clad Steel Pipes
The definition of clad steel pipes is an interraaldr of CRA which is metallurgical bonded
to the backing material. The fabrication methods hbt-rolling, co-extrusion, weld
overlay, explosion bonding, powder metallurgy attteo metallurgical bonding processes,
ref. /6/. It is assumed that clad pipes are heaitéd after fabrication to relief any residual
stresses.

3.3.Lined Steel Pipes
The definition of lined steel pipes is a CRA whishmechanical bonded to the backing
material. The liner, which could be a seamless pipa rolled sheet metal, is inserted into
the backing pipe with subsequent expansion creatimgchanical bond. Alternatively, the
CRA and backing material is sheet rolled into andgr resulting in a mechanical bond
due to expansion of the liner and/or shrinkagéhefliacking material, ref. /6/.

Manufacturing the lined pipe by expansion indugestations to the material selection as
the elastic spring-back must be larger for the acknaterial, i.e. the yield strength of the
backing material must be noticeable larger thartierCRA. Thus, the largest bond force
between the two materials is created when the wikhgth of the CRA is approximately
50 % of the yield strength of the backing matened, /9/.

However, to avoid the above mentioned materialthtrons, a thermo-hydraulic shrink-fit
manufacturing process is developed by Kuroki T&P, @&4d. /10/. This method involves
heating of the outer pipe during manufacturing \uhitakes the bond force less dependent
of the yield strength of the materials. Pipes maouwired by this method are also referred
to as tight fit pipes TFP. The manufacturing praces illustrated in Figure 12 and
described below.
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Liner pipe
Outer pipe = = =
Heated Expanded Cooling

Figure 12: Manufacturing process for tight fit pipes TFP, ref. /10/

Manufacturing process:
1. The outer pipe is heated to 300-4G0
2. The liner is inserted into the outer pipe and hytically expanded to fit the outer
pipe, i.e. the material of the outer pipe is stilthe elastic range
3. The composed pipe is cooled both with water from itiside and air from the
outside

The thermal and elastic shrinkage of the outer pipgures a tight uniform fit between the
pipes, i.e. the outer pipe is in tension and tmerliin compression. The theoretical
development of hoop stress as a function of diameidustrated in Figure 13. The liner is
represented by a green line and the outer pipe ey éine. The liner is exposed to strain
hardening while the outer pipe is in the elastigea
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Figure 13: the theoretical development of hoop stes as a function of diameter, ref. /10/.

Even though, the described TFP manufacturing psoselimited to pipe dimensions up to
12" in diameter, it is deemed to be developed mftiture to span larger pipe diameters.
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Furthermore, the only available information regagdihe value of the residual stresses in a
lined pipe is from TFP as described next.

The paper ‘Mechanical Behavior of Lined Pipe’ byHilberink, ref. /11/, investigates the
behavior of lined pipes during bending and reelifige pipes used in the study are TFP
manufactured by Kuroki T&P Co as described abowvensile tests are carried out to
determine the mechanical properties of 8 differédt pipes. The liner residual hoop
stresses lies in the range of -201 MPa to -86 Mtektlae liner residual axial stresses in the
range of -23 MPa to -3 MPa. Thus, it is decidedge constant residual liner stress values
for all lined pipe analyses, i.e. -150 MPa and Ma for residual hoop and axial stresses
respectively. The corresponding residual stres¢gbeobacking material depend on the
wall thickness and are calculated separately itige8.2.

To establish the friction coefficient between limerd backing material test results from ref.
/12/ is used. Six push out tests are carried oth Wwiction coefficients in the range of
0.32-0.63. Thus, an average value of 0.4 is useshvdefining contact between liner and
backing in the FE-model.

3.4. Materials
A wide range of materials are used in clad anddlippes, but to limit the scope of this
project only one carbon steel material for backang one CRA for clad/liner is selected.

The carbon steel material is selected as DNV SMYS gpecified by DNV-OS-F101, ref.
/14/. This is a commonly used material for pipeliaesl lies in the medium range of yield
strengths. The CRA material is selected as Allo§L34pecified by ASTM, ref. /8/, since
this is the material used in all tests performedeiin /11/ and is commonly used as CRA
material for clad and lined pipelines. All relevamiaterial properties used in the FE-
analyses are given in Table 4.

Table 4: Relevant material properties of the seleed materials.

Application | Type/name| Yield Tensile Elongation | Young's | Density
strength | strength | in 50 mm | modulus | [kg/m"3]
[MPa] [MPa] [%0] [MPa]

Backing SMYS 415| 415 520 17.5 210000 7850

Clad/liner Alloy 316L | 170 485 40 193000 7900
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The elongation in 50 mm for SMYS 415 is calculdtedn, ref. /4/:

F:
c = (3.1)
GF4H
where
A elongation in 50 mm
C factor equal to 1940 when using Sl units
Axc cross section area of the test specimen
U Tensile strength

3.5. Conclusions
For clad pipes the metallurgical bond between CR@ laacking material must be defined
in the FE-model as fully bonded. No residual seesse present in clad pipes.

For lined pipes the mechanical bond between CRAlawking material must be defined
by contact with a friction coefficient of 0.4. Fnermore, liner residual stresses of -150
MPa and -20 MPa must be defined in the hoop an@l adirections respectively.
Corresponding stresses of the backing materiatal®ilated to create force equilibrium
between the two pipes. As illustrated in Figure t® liner is exposed to some strain
hardening but as no quantification is availablés gtrain hardening is neglected in the
material models in this project.

The materials are selected as DNV SMYS 415 andyAIb6L for backing and clad/liner
respectively with mechanical properties given irbl€a4. The thickness of the clad and
liner is set to be 3 mm as commonly used.
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4. The Abaqus Software
The Abaqus version 6.12 finite element softwareged for all analyses in this project.
Generally, the Abaqus system includes five programs

- Abaqus/Standard, a finite element program for garmrrpose

- Abaqus/Explicit, a finite element program for exfilidynamic simulations

- Abaqus/CFD, a computational fluid dynamics program

- Abaqus/CAE, an interactive environment used for eflody, job execution and
results evaluation

- Abaqus/Viewer, a subset of CAE containing the itisseNaluation part

As the trawl gear impact simulations in this projace highly dynamic and undergo
relatively large deformations, Abaqus/Explicit ised for all impact simulations; see
section 4.1 for further explanations. Abaqus/Stamds used for all verification examples
and calibration of material models as outlinedeant®n 6, and all modelling is carried out
in Abaqus/CAE.

The following sections studies the Abaqus applwatirelevant to this project, including
the explicit solver, material modelling and consti® necessary to model these clad and
lined pipes. Thus, the information in these sedtisnbased on the Abaqus Documentation
version 6.12, ref. /13/, when not specified othesnwi

4.1. Abaqus/Explicit
As mentioned above, the explicit dynamic solveefigcient for large models undergoing
large deformations over a relatively short timeigebrThus, Abaqus/Explicit is used for all
impact analyses in this project. Without going idigtails, the explicit solver utilizes the
central difference method where the dynamic equuiib equation is satisfied at the start
of each increment where timetisThe accelerations at tinteare the used to calculate the
velocities at time+ 21/2 and the displacements at titreX. The explicit solver is efficient
because the mass matrix is a diagonal matrixJuraped masses are used. The explicit
solver is conditionally stable with a critical tinreerement of, ref. /14/:

(4.1)

I *J
KL

where umax is the highest frequency of the structure. Abdgxglicit approximates a
conservative stable time increment from the sizthefsmallest elements in the model and
the dilatational wave speed of the material. A Hart explanation of the stable time
increment in Abaqus/Explicit is given in sectioB.7.
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The solid continuum elements available in AbaqupliEi are limited to mainly first order
elements with the exception of one special purpesahedron element which is of second
order. Though, the 8-node first order brick elementprovided with the option of
enhancing with incompatible modes to improve thedogg behaviour of the element. The
8-node linear brick element is found to be toof stthen undergoing bending due to
spurious shear strain, i.e. shear locking, ref././XBne disadvantage by using the
incompatible element is that 13 internal DOF is etidand thereby increases the
calculation time. Furthermore, according to the dum documentation the incompatible
element should be used with caution in application®lving large strains, especially
compressive strains. Thus, the regular 8-node b@dncompatible element are tested by
simple verification examples in section 6.2.

4.2. Material Modelling in Abaqus
Since this project deals with material plasticitydadynamic simulations, a study is
performed to explore the possibilities regarding thetal plasticity models available in
Abaqus, including rate dependence, damage, faglndenitial conditions.

4.2.1. General

Abaqus utilize incremental plasticity in which theechanical strain rate is divided into an
elastic part and a plastic part. These plasticipdets are usually formulated by a vyield
surface, a flow rule and hardening behaviour.

When working with plasticity models for ductile reatls such as metals, stress and strain
measures are defined by:

- True stress (Cauchy stressje
- Logarithmic plastic strainl\{f\ﬂ

The conversions of nominal test data are givenchyle and eq. 4.3:

Cor Gur | M (4.2)

Copr

Ny QMg (4.3)

where Shom and gom are the nominal stress and strain, respectivelg,Eais the Young's
modulus.
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4.2.2. Metal Plasticity
Metal plasticity in Abaqus uses either Mises orl Mield surfaces, which both assumes,
that yielding is independent of the hydrostaticsptee. The Mises yield surface is used to
define isotropic yielding by the values of the wiad yield stress and corresponding
equivalent plastic strain. The Hill yield surface used to model anisotropic yielding.
Figure 14 illustrates the Mises criterion in preli stress space.

Figure 14: Mises yield criterion in principal stress space, ref. /16/.

Abaqus uses the associated flow rule, meaninghleadirection of the plastic deformation
rate is normal to the yield surface.

Hardening
The following hardening models are available in A

- Isotropic hardening

- Kinematic hardening

- Johnson-Cook isotropic hardening

- Hardening defined through user subroutine
- Combined hardening

Figure 15: Isotropic hardening (left) and kinematichardening (right) illustrated in plane stress.f; is the yield
surface prior to hardening andf, is the hardened yield surface, ref /17, plast/.
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Isotropic hardening assumes that the yield surface expands in akttinres when yielding
occurs as illustrated in Figure 15. Isotropic hardg is defined by giving the stresses as a
tabular function of equivalent plastic strains. Tieesses at a given state of deformation
are then interpolated from the given tabular daith no stresses exceeding the last value
given in the table.

Kinematic hardening assumes a translation or movement of the yieltaserin stress
space, and is suitable for cyclic loading of metals

Johnson-Cook isotropic hardening expresses the stress at a given state as an
analytical function of equivalent plastic straitrag rate and temperature, eq. 4.4.

NS
G C/ SN(NT Y QT WV X# z (4.4)
F
where
A B, C,nandm Material parameters to be estimated from testing
IVEC Equivalent plastic strain
MO Equivalent plastic strain rate
MU Reference strain rate
X Dimensionless temperature given by eq. 4.5:
: T AN LXK
X X v X (4.5)
WX X % '
[ o e AN L X X
T Current temperature
T, Reference temperature
Tm Melting temperature

The Johnson-Cook isotropic hardening model is walted for high rate deformation
analyses, including impact analyses, as rate depeyds directly incorporated.

Hardening defined through user subroutine allows the user to specify the material
hardening through a user subroutine, meaning tmatstress state is calculated from a
separate script at every step.

Combined hardening combines isotropic and kinematic hardening andel suited for
cyclic loading of metals.
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Rate Dependence
During impact analysis or other analysis with hgjhain rates, the corresponding yield
stress increases. Figure 16 illustrates the diffezein yield stress for tensile tests

performed with various strain rates.

Htress
=

4 -lll‘“-"_lll

Strain

Figure 16: Stress-strain relations for different stain rates, ref. /18/.
Rate dependence is directly included in the Joh@&mok isotropic hardening, but can also
be defined in multiple other ways:
- Tabular data

- Scaling function
- User subroutine

Test data can be specified tapular data with stresses as a function of equivalent plastic
strain at different equivalent plastic strain ratemne table per strain rate.

By using ascaling function, the specified static hardening curve is scaled:

@ NSUNSC R ¥ N (4.6)

where
@ Scaled yield stress
o Static yield stress
R Scaling factor defined &=1.0 atMb=0
Mb Equivalent plastic strain
Meb Equivalent plastic strain rate

Alternatively, strain rate can be defined trougisar subroutine
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4.2.3. Damage and Failure
To implement an upper limit to the load bearingazaty of a material, several damage and
failure models are available in Abaqus. Generalamage and failure in Abaqus is divided
into two types:

- Progressive damage and failure
- Shear and tensile dynamic failure

Progressive damage and failurewhich is well suited for ductile materials in gitatatic
and dynamic simulations, can be specified in Abagssg the following required
specifications:

- Undamaged elastic-plastic response of the material
- Damage initiation criterion
- Damage evolution response

Several different damage initiation criterions available in Abaqus:

- Ductile

- Shear

- Forming limit diagram, FLD

- Forming limit stress diagram, FLSD

- Mushenborn-Sonne forming limit diagram, MSFLD
- Marciniak-Kuczynski criteria, M-K

The ductile and shear criterions are used to ddfaure of metals, while FLD, FLDS,
MSFLD and M-K are intended to define necking siabdf sheet metal.

Common for these damage initiation criterions iat tthe material stiffness is degraded
progressively after damage initiation also refetie@ds damage evolution. Several damage
evolution laws are available in Abaqus but sindgs phoject deals with ductile metals only
the ductile damage evolution law is considereddiadussed later in this section.

Theshear and tensile dynamic failuremodels are only recommended for high strain rate
dynamic simulations in which inertia effects argporant. These failure models are used
to limit subsequent loadbearing capacity of an eleine.g. by removing it once the stress
limit is reached. The shear failure model usesdbeivalent plastic strain as a failure
measure, while the tensile failure model uses turdstatic pressure stress as a failure
measure. Though, it is recommended to use the ggsiye damage and failure models
since these are suited for both static and dynamalations.

Figure 17 illustrates the difference between thmalge evolution laws and the instant
failure corresponding to the shear and tensile ahyadailure models.
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Figure 17: lllustrates the difference between the aimage evolution laws and instant failure.

Ductile Damage and Failure
The ductile damage initiation is specified by tlypigalent plastic strain at the onset of

damagd\és(. The ductile damage evolution law is governed pgcdying the equivalent
plastic strain increment at failudUas illustrated in Figure 17, but to avoid mesh
dependence due to strain localization the equivabtastic displacement after damage
initiation d® and characteristic length are introduced, witk® being the input variable
in Abaqus, defined by:

df e B (4.7)

The definition of the characteristic length depends on the element geometry and
formulation. For continuum elements the charadieriength is given by the distance

across the element for a first-order element of tma distance across the element for a
second-order element. The implementation and eatibn of the ductile damage and

failure is carried out in section 6.1.

4.2.4. Initial Conditions
As described in section 3.3, lined pipes are stbgeto residual hoop and axial stresses in
order to create the mechanical bond between lindrbacking steel. Thus, the possibility
for defining residual stresses as an initial caadits shortly introduced here.

28



Finite Element Simulations of Trawl Gear Impactw@lad and Lined Pipelines

Abaqus allows for residual stresses to be defirsed predefined field variable by defining
the six stress components:

Qs
O

ho k
nQi

Q
fOi

To define residual hoop stresses the selectedsst@siponent must be related to the
curvature of the pipe. This is done by specifyiogal material directions by relating them
directly to the surface of the pipe.

4.3. Constraints Options Available in Abaqus
As the scope of this project involves a relativéirge number of analyses, the
computational costs should be minimized when ptessithus, the possibility of creating
models with a combination of solid and shell eletaersing coupling constraints is studied
here. Furthermore, the metallurgical bond betwédadding and backing material involves
constraint to crate full bonding between the twdenals.

4.3.1. Shell-to-Solid Coupling Constraints

Abaqus offers the special purpose shell-to-solidptiag constraints, which is a surface
based coupling designed to use in mesh refinemeapbpes as relevant to this project. The
shell-to-solid coupling constraint couples the thspments and rotations of the shell
nodes on the edge of the shell part, to the avatsgpéacement and rotation of the adjacent
solid surface; see Figure 18.

solid |~ solid surface

shell

shell edge

Figure 18: The shell-to-solid coupling constraint ouples the displacements and rotations at the shaltige, to the
average displacement and rotation of the adjacenb$id surface, ref. /13/.

The usage of the shell-to-solid coupling constsaiist verified by a simple verification
example in section 6.3.
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4.3.2. Mesh Tie Constraints

The mesh tie constraint option available in Abaigus surface based constraint, which ties
two surfaces together during an analysis. The twéase tied together is referred to as
master surface and slave surface, where each rfdthe glave surface is constrained to
have the same motion as the nearest node of themsasface.

The mesh tie constraint is applicable for surfdz®sed on various element types. The two
types relevant to this project are the Solid-taesahd shell-to-shell mesh tie constraints as
illustrated in Figure 19. The distance between tthe shell surfaces is automatically
calculated form the specified element thicknes$éiseotwo tied shell surfaces.

solid {s) — solid (m) shell (s) - shell (m)

Figure 19: lllustration of the Solid-to-solid and $ell-to-shell mesh tie constraints, ref. /13/.

4.4.Conclusions
Generally, there are no limitations to the use afdbening models, while the hardening
curve can be specified through tabular data allgwite hardening curve to be calculated
externally. Though, it should be noted that stnaite dependency in combination with
tabular stress-strain data must be defined by th@nsiof a scaling function, eq. 4.6. Even
though, the Johnson-Cook isotropic hardening lawal suited for high rate deformation
analyses, the lack of test data for calibratiothefrelevant parameters excludes this option.
Thus, it is decided to use the Ramberg-Osgood hargdaw as outlined in section 5, as it
is fitted using the specified minimum requiremenftthe materials.

Strain rate dependency is implemented by using $bkaling function, and the
implementation is verified in section 6.1. The attstrain rate dependence of the trawl
gear impact simulations is put to the test in secti.3 using the Cowper-Symonds relation.

It is preferred to use the progressive damage aiharé model for ductile metals as it is
suited for both static and dynamic simulations.

Residual hoop and axial stresses are defined bgsstomponents related to local material
directions related to the pipe geometry.

The shell-to-solid coupling constraint and the méshconstraint are used to create a
model with a combination of shell, and solid eletseand to define the metallurgical bond
between cladding and backing material, respectively
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5. The Ramberg-Osgood Material Model

As material modelling in this project is based omimum specified material requirements
from the standards instead of performed materisisiethe Ramberg-Osgood material
model is selected to represent the stress-striatiae in Abaqus. The advantage by using
the Ramberg-Osgood model is that the specified naatrequirements SMYS and SMTS
can be used as fitting parameters in conjunctidgh tie corresponding straigsande, as
outlined in this section.

The Ramberg-Osgood material model was first intceduin 1941 by W. Ramberg and
W.R. Osgood, ref. /19/, but has been presentedimenous different versions since then,
depending on the type of material and applicat@NV-RP-F110, ref. /5/, has proposed
the following version, eq. 5.1, which is commonlged by DNV as material model in
Abaqus.

C | Nm8

C
N =T/ -6=7 V (5.1)
G
where
e equivalent strain
s equivalent stress
E young’s modulus
Q,n Ramberg-Osgood parameters

The parameter§- andn are derived by inserting two points from the srsgain curve
into eq. 5.1, and solving the two equations witl timknowns, namelg, andn, ref. /20/.

In this case the two points are chosen as the mimirspecified material requirements, but
as described in section 4.2, the stress and straasures in Abaqus must be given as true
stresses and logarithmic strains. Thus, the ssess@ strains are converted by:

CJP" |8 V / I\i Z!...CJP" | X / I\P (5-2)

Mg QV / NZLhy Q1 N (5.3)

Giving the two points on the curvéjnig! Ospig  and My 'Oy by which the
parameter§}> andn are derived:
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Cipr g
G 5
N 8 (5.4)
I

Q o\
: GCJP" ! (5.5)

As an example the true stress-logarithmic strairveedfor DVN SMYS 415 steel are
calculated by using the parameters in Table 5 &wttep in Figure 20.

Table 5: Material specifications for DNV SMYS 415 teel.

Parameter Value

Yield strength SMYS 415 MPa
Tensile strength SMTS 520 MPa
Yield straing, 0.005
Ultimate tensile straim, 0.1

Young’'s modulu€ 210,000 MPa
Cipr1g 417.07 MPa
Cipr i 572.00 MPa
Mg 0.00499

M 0.09531

0 0.05 0.1 0.15 0.2
Sln [']

Figure 20: True stress-logarithmic strain curve forDNV SMLS 415 steel, plotted with the two fitting pints P1

and P2.

It should be noted that only the plastic part isduas input in Abaqus. The above described
formulation of the Ramberg-Osgood material modéhiglemented and verified in section
6.1.
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6. Simple Verification Examples
A number of simple verification examples are parfed in this section. The objective is to
verify the use of Abaqus with material and elendefinitions relevant to this project.

Three tensile tests are performed to verify thelementation of the Ramberg-Osgood
plasticity model with strain rate dependence andatge and failure. The results from the
tensile tests are used to calibrate the materiaetsdor later use in the trawl gear impact
analyses.

Furthermore, two bend tests are carried out toystuel performance of first order elements
subjected to bending. The stress distribution thinothe cross section and the transverse
deformation are compared with existing analyticalisons.

Finally, the usage of shell-to-solid coupling coasits is verified by comparing the stress
distribution of two identical geometries, one maoelwith solid elements and one with a
combination of shell and solid elements.

6.1. Material Model Verification and Calibration
A simple uniform tensile test specimen with quadratoss section is modelled with the
dimensions 10x10x100 mm. The test specimen is e@dvitito five sections in the axial
direction to define different mesh sizes and matgmioperties; see Figure 21.

Figure 21: The test specimen is divided into fiveegtions to define different mesh sizes and materigroperties.

33



Finite Element Simulations of Trawl Gear Impacthwilad and Lined Pipelines

The geometry is meshed with the C3D20R element)-ad2le quadratic brick element
with reduced integration, and the mesh is refimetheé middle three sections.

Mises yield surface with isotropic hardening is idefl with the Ramberg-Osgood
plasticity model. The steel is taken as DNV SMY S &dith material properties as listed in
Table 6, and the Ramberg-Osgood stress-strainiaelas generated externally, as
described in section 5, and typed in as table data.

Table 6: Material parameters used in the analyses.

Parameter Value

Yield strength SMYS 415 MPa
Tensile strength SMTS 520 MPa
Yield straing, 0.5%
Ultimate tensile straim, 10 %
Young’s modulu€ 210000 MPa
Poisson’s ratig? 0.3

The test specimen is fixed in one end and giveis@atement in the other end of up to 50
mm over a time period of 10 seconds. All tensilalgses are carried out with geometric
nonlinearities and automatic step control with [aMewton solver scheme.

6.1.1. Verification of Material Model
Tensile test no. 1 is carried out to verify the lempentation of the Ramberg-Osgood
plasticity model by comparing the output stresaistrelation from the Abaqus analysis
with the analytical solution for the Ramberg-Osgoualel.

The solution is plotted in Figure 22 as Mises egl@nt stresses with both the initial and
deformed geometry. The stress-strain relation feonandom node is compared with the
analytical solution in Figure 23.

ODB: tensile_plastic.odb  Abaqus/Standard 6.12-1 Sat Apr 20 22:10:23 Romance Daylight Time 2013

Figure 22: Initial geometry and deformed shape plded with Mises equivalent stresses.
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| == Ramberg-Osgood Analytical
— FE output
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Strain [-]
Figure 23: Stress-strain relation from the FE-analgis compared with the analytical solution.

The stress-strain relation from the FE-analysisashgood compliance with the Ramberg-
Osgood analytical solution.

6.1.2. Implementation of Strain Rate Dependency

Tensile test no. 2 is carried out to verify the lempentation of strain rate dependence by
using the scaling function as outlined in sectid?t 4

@ NSONSC CF £¥( NS( (6.1)

To give a somewhat realistic value of the yiel&ssrratioR, test results from ref. /2/ are
studied. The tests shows a large variations ofyiblel stresses, but the largest strain rate
from the performed tests is 1079 with a corresponding yield stress ratioRsf1.33. Thus,
as an approximation and for simplicif,is given as a linear function of strain rate, with
R=1.0 at zero strain rate; see Figure 24.

I — : : : : ‘ i
1250 i : ‘ Z : : : .
L2fo : : : : ‘ -

LAS| e ‘ Z : : : : .

Yield stress ratio R [-]

1 i i i i ; i i i i i
0 100 200 300 400 500 600 700 800 900 1000
Strain rate [s'l]

Figure 24: Yield stress ratioR as a function of strain rate.
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Two simulations are carried out with strain ratést@0 s* and 500 ¢, and the output
stress-strain relations are compared in FigureA®5expected the strain rate dependence
results in increasing stresses for higher stragsra

No sirain rate dependence
— Strain rate 100 s} N
— Sirain rate 500 7!

La

=

=]
T

Stress [MPa]
.
S
S
T

(73]
=]
=]
T
|

100 f~ , ' | : o

0 | 1 1 i i | j 1 i
0 005 01 015 02 025 03 035 04 045 05
Strain [-]
Figure 25: Output from simulations with strain rates of 100 & and 500 & compared with no strain rate
dependence output.

6.1.3. Implementation and verification of the Ductile Damae and

Failure Model

Tensile test no. 3 is carried out to implement ppeu limit to the load bearing capacity of
the material by means of ductile damage and faiagedescribed in section 4.2. Two
parameters govern the characteristics of the ductdmage and failure, namely the

equivalent plastic strain at damage initiatké;ﬁ and the equivalent plastic displacement
after damage initiatiod® given by:

d¥ e £ (6.2)

The characteristic length is defined as half the distance across an elefoergecond
order elements giving a constant value_ef.0005 m for these analyses with an element

size of 1 mm. The equivalent plastic strain at dyenmitiationl\/j( and the equivalent
plastic strain increment after damage initiatblare illustrated in Figure 26.
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Figure 26: Definition of the two governing damage ad failure parameters.

To evaluate the influence of the two governing peeters, two simulations are carried out
with values as given in Table 7.

Table 7: Values used in the two simulations.

Test ID L [m] (fj [-] UQS} [m] q\slt [-]
TT3-1 0.0005 0.1 0.00005 0.1
TT3-2 0.0005 0.2 0.0001 0.2

To ensure damage and failure in the middle seafdimne geometry, the end sections are
given higher yield stresses and only the middlen@ are specified with damage and
failure as illustrated in Figure 27.

Increased o, and no
Increased g, and no Damage and failure dama) &
damage 4

Figure 27: To ensure damage and failure in the midé section the yield stress is increased for the @sections and
damage and failure are only specified for the midai 20 mm of the geometry.
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The deformed geometry and Mises stresses fromaidrame before complete failure of
the two analyses are plotted in Figure 28 with eise cut through the middle of the
geometry.

P27 /L1

ODB: TT3-1.0db  Abaqus/Standard 6.12-1 Mon Apr 22 11:37:39 Romance Daylight Time 2013 0ODB: TT3-2.0db  Abaqus/Standard 6.12-1 Mon Apr 22 12:24:11 Romance Daylight Time 2013

Step: Step-1 33: Step Time = 0.5789
S, Mises.
\ation Scale Factor: +1.0002+00 z x r:U Deformation Scale Factor: +1.000e+00

igure 28: Deformed geometry plotted with Mises stsses from the last frame before complete failuref the cross
section. TT3-1 to the left and TT3-2 to the right.

The damaged sections show the expected necking slrag it is noted that damage is

severe in the middle of the cross section withrgdalegradation of the Mises stresses. To
evaluate the material behaviour during damage aamtlré, the true stresses and

logarithmic strains from the central node in thessrsection are plotted in Figure 29, i.e.

stresses and strains from the blue area of the gfei@® in Figure 28.

i 1 i | 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
E]n [_]
Figure 29: True stress-logarithmic strain plots fran the central node of the cross sections.

. .

With reference to the governing parameters specifieTable 7 it is noted that they are
directly related to the true stresses and logairihstrains with a linear degradation of the
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material strength frorhg( to M. Though, it is desired to relate the damage aitaréato

the engineering stresses and strains corresportdinghown material parameters as
outlined in section 3.4. The engineering stressdss&rains are given by:

< (6.3)

— (6.4)

It is concluded from the engineering stresses drains plotted in Figure 30 that the
ductile damage and failure gives somewhat realisgults compared with theoretical
stress-strain relations, ref. /21/. In additiore #pecified strength parameters, ref. Table 6,
SMYS=415 MPa and SMTS=520 MPa are in compliancé wie test results. Thus, the
results are used to calibrate the material modetisa following section.

—TT3-1 ||
—TT3-2

I 1 i 1 i 1 1
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
€. ]

eng

Figure 30: Engineering stresses and strains from thtwo analyses.
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6.1.4. Calibration of Material Models
The materials selected for all clad and lined pipethe trawl gear impact analyses are
DNV SMYS 415 and Alloy 316L; see section 3.4. Thentberg-Osgood material model is
calibrated to fit the given material parametersoasined in section 5, but to implement
damage and failure in compliance with the specifretdimum elongation of the material
A, further calibration is needed. The relevant mak@roperties are given in Table 8.

Table 8: Material properties relevant to the materal model calibration.

Application Type/name Yield strength | Tensile Elongation in
[MPa] strength [MPa] | 50 mm As [%]

Backing SMYS 415 415 520 17.5

Clad/liner Alloy 316L 170 485 40

The approach is to calibrate the two Abaqus inpm’ameterﬁ( andd¥ by “trial and
error” to fit the specified minimum elongatid®, i.e. on the basis of FE tensile tests as
described in section 6.1.3. The calibrated engingestress-strain curves from the tensile
tests are plotted in Figure 31 and the correspanidiput parameters are given in Table 9.

T T ! T T T
600 : ; [ ——8Mys 415 Carbon steel ||
: : —— Alloy 316L

0 | i i | i | i

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04
Bopg ]

Figure 31: The calibrated engineering stress-straigurves.

Table 9: Abaqus input parameters calibrated to fitthe specified minimum elongation of the material.

i t t
Material a [] ust [m]
SMYS 415 0.3 0.00008
Alloy 316L 0.5 0.00015

The results show good compliance with the mat@aaameters given in Table 8. Though,
it should be noted that the ultimate tensile stieraj Alloy 316L in Figure 31 is higher

than the one specified in Table 8. This is duéhilarge difference between yield strength
and tensile strength of the material, i.e. 170 MRd 485 MPa respectively, which would
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cause a discontinuous stress-strain curve if thsilee strength should be obtained. This
relatively small error is assessed as negligibtediaregarded.

6.1.5. Preliminary Conclusions

The tensile tests show good compliance with théytinal Ramberg-Osgood stress-strain
relation verifying the implementation of the plagy model. Strain rate dependence is
taken into account by the scaling function, whioh this simple example the yield stress
ratio R was approximated as a linear function of straia.rH strain rate dependence is to
be used for the trawl gear impact analyses, a mpeeific R-strain rate relation must be
obtained. Finally, a maximum load bearing capaisitgefined by the ductile damage and
failure criterion. The results are evaluated adigéa compared with theoretical solution
and the engineering stress-strain plots are in tange with the specified minimum
requirements, i.e. the SMYS and SMTS. Thus, thelt®are used to calibrate the material
models for DNV SMYS 415 and Alloy 316L to be usadhe trawl gear impact analyses.

6.2. Element Performance during Bending
As outlined in section 4.1, the use of Abaqus/Ecipinduces some element limitations as
only first order brick elements are available witihe possibility to enhance with
incompatible modes to improve bending behavioumsltbend tests are carried out to
study the stress distribution and deformationsesé elements while undergoing bending,
i.e. tests are carried out with 8-node brick eletsmievith and without incompatible modes.
The results are compared with known analytical tsmhs.

By using symmetry, only half the test specimen alelled with the dimensions 10x10x50
mm corresponding to the full geometry of 10x10xh@@; see Figure 32.

Figure 32: Half of the geometry modelled with boundry conditions corresponding to a symmetry plane otthe left
end surface.
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The boundary conditiong,=0 andr,=0 are applied to the surface on the left in Figge
corresponding to a symmetry plane, agd0 is applied to the centre line on the same
surface. The test specimen is loaded in the ompesitd with a momenty acting on the
entire surface.

The geometry of the first test specimen BT1 is radstith first order 8-node brick
element C3D8R with reduced integration and housgtastrol. The second test specimen
BT2 is meshed with first order 8-node brick elem€BD8I enhanced with incompatible
modes. The initial element size is 1x1x1 mm.

The material is specified as linear-elastic/iddakfpic with a yield stress of 400 MPa,
Youngs’s modulus of 210 GPa and Poisson’s rati@.®f The analyses are carried out with
automatic step control and a full Newton solveresuob.

6.2.1. Pure Elastic Bending

The first bend tests are carried out to verify eéhestic bending capacity, to show a correct
stress distribution in the cross section and finatl verify the maximum transverse
displacement.

The elastic bending capacit§. of a rectangular cross section is given by, &H#l:/

;C y z ;{33.|; 3 3

XXIXXX X .}

(6.5)

which is applied to the end of the test specimernsthe results are plotted in Figure 33,
with the deformed geometries and normal stresdas.tdst specimen meshed with regular
first order elements, BT1, shows normal stresse368t6 MPa in the outer fibres, while
the specimen meshed with incompatible elements 8ii2vs normal stresses of 400 MPa
in the outer fibres.
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Figure 33: Normal stress distribution in the two test specimens. BT1 meshed with regular first orderlements and
BT2 with incompatible elements.

The results are clear as the incompatible elemsmis/s good compliance with the yield
strength of the material, i.e. the elastic bendiagacity is reached. The result from the
analysis with regular first order elements BT1 aon$ the predicted problems when
undergoing bending as outlined in section 4.1.

Furthermore, the maximum transverse displacememetsstadied by comparing the FE-

analyses with beam theory analytical solution,/28f. The maximum displacement for a
simply supported beam with applied moments is giwen

XX IXXX X .} 33

d#L - . -
L7 .e.|;, — 3 3 (6.6)
3{x .

The FE results gives maximum deformations of 0480 and 0.476 mm for BT1 and BT2

respectively. Again the incompatible elements shgasd compliance while the regular

first order elements show larger deformations tteloulated by eq. 6.6. This is somewhat
surprising as the shear locking are pridicted to saffness to the elements while

undergoing bending, and thereby should result smaller transverse deformation, ref.
/15/.
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Though, as later studies confirms, there are limoms to the incompatible element while
undergoing large deformations; see Appendix 2. ThHugher studies are made with
bending of the regular first order elements, i.ghwefined mesh to test the convergence of
the solution with respect to the normal stressridistion and the maximum transverse
deformation. The element length is reduced to thelfsize giving 2times more elements
in the mesh. The results are a normal stress iouber fibres of 382 MPa and a maximum
transverse deformation of 0.476 mm. This showsttimmesh refinement produces a fully
converged solution with respect to the transveeferchation, while the stress distribution
is closer to the analytical solution, but not fulynverged.

6.2.2. Bending with Partly Plastic Cross Section
As the trawl gear impact simulations involve makmplasticity, further bend tests are
carried out to verify the plastic material respongen subject to bending. This is done by
comparing the FE results with an applied plastiorent calculated by eq. 6.8, ref. /22/.
The aim is to show yielding of the material in tnater fibres of the cross section while
maintaining an elastic part in the middle 2 mm esponding to in Figure 34.

Op

Figure 34: Stress distribution in partly plastic cross section, ref. /22/.

€
— — 6.7
57 Cyz6 rop7 (6.7)
| — {33.]; 3 3 T —-6—T7V
o~ IXXx X .}

which is applied to the end of the test specimeahtha normal stresses are plotted with the
deformed geometry in Figure 35 and the stressiloigion through the cross section is
plotted in Figure 36. The stress distribution ig eaactly as the theoretical solution
illustrated in Figure 34, but this is due to theethdimensional stress state, as Mises
stresses shows fully plastic regions besides tlaglei2 mm.
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Figure 35: Normal stresses plotted with the defornm@&geometry.
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Figure 36: Stress distribution through the partly pastic cross section.

6.2.3. Preliminary Conclusions
The trawl gear impact simulations in this projece aarried out mainly to study
deformation of the pipes. Thus, the regular firsteo element as tested above is evaluated
to be sufficient as the transverse deformationlly tonverged with the analytical solution.
Though, uncertainties are still present regardiregdtresses calculated by the regular first
order element as relatively fine meshing is neecgdsaobtain reliable results, wherefore a
convergence study is performed during the moddbrmeion in section 7.3.

6.3. Verification of the Shell-to-Solid Coupling Constaint
As described in section 4.3, Abaqus offers theooptif a shell-to-solid coupling constraint
which enables the possibility of creating a modéhva combination of shell and solid
elements. Thus, the usage of this feature is eerifiy a simple bend test with two identical
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geometries, i.e. two cantilever beams with quadi@ss sections. The difference between
the two beams is that one is modelled with solerants while the other is modelled with
a combination of shells and solids. All elementsthbshells and solids, are first order
elements.

Both beams are fixed in one end and given a dispteat of 1 mm in the other end, and
the results are plotted in Figure 37 as Mises st®sThe two beams show close to
identical stress distributions and the shell-taesatoupling constraint is considered
verified.

0.774597

+4.904e+07
+2.522e+07
+1.404e+06

Figure 37: Two identical geometries modelled withadids and a combination of shells and solids. Theress
distribution is identical in the two beams.

6.4. Conclusions
The Ramberg-Osgood material model is verified frédtR-analyses, including the
implementation of strain rate dependence and @&udtimage and failure. Furthermore, the
material models representing DNV SMYS 415 and AIBR6L are calibrated to comply
with the governing material parameters, includifge tmaximum elongation of the
materials.

The first order element available in Abaqus/Explisitested in pure bending to evaluate
the influence of shear locking. The results shoeoaverged solution with respect to the
transverse deformations, but the stresses deviai@sthe analytical solution, even with a
relatively fine mesh. A solution to the shear loxkiof first order elements is to use the
incompatible element available in Abaqus, but dsrlatudies reveals other limitations
excludes the use of this element in the trawl gegract simulations. Thus, with the
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options limited to the first order element, foclwuld be on verifying the model when
performing the impact analyses in section 7.2.

Finally, the usage of shell-to-solid coupling coastt is verified which enables the
possibility of modelling the pipes with a combirmatiof shell and solid elements.
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7. Model Calibration, Verification and Optimization

As the general usage of Abaqus is verified throsghple verification examples, the
concept of the dynamic trawl gear impact analysesutlined in this section. The concept
is verified by comparing with test results from. Y.

Furthermore, a pre-study is carried out with a héfe carbon steel pipe to optimize the
model regarding mesh size and computational c@using the pre-study, strain rate
dependency is implemented by the Cowper-Symondstiorl to study the influence.
Additionally, general observations are made duthgpre-study to ensure reliable results
during the subsequent parameter study; see séxtion

7.1. General Modelling Considerations
The general setup of the FE-model is outlined irs thection including boundary
conditions, element types and contact definitiors Autlined in section 2.4, it is
recommended to use a rigid surface to support ifee g8 this ensures that most energy is
absorbed locally, i.e. the most conservative wepect to indentation of the pipe.

As the model is symmetric across two planes, onlyf#he full geometry is modelled. A
bare steel pipe model is assembled from four pestdlustrated in Figure 38 and further
described below.

Rigid indenter Solid pipe .
Shell pipe

Rigid surface

Figure 38: Concept of the FE-model. The model is asmbled from four parts as described below.

The model is supported by a rigid surface to entheie most energy is absorbed by local
deformations as discussed in section 2.3. The neestoarse as the surface acts as
foundation and no output is required for this part.
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The trawl gear is represented by a round shapédl ingenter with a radius of 25 mm as
outlined in section 2.4. The indenter is modellscaashell with relatively fine mesh as the
contact force is integrated over the surface aputuiThe indenter is given a mass and
initial velocity in the negative x-direction.

The pipe is modelled with both shell and solid edets. The impact zone and the
surrounding geometry are modelled with solid eletmemnith a relatively fine mesh and
several elements in the pipe wall thickness dioectilhe rest of the pipe is modelled with
shell elements with a coarser mesh to reduce catpoél costs. The two parts are
connected with shell-to-solid coupling constraimgsdiscussed in section 4.3.

As outlined in section 6.2, the incompatible fistler element C3D8I performs better
while undergoing pure bending, but due to limitaidn large straining applications the
element is found as not suitable for these impewtlgations; see Appendix 2 for further

discussion and testing of this element. Thus, tilel section is modelled with element
type C3D8R, an 8-node first order brick elementhwigduced integration and hourglass
control; see section 6.2 for verification of thisraent. The shell section is modelled with
element type S4R, a 4-node first order shell eléemeth reduced integration and

hourglass control.

The pipe and indenter are given boundary conditamrsesponding to the two symmetry
planes. Furthermore, the pipe is pinned to thel ragirface at the intersection between the
two symmetry planes to prevent the pipe from “jungion the surface; see Figure 38.

The indenter-pipe and pipe-surface contacts armetefas frictionless in the tangential
direction and “hard” in the normal direction. Thefidition of “hard” contact is that
contact pressure only is present at contact withtransmission phase as illustrated in
Figure 39, ref. /13/.

Contact
pressure
Any pressure possible when in contact —__
-~
No pressure when no contact ~
— ! -—

Clearance

Figure 39: Definition of “hard” contact, ref. /13/.
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7.2.Model Verification
To verify the concept of the FE-model, test resiutisn ref. /2/ are used as a benchmark by
comparing the contact force-displacement relatigpssiThe tests in ref. /2/ are carried out
with a so-called kicking machine, where a sledgkkisked” towards the test specimen.
On the sledge is mounted a round shaped indenterawiadius of 25 mm representing the
trawl gear. The test specimen is held againstfapssite with large mass compared to the
mass of the sledge and pipe. Furthermore, staticdgnamic tensile tests are performed in
ref. /2/ to calibrate a Johnson-Cook material medakch includes strain rate dependency.
To ensure comparable results, this material modelmplemented in the following
verification of the FE-model. One test with a 1®'Ustural steel pipe is picked out for the
verification. Pipe dimensions and test parametergaen in Table 10.

Table 10: Pipe dimensions and test parameters fohé 12" dynamic test, ref. /2/.

Parameter Value
Outer diameter 219.1 mm
Wall thickness 6.27 mm
Length 1800 mm
Material s355
Sledge velocity 2.144 m/s
Mass of the sledge 1000 kg

The contact force-displacement curves from theaedtthe FE-model are plotted in Figure
40. In general, the results are similar with respethe shape of the curves. The test result
shows a larger maximum deformation while the FE-ehogshows a larger maximum
contact force. This could be the result of varitactors such as lack of homogeneity in the
material and geometry of the test specimen. ThaslmirCook material model used in the
FE-model is calibrated from test results which doelad to some deviation in the stress-
strain relationship as a result of the fitting goesis of the curve. Furthermore, the material
model does not take damage and failure into acoehith is shown later to be a factor for
these impact analyses. And last but not leaststhaller deformation of the FE-model is
likely to be a result of shear locking of the eletseundergoing bending as described in
section 4.1. Thus, the concept of the FE-modelbissiclered as verified with respect to
geometry, boundary conditions and contact definitio
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Figure 40: Result from the FE-model is compared wit test result.

From this preliminary verification analysis it isbserved that the contact force-
displacement curve shows varying excitations as dbmetact force increases. These
excitations will be studied further in the follovgpre-study, section 7.3.

The deformed shape of the pipe with Mises stressgdotted in Figure 41. For further
verification of the boundary conditions at the syetm planes, the geometry is mirrored in
both planes creating the full geometry of the pipe. the basis of the deformations the
boundary conditions are evaluated as satisfacfhatgitionally, it is observed that the time
period of contact between pipe and indenter isIBG2conds, and the computational time
is approximately 60 minutes.

Figure 41: Deformed geometry of the pipe mirroredm both symmetry planes to create the full geometry.
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7.3. Pre-study of Bare Carbon Steel Pipe
A pre-study is carried out in this section withadycarbon steel pipe. The objective is to
optimize the model with respect to mesh density emhputational costs. Additionally,
other subjects of interest are studied, such asnstate dependency and the source of
excitations in the contact force as observed itiGed.2.

Part of the scope of this project is to analyseepiwith diameters in the interval 127-28”
with D/t relations in the range of 15-40. Thus, the pigected for this pre-study is a 16”
pipe with a wall thickness of 15.88 mm correspogdimD/t=25, as this is a medium size
and thereby better represent the wide range of dipeensions to be analysed. The
material used is the calibrated DNV SMYS 415 carbiael; see section 6.1. The mass and
velocity of the indenter are set to the maximumsgae values recommended by DNV-
RP-F111, i.e. 12140 kg and 2.8 m/s respectively;seetion 2.4, ref. /1/.

7.3.1. Convergence Study

To ensure an optimized mesh size without usingnt@ay elements, a convergence study
is carried out by comparing the contact force-deftion curves from analyses with
different mesh sizes. The approach is to refinentlesh in the impact region of the pipe
until the solution shows similar results, whichisates a converged solution.

The contact force-displacement relations from #walyses with different mesh sizes are
plotted in Figure 42. A mesh size of 10 mm x 10 m® pc. refers to an element size of
10x10 mm with a density of six elements in the pigal thickness direction, which for
this pipe is 15.88 mm. The mesh size refers tethallest elements in the mesh, which are
located just around the impact area and gets aofandker away from the impact area as
illustrated in Figure 43.

Figure 42: Contact force-displacement curves for dierent mesh sizes.
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The study shows a not yet converged solution byging the mesh from 3 mm to 2 mm,
but with a calculation time of approximately 8 hguthe solution is assumed converged at
the mesh size of 2 mm x 2 mm x 12 pc. The reasornh® non-converged solution is
considered to be due to the first order elementsl us the analyses as they require a
relatively fine mesh compared with second ordemelats.

By studying the solutions from the different analysa difference is noticed regarding
damaged elements. The two analyses with coarsesdt aiees have no damaged elements,
but the three analyses with finer meshes all hareagjed elements. Figure 43 illustrates
the deformed geometry from the analysis with maszda 82 mm. It is evident that the
pipe is severely damaged, both inside and outsideeality, the damaged material would
still be present without load bearing capacity, toubetter illustrate the actual damage, the
elements are removed in Figure 43.

Figure 43: The solution for mesh size 2 mm x 2 mm X2 pc. shows severe damage around the impact area.

Preliminary Conclusions

Due to limitations in computer capacity the solatis assumed as converged at a mesh
size of 2 mm x 2 mm x 12 pc. However, a calculatiome of 8 hours is not acceptable
considering the desired parameter study which wresh large number of analyses. Thus,
several optimization options are discussed in 8ecti3.4.

The damaged elements in the analyses indicatethieaiamage and failure model is
implemented and perform as intended.
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7.3.2. Strain Rate Dependency

To determine whether the analyses are strain ggterdlent, the material model is updated
to be rate dependent by using the Cowper-Symonalsare ref. /24/:

- oo

G (7.1)
— | 6=7
G

where

QG static yield stress

Q dynamic rate dependent yield stress

MU strain rate

D, q material constants

As no test data is available the valis40 s' andg=5 is used as commonly applied for
mild steel, ref. /25/. The rate dependency is im@eted in the material model by the
scaling function as described in section 4.2, amdimulations are carried out in Abaqus,
both with and without strain rate dependence. T dnalyses are made with relatively
coarse mesh as the focus is on the differenceiiy strain rate dependency. The contact
force-displacement curves for the two analysegpkteed in Figure 44.

Figure 44: Contact force-displacement curves for aayses with and without strain rate dependency.

The effect of the strain rate dependency is distias the deformation is smaller and the
contact force larger for the analysis with rateatefency. This is due to an increase in the
material strength for the rate dependent analykistwclearly indicates that strain rates are
non-negligible. Thus, strain rate dependency islemgnted in the material models for
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both carbon steel and CRA for further analyses.ughoit should be noted that the rest of
the analyses in this pre-study are carried outowittstrain rate dependent material if not
noticed otherwise. The Cowper-Symonds material patars for the CRA are taken as
D=100 §" andg=10, ref. /25/, and both curves are plotted in Fegtb5.

Figure 45: The Cowper-Symonds relation for carbonteel and CRA.
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7.3.3. Studying the Source of Contact Force Excitations

As observed during the model verification, sectib8, the contact force is exposed to
excitations as it increases. However, studyingcihact force-displacement curves from
the convergence study; see Figure 42, it is evittaitthe excitations decrease as the mesh
density increases. This indicates that the exortatiare due to variations of the contact
area as a result of mesh interaction between pigdralenter. Thus, an analysis is carried
out with a finer meshed indenter. The output frequyds also increased for this analysis to
ensure that all “noise” will be evident, and theule is plotted in Figure 46. Most of the
observed larger excitations are removed which ocwmisfithat they are mesh related.
Though, some excitations still remains, but theyjadged to be elastic excitations in the
pipe as the same excitations are present in theifgsfrom section 7.2, Figure 40.

Figure 46: Contact force-displacement curve from te analysis with refined indenter mesh.

7.3.4. Model Optimization

With a calculation time of approximately 8 hourstady is made to optimize the model
with respect to computational costs without notideadeviation in the contact force-

displacement relation. Three optimization optiores discussed and put to the test in this
section.

Mass Scaling

The total calculation time of an analysis in Abdgxglicit depends on the stable time
increment, ref. /13/. The stable time increméntis approximated from the smallest
element dimension in the mods}, and the dilatational wave spe€g

| f AN (7.2)
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The dilatational wave speed is given by:

¥/ C

7.3
o (7.3)

Where/ and mare Lamé’s constants which are defined in term¥ming’s moduluss
and Poisson’s ratia.
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The dilatational wave speed is the speed at wHhigsses propagate through the material
equal to the speed of sound through the mateefl/26/.

Studying eq. 7.2 and 7.3 it is clear that the staiphe increment is directly related to the
densityr. By increasing the density the dilatational wapeed is lowered resulting in a
larger stable time increment, which is the methogplused in mass scaling. As the stable
time increment relates to the smallest element dgio®; see eq. 7.2, it is proposed to only
scale the mass of the smallest elements in the Imoateesponding to the refined mesh in
the contact region, ref. /13/. However, tests shtivesnecessity of scaling the full solid
element section of the model marked with red colaufigure 47. The reason for this is
that the other elements in the solid section besowmntrolling for the stable time
increment as the smallest elements are mass scaled.

Figure 47: Mass scaling is defined for the full sa section of the model marked with red colour.
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Mass scaling is defined by a scaling factomhich directly scales the density of the
selected elements. Scaling factors of 3 and 1G&ésl @nd the results of the analyses are
plotted in Figure 48. It is evident that the masaliag introduces different dynamic
responses, which is not surprising taking the iaseel mass of the scaled part into account.
As the stable time increment increases with a faat@pproximately the square root fof
giving an increase of 1.73 times the stable tinoeement forf=3, this solution is judged as
not applicable for this type of geometry. If masal#®g is to be used with efficiency, the
model must have a small region with small elementsounded by much larger elements,
or the analysis must be nearly quasi-static to gmethe scaled mass having any or little
effect.

Figure 48: Results from analyses with mass scalirffgctors of 3 and 10, compared with an analysis withut mass
scaling.

Multiple Processors

Another option is to use multiple processors, g bption induces certain limitations
when analysing in Abaqus/Explicit. Features suchKmgematic constraints and contact
pairs cannot be split across domains, ref. /13ftheumore, splitting the analysis could
affect the consistency of the result. Thus, twolymes was carried out, one with a lined
pipe and one with a cladded pipe. The results Weatthe calculation time was reduced
with approximately 10-20%, and small deviations evebserved in the solution compared
with an analyses solved using one processor. Thdbghdeviations in the solutions were
below 1%, it is decided not to use multiple prooesstaking the relatively small
reductions of calculation time into account. Thetféhat these analyses show some
deviations in the solutions also supports thissleni as these deviations could be larger at
different pipe geometries.
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Model Variable Reduction

The last option studied is to reduce calculatiametby reducing the number of variables in
the model. Thus, the solid part is reduced to mreonly half the circumference of the
pipe as illustrated in Figure 49. Furthermore, tlegth of the pipe is shortened to
represent a 2 m pipe instead of the initial 3 nd #re mesh size of the shell elements are
increased from 10 mm to 20 mm.

Figure 49: The solid part is reduced to representdf only half the circumference and the length oflie pipe is
reduced from 3 m to 2 m with a coarser mesh for thehell elements.

The contact force-displacement curve from the amslis compared with the result from
the initial geometry in Figure 50. It should be eubtthat strain rate dependency is
implemented in the material model for these analyBy comparing the two curves, the
reduced model shows a larger maximum contact fafue the indentation of the pipe is

smaller, which could indicate that the reductios kightly stiffened the model. However,

the calculation costs are reduced by approxima&8®b giving a total calculation time of

90 minutes.
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Figure 50: Output from the reduced model is compare with results from the initial model.

Preliminary Conclusions

None of the above described optimization optiores faund to be ideal with respect to
either the consistency of the results or the radoadf the computational costs. Though,
the scope of the project is to study the differebeveen conventional pipes and clad or
lined pipes with different diameters amdt relations, which results in a relatively high
number of analyses. Thus, it is decided to proeeddthe reduced model as illustrated in
Figure 49, as the reduction of calculation timéaigest for this option. The fact that the
reduced model induces some inaccuracies and n@sepative results with respect to the
indentation of the pipe will be taken into accowien interpreting the results in section 9.
Additionally, analyses with bare steel pipes wi# barried out with the same reduced
model to ensure comparable results.

7.4.Conclusions
The initial model with symmetry and a combinatidrsbell and solid first order elements
is verified by comparing the contact force-dispraeat curve with test results. Thus, this
concept is used in all subsequent analyses irptbjsct.

During the convergence study it becomes evidertthigtype of impact analysis requires
a fine mesh as the solution fails to converge betwmesh sizes 3 mm and 2 mm. The
calculation time of the analysis with 2 mm meslajgproximately 8 hours leading to an
optimization study, where different optimizationtiops are discussed and put to the test.
The solution selected is a reduced model with thiél ssection representing half the
circumference of the pipe. The result is a calootatime of approximately 90 minutes, but
the reduced model induces some inaccurate reshithvehould be accounted for when
interpreting the results in section 9.
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The strain rate dependency of the model is puh&test with a distinct difference in
contact force-displacement curves. Thus, straia ddpendency is implemented in the
material models by the Cowper-Symonds relation;F3gere 45.

During the pre-study severe damage is observedndrdloe impact area verifying the
implementation of the damage and failure model. ughp it should be noted that
subsequent implementation of the strain rate des@ndcould prevent or reduce damage
of the pipe.

The mass and velocity of the indenter, i.e. theimam specified by DNV-RP-F111, ref.
/1/, of 12140 kg and 2.8 m/s respectively, is fotmdbe suitable for further studies, as no
excessive deformations are noted during the praystu

Generally, the model is considered as verified aptimized to give the best possible
results taking the relatively large number of asafyinto account.
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8. Implementation of Clad and Liner in the FE-model

With a verified and optimized bare steel pipe mpdkld and liner are implemented in this
section. As outlined in section 3, the thicknessclafl and liner is set to 3 mm for all
analyses. Furthermore, it is decided to model aladiliner with a combination of shell and
solid elements, i.e. the part of the internal pipar the impact zone is modelled with solid
elements as the case for the outer pipe.

The following sections describe the modelling cdesitions while implementing the
cladding and liner, including difficulties occurrddring the implementation.

8.1.Clad Pipe Modelling Considerations

As described in section 3.2, the internal laye€CBfA in clad pipes is metallurgical bonded

to the backing material. This means that full contaust be defined between cladding and
backing material during the analyses. The meshcatiestraint available in Abaqus is

appropriate for this application, as it ties thesmdrom the two materials together; see
section 4.3 for further explanation of the mestcbastraint. However, the use of the mesh
tie constraint between clad and backing producegesmodelling difficulties as described

below.

As the pipe geometry is modelled with a combinatminshell and solid elements
constrained with shell-to-solid coupling constraitise implementation of the mesh tie
constraint over-constrains the nodes involved ithlsonstrains. Over-constraining appears
when multiple constraints are applied to the saggrek of freedom, ref. /13/. The result is
that the shell-to-solid coupling constrains ardlpauppressed during the solution process
creating a slip, as illustrated in Figure 51 whdre thickness of the shell elements is
included.

Figure 51: The over-constrained model shows a slip the shell-to-solid coupling constraints. The thitkness of
shell elements is included.

62



Finite Element Simulations of Trawl Gear Impacthwilad and Lined Pipelines

The solution to the over-constrained model is tmaee the mesh tie constraints at the
nodes where shell-to-solid coupling constraints @esent. Figure 52 illustrates the pipe
solid part with the surrounding shells to the lefth the same geometry illustrated as a
wireframe in the right picture. Here the mesh tiastraints are represented by the purple
lines, and it is evident that the nodes containiregshell-to-solid coupling is not included
in the mesh tie constraints which solves the probhth over-constrained nodes.

Figure 52: Left picture shows the solid part of thepipe surrounded by shells. Right picture shows theame
geometry as a wireframe with the mesh tie constrate represented by purple lines.

As the problem with over-constrained nodes is sblaaother error is created. The full

contact between clad and backing material is nesgmt at the intersection between shell
and solid elements. However, this error is consideregligible as it only exists in a small

area and is located at a considerable distance tlierimpact zone. To further support this
choice, all later performed analyses with clad pijgeexamined for possible delamination
between clad and backing without any noticeablecatsf

8.2.Lined Pipe Modelling Considerations
The lined pipes are manufactured with a mecharboald between liner and backing
material as described in section 3.3. The contetwden liner and backing is defined with
a tangential friction coefficient of 0.4. Furtherrapresidual stresses of -150 MPa and -20
MPa are defined as the liner hoSghernoop aNd axials jiner,axial Stresses respectively. The
corresponding residual stresses of the outer @iRRy hoop@Nd Souter,axial are calculated to
create equilibrium between liner and outer pipélastrated in Figure 53 and Figure 54.
The residual stresses of the outer pipe are caézlifeom eq. 8.1 and 8.2.

Figure 53: Hoop stress equilibrium between liner ad outer pipe, ref. /11/.
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Figure 54: Axial stress equilibrium between liner ad outer pipe, ref. /11/.

Gpra1ys GNat s - (8.1)
C
Gpra 1L, ( GNIIL, ( C_( (8.2)

The hoop stress is calculated from the ratio betwibe wall thicknesses of liner and
backing pipet andt,, and the axial stress is calculated from the raétween the cross
sectional areas of the two pipésandA,,.

To implement the hoop and axial stresses in Abalpes material directions must be
defined as illustrated for the pipe solid section Rigure 55, i.e. the local material
directions are defined to follow the curvaturelod pipe.

Figure 55: Local material directions defined to folow the curvature of the pipe.

To verify the implementation of the residual stesssi.e. that the two pipes are in
equilibrium, the stresses and deformations of thmposed pipe is examined at the last
increment before impact. The stresses are heldchstgthe entered values as described
above, and the deformation of the pipe should bsecto none if equilibrium is fulfilled.
As an example, the deformations of the D&t=25 lined pipe are plotted in Figure 56. The
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result is a maximum deformation of approximatel® Ghm which verifies that the pipe is
in equilibrium from the start of the analysis. Tieéatively small deformation of 0.2 mm is
judged to be due to the contact between liner arner@ipe, as the contact surfaces adjust
to avoid any over-closure during the analysis.

Figure 56: Deformations are plotted from the last fame before impact to verify the implementation ofresidual
stresses.

8.3. Conclusions
The implementation of cladding using the mesh btestraint induces over-constrained
degrees of freedom DOF where the shell-to-solidpting is present. The problem is
solved by removing the mesh tie constraint at t#=Rvhere the shell-to-solid coupling is
active. Though, this solution creates another easathe metallurgic bond is removed, right
at and around the intersection between shells alsssee Figure 52. Thus, all performed
clad pipe analyses must be examined for any dektiomin this area.

The lined pipe residual stresses are implementetidfining local material directions
following the curvature of the pipe. The residuaésses of the outer pipe are calculated to
obtain equilibrium between liner and outer pipe.veoyfi that equilibrium is fullfilled, all
lined pipe analyses must be examined at the lastdrbefore impact, i.e. no excessive
deformations or stress deviations must be present.
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9. Trawl Gear Impact Simulations: Parameter Study,
Evaluations of Analytical Solutions From DNV-RP-F11 and

General Observations

With the FE-model calibrated and optimized as aetli in section 7, this section deals
with the results of the FE-analyses. First, a patamstudy is carried out to evaluate the
influence of clad and liner on the plastic deforioratof the pipe. Next, the analytical
solutions stated by DNV-RP-F111, ref. /1/, are eatdd regarding the applicability for all
types of pipes, including bare steel pipes. Furnioee, the contact force-displacement
curves are studied and compared with the estimatengoy DNV-RP-F111. Finally,
general observations made during the parametey sitel outlined, including problems
with contact over-closure, time of impact and maximstrain rates observed during the
analyses.

9.1. Parameter Study: The Influence of Clad and Liner o the

Permanent Indentation of Different Pipe Dimensions
As described in section 2.3 and according to DNVHR1, ref. /1/, the acceptance
criteria for trawl gear impact is based on the pmrent indentation of the pipe. Thus, a
study is carried out to look at the differencep@rmanent indentation for clad and lined
pipes compared with bare steel pipes at differgreé dimensions. Furthermore, the results
are compared with the analytical solution giverDyW-RP-F111.

9.1.1. Pipe Specifications
Part of the scope for this project is to study pipethe range of 12"-24” witb/t relations
ranging from 15 to 40 witlD being the outer pipe diameter anthe wall thickness; see
section 1.1 for further clarification of the projescope. To limit the number of analyses, it
is decided to study three different pipe dimensiang fiveD/t relations, namely 12", 16”
and 24" pipes witlD/t of 15, 20, 25, 30 and 40. The wall thicknessesutaled by the
specifiedD/t are rounded to the nearest available dimensioardic to ASME, ref. /7/.
The outer pipe dimensions used in the analysegiaee in Table 11.

Table 11: Pipe dimensions used in the analyses witihe wall thicknesses rounded to the nearest avabée
dimension according to ASME, ref. /7/.

D/t
D 15 20 25 30 40
[inch] [mm] t [mm] t [mm] t [mm] t [mm] t [mm]
12" 323.8 21.44 15.88 12.7 11.13 7.92
16" 406.4 26.97 20.62 15.88 14.27 10.31
24" 610 39.67 30.18 24.61 20.62 15.88
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The materials used in all analyses are DNV SMYS di8 Alloy 316L for backing and
clad/liner respectively; see section 3.4 for mateproperties. The thickness of the
clad/liner are set to 3 mm for all analyses. Thasrand velocity of the indenter are 12140
kg and 2.8 m/s respectively.

9.1.2. Parameter Study

Some uncertainties are present in the model dugations in the mesh convergence and
inaccuracies in reduction of the model as outlimedection 7.3. Thus, the analyses are
carried out not only with clad and liner but alsdhabare steel pipes, as the scope is to
look into the differences between clad/lined pip@sl bare steel pipes. This means that
three types of pipes are analysed with 15 diffedemiensions, giving a total of 45 analyses.
The contact force-displacement curves for all asedyare found in Appendix 3.

The results of the analyses are plotted as pldstiormation of the pipe as a function of
wall thickness, and Figure 57, Figure 58 and Figafigepresents 12", 16” and 24" pipes
respectively. Furthermore, the results are compangd DNV-RP-F111, eqg. 3.9, i.e. eq.
9.1 in this report, which estimates the plasticod®ftion of the pipéd,c as a function of
maximum contact forcEsn max yield strengtty, wall thicknesg and diameteb:

L wL 2333 .5 1 (9.1)

where

o 6— o . 9.2)

Eoc is the impact energy, i.e. the kinetic energyhef trawl gear given by:

¢ o~ — Q@ - {8 .« 0e—p {~ kI (9.3)
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The yield strength used in eqg. 9.1 and eq. 9.Zza@ilated as 0.96MYS as it is assumed
that the material do not fullfill suplimentary recgmentU in DNV-OS-F101, ref. /4/; see
section 2.3.

Figure 57: Plastic deformations of the 12" pipes v the different wall thicknesses analysed. The FEesults are
compared with DNV-RP-F111, eq. 3.9.

Figure 58: Plastic deformations of the 16” pipes wi the different wall thicknesses analysed. The FEesults are
compared with DNV-RP-F111, eq. 3.9.
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Figure 59: Plastic deformations of the 24" pipes v the different wall thicknesses analysed. The FEesults are
compared with DNV-RP-F111, eq. 3.9.

By comparing the results it is clear that both céaml liner contributes to the structural
integrity of the pipes with respect to trawl gearpact, as the plastic deformations is
smaller for these pipes compared with bare stggiThough, it is noted that the plastic
deformation is smallest for clad pipes at all asatl pipe dimensions. Furthermore, the
magnitude of the plastic deformation, for the thd&éerent types of pipes, is converging
as the wall thickness increases, especially foRéiepipes.

While comparing the FE results with DNV-RP-F111, 8@®, it is observed that the bare
pipes withD/t=40 all shows larger deformations than estimatedeqy 9.1. Thus, the
following section evaluates the proposed analyscduitions in DNV-RP-F111.

9.2. Evaluation of DNV-RP-F111 Analytical Solution
The following sections evaluate the analytical §olustated by DNV-RP-F111. Initially,
the estimate of plastic deformation and maximuntactforce, are evaluated with respect
to bare steel pipes. Subsequently, the analytalatisns are held against FE results from
clad pipes with suggestions of changes in the &inalysolution to estimate the plastic
deformation of clad pipes.
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9.2.1. Bare Steel Pipes

As outlined in section 9.1, DNV-RP-F111, eq. 3.8, eqg. 9.4 in this report, shows non-
conservative results regarding bare pipes wiit=40. Egq. 9.4 estimates the plastic
deformation of the pipe on the basis of the maxinmaantact force, eq. 9.5. For further
explanation see section 2.3 and 9.1.

2333 5
'y 00— 1 oL 1 (9.4)

|0

o 6— o . (9.5)

To evaluate eq. 9.5, the maximum contact forces filwe performed analyses are plotted
in Figure 60, Figure 61 and Figure 62, representidy 16” and 24" pipes respectively.
The FE results are compared with DNV-RP-F111, €I, 3.e. eq. 9.5 in this report.

Figure 60: Maximum contact force for the 12" pipeswith the different wall thicknesses analysed. The [E results
are compared with DNV-RP-F111, eq. 3.10.
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Figure 61: Maximum contact force for the 16” pipeswith the different wall thicknesses analysed. The [E results
are compared with DNV-RP-F111, eq. 3.10.

Figure 62: Maximum contact force for the 24" pipeswith the different wall thicknesses analysed. The [E results
are compared with DNV-RP-F111, eq. 3.10.

By evaluating Figure 60 - Figure 62 it is eviddmitteq. 9.5 under-predicts the maximum
contact force for the larger wall thicknesses. TiRisomewhat surprising as eq. 9.4 over
predicts the plastic deformation for these same tveknesses as concluded in section 9.1.
Furthermore, it is noted from Figure 60 - Figure B2t the maximum contact force
depends on the pipe diameter. This becomes cledreawall thickness of 15.88 mm is
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analysed for all three pipe diameters, and theltseshows a considerable difference in
maximum contact force as illustrated in Figure B8wever, this is not surprising as the
pipes with smaller diameters are more compact coedpaith larger diameters.

Figure 63: Maximum contact force for different diameters but with the same wall thickness¢=15.88 mm.

Following the above evaluation it is recommendedewse eq. 9.5 to include the pipe
diameter as the maximum contact force is deperafghe diameter as illustrated in Figure
63. Furthermore, the general composition of eq.i® &onsidered as non-conservative for
larger wall thicknesses, i.e/t relations smaller than 20-25 depending on the pipe

diameter.

As the above recommended revisions of eq. 9.5 woalsse larger estimations of the
maximum contact force for some wall thicknesses, itlluence of the maximum contact
force in eq. 9.4 is studied further. This is dong fotting the plastic deformation
calculated by eq. 9.4 as a function of the maxincomtact force; see Figure 64.

Figure 64: Plastic deformation calculated by eq. 9.as a function of Maximum contact force.
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It is clear that for a 16" pipe witb-15.88 mm, that plastic deformation increases as th
maximum contact force increases, which is assurodaetthe case for all relevant pipe
dimension. Knowing this while looking at the propdsrevision of eq. 9.5, which causes
larger estimates of the maximum contact force &oge values of, it is evident that this
would increase the plastic deformations estimatgdedp. 9.4 for the same values f
Though, eq. 9.4 already shows conservative redoaitshese large values df which
indicates that eq. 9.4 would become over-conseta®n the other hand, it is concluded
in section 9.1 that eq. 9.4 shows non-conservaésalts for low values df see Figure 57

- Figure 59. Thus, it is generally recommendedetose both eq. 9.5 and 9.4 in that order.

The above recommended revisions of eq. 9.4 anda@®Sevaluated on the basis of FE
results for bare steel pipes. Regarding lined pipssrecommended to treat them as bare
steel pipes when estimating that plastic defornmatio

9.2.2. Clad Pipes
On the contrary, when calculating the plastic defmtion for clad pipes, it could be a
solution to increase the wall thickness in eq. t8.4nclude the clad material as the two
materials are metallurgical bonded. Furthermore,lthver yield strength of the cladding
material should be taken into account. This coudddone by calculating a weighted
average yield strengfimeangiven by:

* * / % *
1 *¢ N <,N (...
#N - . Lo (9.6)

)
where
fy backing yield strength of backing material
fy.clad yield strength of clad material
thacking wall thickness of backing material
telad wall thickness of backing material
trot total wall thickness of the composed pipe

Thereby, eq. 9.4 is changed to the following fadagpipes:

L wL 234383 5

! (.. . . .

(9.7)

#' N ) #' N )

To evaluate the above calibrated expression itagal in Figure 65 and compared with
both FE results for clad pipes and the existingtsmh. It should be noted that the clad pipe
FE results (blue) are plotted as a function ofttital wall thicknesso:.
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Figure 65: The existing expression (green) and thealibrated expression (red) are compared with FE reults for 16"
clad pipes (blue).

The calibrated expression shows conservative esdtthe plastic deformation is over
estimated compared with FE results. Though, it khba noted that the proposed revision
of the maximum contact force, eqg. 9.5, is not aoted for in the above calibrated
expression. It should only be seen as a proposabssible solutions on how to treat clad
pipes in the future.

9.3. Studying Contact Force-Displacement Curves
The contact force-displacement curves are not ttjreelated to the acceptance criteria as
the permanent indentation of the pipe is. Thoubhy toring a good understanding of the
differences in the three different types of pipaalgsed. DNV-RP-F111, eq. 3.5, i.e. eq.
9.8 in this report also gives a so-called consergaestimate of the contact force-
displacement relationship, ref. /1/:

. (9.8)

whereFgn is the contact force ardl is the deformation of the pipe. It should be nateat
by isolatingH; in eqg. 9.8 one get the first term of eq. 9.4.

Eq. 9.8 is described in DNV-RP-F111 as a conseq@agstimate of the relation between
contact force and deformation of the pipe, bussinot clearly stated in what sense the
expression is conservative. However, two pipe dsiers are picked to compare the
different types of pipes analysed, namely 12" pivéh D/t=20 and 24" pipes wit®/t=40.

The reason for picking these two dimensions is tiratwall thickness is the same for both
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pipes, i.e. 15.88 mm. The contact force-displacdmarves are plotted in Figure 66 and
Figure 67 with the analytical solution stated by \BRP-F111, i.e. eq. 9.8. All contact

force-displacement curves are plotted in Appendix 3

By comparing the bare steel pipes with eq. 9.8difference is evident between the two
pipe dimensions. Regarding the 12" pipe, eq. 9.8@ewmpredicts the contact force, while
the opposite is the case for the 24” pipe. Agdiis indicates that impact calculations are
highly dependent on the pipe diameter which furthgoports the observations made in
section 9.2.

Whether eq. 9.8 is conservative for either thedZhe 24” pipe is highly dependent of the
application. An under-prediction of the contactcExdisplacement curve as the case for the
12” pipes could induce a larger deformation of pipe if the energy absorbed during
impact is assumed to be constant, i.e. the estinsat®nservative with respect to the
acceptance criteria. The assumption of constantggnabsorption is supported by
comparing the contact force-displacement curve&igure 66 or Figure 67, where the
energy absorbed by deformation is equal to the améar the curves.

Figure 66: Contact force-displacement curves for 12 D/t=20, FE-analyses compared with DNV-RP-F111 eq. 3.5.

Figure 67: Contact force-displacement curves for 24 D/t=40, FE-analyses compared with DNV-RP-F111 eq. 3.5.
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Another observation made is the excitations ofdbietact force for the 24” pipes. This is
judged to be due to elastic vibrations in the pipluced by the impact. Furthermore, the
study of the contact force-displacements curvesftbe FE-analyses generally supports
the observations made in section 9.1, regardingiriieence of clad and liner on the
indentation of the pipes during impact.

9.4. General Observations
General observations made during the parametery stme outlined in this section,
including problems with contact over-closure, timfeimpact and maximum strain rates
during the analyses.

9.4.1. Decoupling ofD/t=40 Pipes
During the performed analyses an error was diseavas the shell-to-solid coupling of the
outer pipe is decoupled during the simulation ofCat=40 lined pipes as illustrated in
Figure 68.

Figure 68: Decoupling of the shell-to-solid couplig constraint, here illustrated with the 12”D/t=40 lined pipe
plotted with Mises stresses. The red dots represeatl nodes involved in the failure as described beiv.

By studying the output status file it is clear thia decoupling failure is due to initial over-
closure of contact surfaces. The warning massagavies all nodes represented by red
dots in Figure 68. The definition of initial ovelesure is that two contact surfaces
intersect each other at the beginning of the aiglys the failure could not be solved by
changing the contact definitions, the problem iIsesb by modelling the full circumference

with solid elements. The fact that this resolves pihoblem could indicate that the over-
closure was due to contact difficulties between ghell surfaces representing liner and
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outer pipe respectively. Anyway, the geometriesrasgnting allD/t=40 pipes are
modelled with a full solid cross section aroundithpact area as illustrated in Figure 69.

Figure 69: All D/t=40 lined pipes are modelled with a full solid crassection around the impact area.

9.4.2. Time of impact

To give an idea of the time periods involved insindgrawl gear impact simulations all
impact time periods for lined pipes are given ibl€al2, i.e. the time from initial contact
to separation between pipe and indenter

Table 12: Time of impactt; for lined pipes.

D/t
D 15 20 25 30 40
[inch] ti [S] ti [S] t; [S] t; [S] t; [S]
12" 0.0377 0.0538 0.0694 0.0826 0.1384
16" 0.0312 0.0444 0.0608 0.0699 0.1056
24" 0.0241 0.0347 0.0458 0.059 0.0831

It is clear that the longest and shortest timesngfact are from the 12D/t=40 and 24"
D/t=15 analyses respectively. This supports the assommade by DNV-RP-F111, ref.
/1/, that smaller pipe dimensions absorb more gndrpugh global deformation due to
longer impact times and flexibility.
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9.4.3. Strain Rates

As concluded during the pre-study, section 7.3, ithpact simulations are strain rate
dependent. Thus, observations are made to qudah&fynaximum strain rate experienced
by the pipe during impact. Abaqus lacks the optibmtegrating the maximum value of all
nodes at all time steps, wherefore the maximuminstrate is detected manually. As
illustrated with the 12'D/t=40 bare steel pipe in Figure 70 local strain rafe3817 & is
detected at the impact zone of the pipe. Thoughinstates of this magnitude are rare and
localized in a small area represented by one elerdemore general evaluation of the
strain rates during the analysis is 100-200vehich are present during most of the analysis
and for larger areas than one element.

Figure 70: Maximum strain rate detected during theanalysis with 12” D/t=40 bare steel pipe, i.e. 3817's

9.5. Conclusions

From the performed parameter study it is conclutiatl both clad and liner contributes to
structural integrity of the pipes, though, with thegest contribution from cladding. While
comparing the plastic deformations from clad amedi pipes with bare steel pipes it is
noted that the deformation curves converge as tilkethickness increases. Furthermore,
the study shows non-conservative results for thee bsieel pipes with small wall
thicknesses while comparing the analytical solutimm DNV-RP-F111 with the FE
results.

While evaluating DNV-RP-F111, eq. 3.10, by companmith FE results for bare steel

pipes, it is recommended to implement the diamBtexs the FE results shows that the
maximum contact force is highly dependent on tlanditer. Furthermore, on the basis of
FE results, it is recommended to revise both DNVVHRR1, eq. 3.10 and 3.9, in that order,
as the both equations shows relatively large dewiatcompared with the FE results for
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bare steel pipes. Finally, it is recommended tatti@ed pipes as bare steel pipes, when
evaluating the deformation of the pipe as the tiffiee is relatively small.

Regarding clad pipes it is proposed to includedlad material in the wall thickness while
calculating the pipe deformation. At the same tithe, yield strength of the clad material
should be accounted for by calculating an averaigdd ystrength representing both
materials; see eq. 9.6.

Additionally, DNV-RP-F111, eq. 3.5, which estimatée relation between Contact force
and deformation of the pipe, is evaluated by comgawith FE results. The conclusion
supports, as previously stated, that the contacefand deformation of the pipe is highly
dependent on the pipe diameter.

Finally, the contact between shell surfaces obD&t#40 lined pipes induces a failure of the
shell-to-solid coupling constraint. The failure @bwnot be corrected by changing the
contact definitions, wherefore the full circumfecerof these pipes is modelled with solid
elements as illustrated in Figure 69.
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10. Additional Studies of Lined Pipes

As the bond between liner and outer pipe is meclantrawl gear impact could cause
delamination between the two pipes. This sectiodiss the delamination of lined pipes,
including the influence of internal pressure argllthed pipe residual stresses.

10.1. Delamination of Liner and Backing Material

One of the objectives of this project is to stuaggible delamination between liner and
backing material. Thus, all 15 lined pipe analysesexamined for delamination, not only
the directly visible delamination at the symmetrianges, but also the not visible
delamination is examined by creating different isectuts in the geometry. The extent of
the delamination is categorized in three categpriesno or negligible, small or medium
and severe delamination; see below for the quaatitin of the categories. The results of
the examination are given in Table 13 and all gipwensions are given in Table 11 of
section 9.1.

Table 13: The extent of delamination for the diffeent pipe dimensions analysed. The colour specifidahs are
given below the table.

DIt

D |15 20 25 30 40
12 _
16'
24"

No or negligible delamination, 0-0.1 mm
Small or medium delamination, 0.1-1 mm

As illustrated in Table 13, only the 12" pipe willit=40 shows severe delamination, and
thus, the rest of this study focusses on this pijpeension. Not surprisingly, with the
smallest wall thickness of the analysed pipes, Tt®2, this pipe dimension shows the
largest plastic deformation, i.e. 109.39 mm.

The severe delamination of the 1R7/t=40 pipe is located at three different locations as
outlined in the following sections.

10.1.1.Location 1

Location 1 is located around or near the point laictv the pipe folds, i.e. probably where
the largest bending of the pipe wall is presentdtion 1 is pointed out in Figure 71, left
picture, with a close-up in the right picture. Tinaximum delamination at this location is
approximately 2.5-3 mm. Furthermore, it is obserthed severe damage of the pipe wall is
present at this location.
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The meshing of the region surrounding location felatively coarse as it is located some
distance away from the impact area. Thus, it i®@meoended to refine the mesh of this
region for more accurate evaluation of delaminaéibthis location.

Figure 71: Location 1 is pointed out in the left piture, with a close-up in the right picture.

10.1.2.Location 2

Location 2 is located at the intersection betwdenttvo symmetry planes, opposite of the
impact zone as illustrated in Figure 72, left piefuwith a close-up in the right picture. The
magnitude of the delamination is measured to apprately 2.5 mm. Though, some

uncertainties are present at this location, asther pipe is pinned to the rigid surface at
this location, which could lead to local deformaso Furthermore, the mesh is relatively
coarse at this location which could lead to inaatairesults. Again it is recommended to
refine the mesh in this region for a more accueatduation.

Figure 72: Location 2 is pointed out in the left piture, with a close-up in the right picture.
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10.1.3.Location 3
Location 3 is not directly visible, wherefore a t@c cut is used to illustrate the
delamination. The section cut plane is rotated wathangle of 48 from the symmetry
plane measured at the un-deformed geometry asrdtad in Figure 73, left picture. The
maximum delamination is located approximately 40 from the end symmetry plane as
illustrated in Figure 73, right picture, with a sup at the section cut. The maximum
delamination at this location is approximately 3 mm

Figure 73: Left picture illustrates the rotation of the section cut plane. Right picture is a close-uat the section cut
plane, where the maximum delamination is located gpoximately 40 mm from the end symmetry plane.

10.2. The Influence of Internal Pressure on Delaminatiorand

Plastic Deformation
Subsea pipelines are often subject to internalspresof various magnitudes. Thus, this
section studies the influence of internal pressareghe delamination of the 12D/t=40
pipe described in the previous sections.

Two analyses are carried out with internal pressuagnitude of 50 bar and 100 bar, i.e. 5
MPa and 10 MPa. The results are given in Tablewllere plastic deformation and

delamination from the two analyses with internadgsure are compared with the initial
analysis without internal pressure. The influen€enternal pressure is evident as both
plastic deformation and delamination decreasesfgigntly with increasing pressure.

Table 14: Results from the two analyses with interal pressure are compared with the initial analysisvithout
internal pressure.

Internal Plastic Delamination Delamination Delamination

pressure [bar] | deformation loc. 1 [mm] loc. 2 [mm] loc. 3 [mm]
[mm]

0 109.39 2.5-3.0 2.5 3.0

50 61.69 15 0.1 0.7

100 46.27 1.0 0.1 0.5
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Regarding the delamination, the internal pressaresome effect, but not enough to re-
establish full contact between liner and backingemal. Though, these results should not
be taken as fully trustworthy, as the mesh size t&d fact that the geometries are
represented by first order elements could indueedaracies and lack of compatibility in

contact between liner and outer pipe.

The relatively large decrease of plastic defornmatdue to internal pressure is not
considered as worth implementing in the analytsmdlitions, as internal pressure rarely is
specified as a minimum value, and could not begmieat all during shutdowns.

10.3.  The Influence of Lined Pipe Residual Stresses
As outlined in section 3.3, test results shows iBgant variations in the magnitude of
residual stresses in lined pipes. Thus, a studgade to investigate the influence of the
magnitude of the residual stresses. One analysiarised out with the 12D/t=40 lined
pipe, but with residual stresses increased to tiieanagnitude of the initial analysis, i.e. -
300 MPa and -40 MPa liner stresses, in the hoopaaxma directions respectively. The
results are given in Table 15.

Table 15: The results of the analyses with differamrmagnitudes of the residual stresses.

Residual hoop| Residual axial | Plastic Delamina | Delaminati | Delamina
stress (liner) | stress (liner) | deformatio | tionloc. 1 | onloc. 2 tion loc. 3
[MPa] [MPa] n [mm] [mm] [mm] [mm]
-150 -20 109.39 2.5-3.0 2.5 3.0
-300 -40 108.87 3.5 2.5 4.0

The result of the analysis shows little and neblegichange in plastic deformation, but a
significant increase of the delamination in locatiband 3. This could be explained by the
magnitude of the increased residual stresses ofitbg which brings the material well
into the plastic region, as the yield strengthhaf CRA is 170 MPa.

10.4. Conclusions
Only one of the 15 analysed lined pipe dimensidreas delamination exciding 1 mm,
namely the 12"D/t=40 pipe. The severe delamination of this pipeosated at three
different locations, with a magnitude in the rag@.5-3 mm.

By analysing the 12'D/t=40 lined pipe with internal pressure of 50 bar d@f bar
respectively, a significant decrease of the pladgéiformation and delamination is noted.
Though, fully contact between liner and outer pgpe@ot re-established. Due to relatively
coarse mesh in some of the delaminated regionsethdts should not be taken as fully
trustworthy. Thus, it is recommended to do furtlstudies with refined mesh in the
delaminated regions to achieve reliable results.

Finally, a study of an increase in residual stressieows little impact on the plastic
deformation, but a relatively large increase ofdle&mination in location 1 and 3.
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11. Conclusions

This section summarises the main aspects of theqgiroy giving general conclusions and
recommendations on the basis of the project warkt,Rhe conclusions made during the
material and pipe modelling parts of the projeet autlined. Finally, all conclusions made
from the analyses results are presented with quorgBng recommendations and an
overall conclusion on the project as a whole.

11.1.  Material Modelling Conclusions
Generally, the material modelling is based on theimum specified requirements from
the standards, i.e. no test data is available. Té@&ls to a general conservative
representation of the materials with a few exceystias outlined below.

The materials selected to represent outer pipectadiliner are DNV SMYS 415 and
Alloy 316L respectively. The stress-strain relatioare represented by the Ramberg-
Osgood material model and it is found to be welieslito the application as it is calibrated
from the minimum specified yield strength and tenstrength.

The impact simulations are found to be highly @ependent, why strain rate dependency
is represented by the Cowper-Symonds relation anpdemented by the scaling function.
Though, some uncertainties are present regarded@ thwper-Symonds parameters used,
as these vary significantly in the literature saadi

The ductile damage and failure option in Abaqusused to implement an upper limit to
the load bearing capacity of the material withfgiing results. The damage and failure
parameters are calibrated to fit the minimum spetielongation of the materials by FE
tensile test simulations. This approach is generatommendable when no test results are
available, as the minimum specified requiremerdsfthe standards are based on tensile
testing.

The above described implementation of the matenatlels is generally considered as
conservative as it is based on the minimum specreguirements from the standards and
test results are likely to show considerable laggeld strengths and tensile strengths, but a
few non-conservative assumptions are made regardirey material models. The
implementation of strain rates will decrease thaising limit of the material. Furthermore,
the liner material undergoes some strain hardedimghg manufacturing, but both factors
are neglected due to lack of quantification, whach non-conservative assumptions.
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11.2.  Pipe Modelling Conclusions
Generally, focus is on computational costs as gelarumber of analyses are needed to
perform the parameter study. Thus, the pipes aetteal with double symmetry, i.e. only
Y, of the geometry is modelled. Furthermore, thargeoy is represented by a combination
of shell and solid elements to include local eSeattthe impact area without building a full
solid model. These modelling selections are gelyaratommendable, with a few remarks
as described below.

The clad pipes are modelled with mesh tie condgam represent the metallurgical bond
between cladding and backing material. Though, ithplementation of the mesh tie
constraint results in over-constrained DOFs atstidl-to-solid coupling, creating a slip in
the constraint. The problem is solved by removimg ihesh tie constraints at these DOFs
and thereby creating another error, as the meggdlalrbond is no longer present, right at
the shell-to-solid coupling. This error is evaluhtas negligible, as all clad pipes are
examined for any delamination without any findings.

The mechanical bond between liner and backing naatex represented by a friction

coefficient and residual liner stresses which atets have constant values for all lined
pipe analyses. Though, one analysis is carriedwitht higher residual stresses showing a
minimum influence of the indentation of the pipejtba considerable increase in
delamination between liner and backing materia, the delamination depends on the
magnitude of residual stresses.

A big issue in this project is the computationastso The elements available in Abaqus
Explicit are limited to mainly first order elementdth the possibility to enhance with

incompatible modes to improve bending behavioue Tirst order and the incompatible

brick elements are tested during pure bending hadrésults are compared with known
analytical beam theory solutions. The regular fiostler element performs well with

respect to the transverse deformation but showsatiews of the stresses. The
incompatible element performs well with respect bioth deformations and stresses.
Though, the incompatible element is found to penf@oorly during large deformations as
an impact analysis with the incompatible elementedato converge. Thus, when

performing large straining applications like thefpemed impact simulations, the element
selection is limited to first order elements.

While settling for the first order element, it igident that computational costs are a key
factor. During the convergence study, the solutaits to fully converge with the mesh

refined to 2x2 mm in the impact area, giving a gkdton time of over eight hours. Thus, it

is recommended to consider the available compunaltipower before starting a parameter
study with a large number of analyses. Thoughhtu&d be noted that the model is
verified against test results with reasonable caanpk, and to further establish reliable
results during the parameter study, analyses amgedaout with bare steel pipes for

comparison.
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11.3.  Conclusions on the Results
The parameter study involves pipes with diametérk26, 16” and 24" withD/t relations
of 15, 20, 25, 30 and 40, giving a total of 15 gma$ for each type of pipe, i.e. 45 total
analyses when analysing bare steel, clad and jiy@ek. Furthermore, a few extra lined
pipe analyses are carried out to do additional istydand the conclusions made are
summarised below:

- The plastic deformations of both clad and linedepipre smaller than for the bare
steel pipes. Generally, clad pipes show the sniafpsstic deformations. The
plastic deformations of the three types of pipealymed converges as the wall
thickness is increased.

- All pipes generally shows smaller plastic deformatihan estimated by DNV-RP-
F111, except the bare steel pipes vidtb=40.

- Generally, the study shows that both plastic de&tiom and maximum contact
force, as calculated by DNV-RP-F111, eq. 3.9 ardd,3are highly dependent on
the diameter, which is not included in the two eopres.

- Delamination is present for most lined pipe dimensianalysed, but only the 12”
D/t=40 shows severe delamination, i.e. larger thanrl rhe severe delamination
is located in three different locations.

- Internal pressure removes the delamination to stegeee, but full contact is not
re-established between liner and outer pipe.

- An increase of the lined pipe residual stressesnlegtigible effect on the plastic
deformation but causes an increase in the delaimmat

Generally, it is recommended to consider revishmg dnalytical solutions stated by DNV-
RP-F111 to include the diameter as both plastiord&ition and maximum contact force
are highly dependent on the diameter. Furtherntbee contribution from cladding could
be implemented in the solutions by taking the theds of the cladding into account.

The results should not be taken as fully trustwodbe to the mesh limitations as outlined
in section 11.2, but they give a good indicatioriha influence of cladding and liner while
subjected to trawl gear impact. Thus, the goatht project is considered as fulfilled.
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