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Relationship to Rules under preparation

Parts of this Recommended Practice should be read in conjunc-
tion with the following two documents:

— DNV-RP-F110 "Global Buckling of Pipelines", and
— DNV-RP-C205 - "Environmental Conditions and
Environmental Loads".

However, these two documents are currently under preparation
at DNV.

Readers are requested to contact:

RP-F110: Leif Collberg, TNCNO714, Det Norske Veritas,
Veritasveien 1, N-1322 Hovik,
mailto: Leif.Collberg@dnv.com

RP-C205: Arne Nestegaard, TNCNQO785, Det Norske Veritas,
Veritasveien 1, N-1322 Hovik,
mailto: Arne.Nestegard@dnv.com

for more information, if required.

Motives

The existing design code, DNV-RP-F105 for "Free Spanning
Pipelines" from March 2002, can be effectively applied to deal
with both single and multiple spans vibrating predominantly in
a single mode. In the case where there is a combination of long
spans and high currents, not only does the fundamental eigen
modes become activated, but also the higher modes. Such a
multimode response is not prohibited by the design code.
However, no detailed guidance is provided in the present Rec-
ommended Practice (RP) about the fatigue damage from mul-
timode vibrations.

During the Ormen Lange project a strong focus was put on de-
sign procedures for long free spans in order to make this
project feasible and in order to save seabed intervention costs.
A relatively large R&D project on free span vortex-induced vi-
brations (VIV) was performed. The results of this project was
synthesised into a project specific guideline issued by DNV,
concerning the calculation procedures and design acceptance
criteria for long free span with multi-mode response.

The main objective of this proposal is to include the experienc-
es gained from the Ormen Lange Project regarding multi-mode
and multi-span response and incorporate the latest R&D work
relating to Free Spanning Pipelines. This proposal has been
worked out through a JIP with Hydro and Statoil. In addition

to the multi-mode response aspects, a general update and revi-
sion of the DNV-RP-F105 has been performed, based on feed-
back and experience from several projects and users.

Main changes

The most important changes in this update are:

— Computational procedure for multi-mode analysis, selec-
tion of vibration modes and combination of stresses.

— Guidance on mitigation measures for vortex-induced vi-
brations.

— Ultimate limit state criteria (over-stress) updated.

— Recalibrated safety factors.

— Detailed calculation procedure for pipe-soil interaction.

— Practical guidance on various aspects based on project ex-
perience from several sources.

— Update of response models for vortex-induced vibrations
based on available test results.

— Clarified limitations and range of application.

— Added mass modification during cross-flow vibrations.

This update strengthens the position of this RP as the state-of-
the-art document for free spanning pipelines. It allows longer
spans to be accepted as detailed calculation procedures for
multiple mode response is given.
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1. General
1.1 Introduction

1.1.1 The present document considers free spanning pipelines
subjected to combined wave and current loading. The premises
for the document are based on technical deve%opment within
pipeline free span technology in recent R&D projects, as well
as design experience from recent and ongoing projects, i.e.:

— DNV Guideline 14, see Mork & Fyrileiv (1998).

— The sections regarding Geotechnical Conditions and part
of the hydrodynamic model are based on the research per-
formed in the GUDESP project, see Tura et al. (1994).

— The sections regarding Free Span Analysis and in-line
Vortex Induced Vibrations ﬁVIV) fatiﬁue analyses are
based on the published results from the MULTISPAN
project, see Mork et al. (1997).

— Numerical study based on CFD simulations for vibrations
of a pipeline in the vicinity of a trench, performed by Sta-
toil, DHI & DNV, see Hansen et al. (2001).

— Further, recent R&D and design experience e.g. from As-
gard Transport, ZEEPIPE, TOGI and TROLL OIL pipe-
line projects are implemented, see Fyrileiv et al. (2005).

— Ormen Lange tests aimed at moderate and very long spans
with multimodal behaviour, see Fyrileiv et al. (2004),
Chezhian et al. (2003) and Merk et al. (2003).

The basic principles applied in this document are in agreement
with most recognised rules and reflect state-of-the-art industry
practice and latest research.

This document includes a brief introduction to the basic hydro-
dynamic phenomena, principles and parameters. For a thor-
ough introduction see e.g. Sumer & Fredsee (1997) and
Blevins (1994).

1.2 Objective

1.2.1 The objective of this document is to provide rational de-
sign criteria and guidance for assessment of pipeline free spans
subjected to combined wave and current loading.

1.3 Scope and application

1.3.1 Detailed design criteria are specified for Ultimate Limit
State (ULS) and Fatigue Limit State (FLS) due to in-line and
cross-flow Vortex Induced Vibrations (VIV) and direct wave
loading.

The following topics are considered:

— methodologies for free span analysis

— requirements for structural modelling

— geotechnical conditions

— environmental conditions and loads

— requirements for fatigue analysis

— VIV response and direct wave force analysis models
— acceptance criteria.

1.3.2 Free spans can be caused by:

— seabed unevenness

— change of seabed topology (e.g. scouring, sand waves)
— artificial supports/rock beams etc.

— strudel scours.

1.3.3 The following environmental flow conditions are de-
scribed in this document:

— steady flow due to current
— oscillatory flow due to waves
— combined flow due to current and waves.

The flow regimes are discussed in 1.9.

1.3.4 This Recommended Practice is strictly speaking only
applicable for circular pipe cross-section of steel pipelines.
However, it can be applied with care to non-circular cross-sec-
tions such as piggy-back solutions as long as other hydrody-
namic loading phenomena, e.g. galloping, are properly taken
into account.

Basic principles may also be applied to more complex cross
sections such as pipe-in-pipe, bundles, flexible pipes and um-
bilicals.

1.3.5 There are no limitations to span length and span gap
with respect to application of this Recommended Practice.

Both single spans and multiple spans scenarios, either in single
mode or multiple mode vibration, can be assessed using this
RP.

Unless otherwise documented, the damage contribution for
different modes should relate to the same critical (weld) loca-
tion along the span.

1.3.6 The free span analysis may be based on approximate re-
sponse expressions or a refined FE approach depending on the
free span classification and response type, see Sec.6.

The following cases are considered:

— single spans
— spans interacting with adjacent/side spans.

The stress ranges and natural frequencies should normally be
obtained from an FE-approach. Requirements to the structural
modelling and free span analyses are given in Sec.6.

1.3.7 The following models are considered:

— response models (RM)
— force models (FM).

An amplitude response model is applicable when the vibration
of the free span is dominated by vortex induced resonance phe-
nomena. A force model (Morison’s equation) may be used
when the free span dominated by hydrodynamic loads such as
direct wave loads. The selection of an appropriate model may
be based on the prevailing flow regimes, see 1.9.

1.3.8 The fatigue criterion is limited to stress cycles within the
elastic range. Low cycle fatigue due to elasto-plastic behaviour
is considered outside the scope of this document.

1.3.9 Fatigue loads due to trawl interaction, cyclic loads dur-
ing installation or pressure variations are not considered herein
but must be considered as a part of the integrated fatigue dam-
age assessment.

1.3.10 Procedures and criteria for structural design or assess-
ment of free spanning HT/HP pipelines have not been included
within the scope of this Recommended Practice.

Free spans due to uplift are however within the scope of this
document.

Note:

For information concerning a reference document (currently in
preparation), regarding procedures and criteria for structural
design or assessment of HP/HT pipelines, contact
TNCNO714, DNV, Hevik, Norway.

1.3.11 The main aspects of a free span assessment together
with key parameters and main results are illustrated in the fig-
ure below.
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Overview of main componentsin a free span assessment

1.4 Extending the application scope of thisRP

1.4.1 The primary focus of this RP is on free spanning subsea
pipelines.

1.4.2 The fundamental principles given in this RP may also be
applied and extended to other offshore elements such as cylin-
drical structural elements of the jackets, risers from fixed plat-
forms etc., at the designer’s discretion. However some
limitations apply and these are discussed in Appendix C, C.2.

1.4.3 For a more detailed account of riser VIV, reference is
made to the DNV-RP-F204 “Riser Fatigue”.

1.5 Safety philosophy

1.5.1 The safety philosophy adopted herein complies with
Sec.2 in DNV-OS-F101.

1.5.2 The reliability of the pipeline against failure is ensured
by use of a Load and Resistance Factors Design Format (LR-
FD).

— For the in-line and cross-flow VIV acceptance criterion,
the set of safety factors is calibrated to acceptable target
reliability levels using reliability-based methods.

— For all other acceptance criteria, the recommended safety
factors are based on engineering judgement in order to ob-
tain a safety level equivalent to modern industry practice.

— Use of case specific safety factors based on quantification
of uncertainty in fatigue damage, can also be considered.

1.6 Freespan morphological classification

1.6.1 The objective of the morphological classification is to
define whether the free span is isolated or interacting. The
morphological classification determines the degree of com-
plexity required of the free span analysis:

— Two or more consecutive free spans are considered to be
isolated (i.e. single span) if the static and dynamic behav-
iour is unaffected by neighbouring spans.

A sequence of free spans is interacting (i.e. multi-span-
ning) if the static and dynamic behaviour is affected by the
presence of neighbouring spans. If the free span is interact-
ing, more than one span must be included in the pipe/sea-
bed model.

1.6.2 The classification may be useful in the following cases:

— for evaluating multi-mode response of single and multi-
spans
— for evaluation of scour induced free spans and in applica-

tion of approximate response quantities described in
Sec.6.7.

1.6.3 The morphological classification should in general be
determined based on detailed static and dynamic analyses.

DET NORSKE VERITAS
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Guidance note:

When long segments of the pipeline are analysed in automated
FE analysis tools, certain limitations can arise for identifying in-
teracting spans.

The following example illustrates the same:

Two free spans which are separated by a distance of 1000 m and
each with a span length of about 50 m. The FE analysis estimates
that some of the response frequencies for these two spans are
identical. Further, due to numerical approximations or due to
round off errors, the results may be presented as single mode re-
sponse at these two spans, i.e. it is a single interacting mode at
these two spans.

However, in reality these two spans are physically separated by
a considerable distance, and not interacting.

If isolated spans are incorrectly modelled as interacting multi-
spans, it may also lead to significant errors in estimating the fa-
tigue damage. The fatigue damage is dependent on the unit stress
amplitudes, as discussed in Sec.4. The unit stress amplitudes are
dependent on the normalised mode shape, which is related to the
span length over which the normalisation is considered. When
long multispans are analysed, the normalisation will not be same
as for an isolated single span, within the multi-spanning system.
This will in turn lead to errors.

Experience has shown that in case of close frequencies for spans,
the FE analysis may predict interaction even though the physical
distance between the spans is quite long. In case of mode shapes
with deflection in spans that seem to be physically well separat-
ed, use of appropriate axial pipe-soil stiffness and/or local re-
straints in between the spans should be considered to separate
individual modes.

Hence, caution should be exercised when using automated FE
tools for identifying interacting spans.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

1.6.4 In lieu of detailed data, Figure 1-2 may be used to clas-
sify spans into isolated or interacting depending on soil types
and span/span support lengths. Figure 1-2 is provided only for
indicative purposes and is applicable only for horizontal sup-
ports. The curves are, in strict terms, only valid for the vertical
(cross-flow) dynamic response but may also be used for as-
sessment of the horizontal (in-line) response.

Note that Figure 1-2 indicates that for a given span scenario the
spans will tend to interact more as the soil becomes softer.
However, given a seabed profile, a softer soil will tend to have
shorter and fewer spans and probably less interacting spans
than a harder soil.

10 sand
#ﬂ . stiff clay
- 08
8
% 06|
15
& very soft cla;
= 04 soft/firm clay Yy Y
©
k]
= 02 7 oy
=) ~ = e
: =
< 00 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
- 00 01 02 03 04 05 06 07 08 09 10
Relative span shoulder length, L 4/L
Figure1-2

Classification of free spans

1.7 Free span response classification

1.7.1 The free spans vibrations can be classified and analysed
under the following categories:

— isolated single span - single mode response

— 1isolated single span - multi-mode response
— interacting multispans - single mode response
— interacting multispans - multi-mode response.

1.7.2 In case several vibration modes (in the same direction)
may become active at a given flow velocity, multi-mode re-
sponse shall be considered.

1.7.3 The following, simple and conservative procedure can
be used to check for single or multi-mode response:

— Establish the lowest frequencies in both vertical (cross-
flow) and horizontal (in-line) direction for the free span to
be considered.

— Identify frequencies that may be excited by applying the
following simplified criterion:

VRrd,cr >2 for cross-flow

Veag > 1 forin-line

Here, the reduced velocity may be calculated using the 1-
year flow condition at the pipe level, see Sec.3.

— In case only one mode meets this criterion, the response is
single mode. If not, the response is multi-mode.

Guidance note:

Normally the in-line and cross-flow frequencies are to be estab-
lished using FE analysis. The approximate response quantities in
Sec.6.7 can be used, if applicable.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

1.8 Free span response behaviour

1.8.1 An overview of typical free span characteristics is given
in the table below as a function of the free span length. The
ranges indicated for the normalised free span length in terms of
(L/D) are tentative and given for illustration only.

Table1-1
L/D Response description
L/D<30D Very little dynamic amplification.

Normally not required to perform comprehen-
sive fatigue design check. Insignificant dynam-
ic response from environmental loads expected
and unlikely to experience VIV.

Response dominated by beam behaviour.
Typical span length for operating conditions.
Natural frequencies sensitive to boundary con-
ditions (and effective axial force).

Response dominated by combined beam and
cable behaviour.

Relevant for free spans at uneven seabed in
temporary conditions. Natural frequencies sen-
sitive to boundary conditions, effective axial
force (including initial deflection, geometric
stiffness) and pipe “feed in”. Refer to 1.7 for
free span response classification, which pro-
vides practical guidance for engineering appli-
cations, with respect to single and multi-mode
response.

Response dominated by cable behaviour.
Relevant for small diameter pipes in temporary
conditions. Natural frequencies governed by
deflected shape and effective axial force.

30<L/D <100

100 <L/D <200

L/D>200

1) For hot pipelines (response dominated by the effective axial
force) or under extreme current conditions (U, > 1.0 — 2.0 m/s)
this L/D limit may be misleading.

DET NORSKE VERITAS
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1.9 Flow regimes

1.9.1 The current flow velocity ratio, o = U/(U, + U,) (where
U, is the current velocity normal to the pipe and Uy, is the signif-
icant wave-induced velocity amplitude normal to the pipe, see
Sec.4), may be applied to classify the flow regimes as follows:

a<0.5 wave dominant - wave superimposed by current.
In-line direction: in-line loads may be described ac-
cording to Morison’s formulae, see Sec.5. In-line
VIV due to vortex shedding is negligible.
Cross-flow direction: cross-flow loads are mainly
due to asymmetric vortex shedding. A response
model, see Sec.4, is recommended.

0.5<a<0.8 |wavedominant —current superimposed by wave.
In-line direction: in-line loads may be described ac-
cording to Morison’s formulae, see Sec.5. In-line
VIV due to vortex shedding is mitigated due to the
presence of waves.

Cross-flow direction: cross-flow loads are mainly
due to asymmetric vortex shedding and resemble the
current dominated situation. A response model, see
Sec.4, is recommended.

current dominant
In-linedirection: in-line loads comprises the follow-
ing components:

a>0.8

— asteady drag dominated component
— an oscillatory component due to regular vortex
shedding

For fatigue analyses a response model applies, see
Sec.4. In-line loads according to Morison’s formulae
are normally negligible.

Cross-flow direction: cross-flow loads are cyclic
and due to vortex shedding and resembles the pure
current situation. A response model, see Sec.4, is
recommended.

Note that oo = 0 correspond to pure oscillatory flow due to
waves and a = 1 corresponds to pure (steady) current flow.

The flow regimes are illustrated in Figure 1-3.

6
e *J current dominated flow
34 ~ - g
+, | wave dominated ﬂoi)v] . e ‘ a=0.8
230 =
2 2
B =< N
e} < = 7
E 1 y \\ a=0.5 > \\
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= AN i SN e
2 9 =~ =
.
-1+ - .
time
-2
Figure1-3
Flow regimes

1.9.2 Oscillatory flow due to waves is stochastic in nature, and
a random sequence of wave heights and associated wave peri-
ods generates a random sequence of near seabed horizontal os-
cillations. For VIV analyses, the significant velocity
amplitude, Uy, is assumed to represent a single sea-state. This
is likely to be a conservative approximation.

1.10 VIV assessment methodologies

1.10.1 Different VIV assessment methodologies exists for as-
sessing cross-flow VIV induced fatigue in free spanning pipe-
lines.

1.10.2 This RP applies the so-called Response Models ap-
proach to predict tﬁe vibration amplitudes (Fue to vortex shed-
ding. These response models are empirical relations between
the reduced velocity defined in terms of the still-water natural
frequency and the non-dimensional response amplitude. Hence
the stress response is derived from an assumed vibration
modes with an empirical amplitude response.

1.10.3 Another method is based on semi-empirical lift coeffi-
cient curves as a function of vibration amplitude and non-di-
mensional vibration frequency. By use of the concept of added
mass the stress response comes as a direct result from the anal-
ysis, see Larsen & Koushan (2005)

Guidance note:

The key difference between these methods is not in the solution
strategy, but the basis and validity range for the applied empirical
parameters. Further, some tools vary in modelling flexibility and
extent of user defined control parameters (bandwidth, selection
of Strouhal no., etc.) to estimate fatigue damage.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

1.10.4 As a third option, Computational Fluid Dynamics
(CFD) simulation of the turbulent fluid flow around one- or
several pipes can in principle be applied for VIV assessment to
overcome the inherent limitations of the state-of-practice engi-
neering approach. The application of CFD for VIV assessment
is at present severely limited by the computational effort re-
quired. In addition, documented work is lacking which shows
that the estimated fatigue damage based on CFD for realistic
free span scenarios gives better and satisfactory response, than
the methods described above.

1.10.5 Particularly for VIV of special pipeline designs (pipe-
in-pipe, bundled pipelines, piggy back pipelines, etc.) with
limited experience, experiments should be considered. Exper-
iments should also be performed when considering pipelines
which use new designs for VIV mitigation devices.

1.10.6 Circular and complex cross-sections such as pipe-in-
pipe and bundles may be treated as an ordinary pipe as long as
changes in structural response, damping and fatigue properties
are accounted for.

1.10.7 Non-circular bluff-body cross-sections such as piggy
back solutions may be considered by applying a larger hydro-
dynamic diameter and considering the most critical cross-sec-
tional orientation in the calculations.

1.11 Relationship to other Rules

1.11.1 This document formally supports and complies with
the DNV Offshore Standard “Submarine Pipeline Systems”,
DNV-0S-F101, 2000 and is considered to be a supplement to
relevant National Rules and Regulations.

1.11.2 This document is supported by other DNV offshore
codes as follows:

— Recommended Practice DNV-RP-C203 “Fatigue Strength
Analysis of Offshore Steel Structures”

— Offshore Standard DNV-OS-F201 “Dynamic Risers”

— Recommended Practice DNV-RP-F204 “Riser Fatigue".

In case of conflict between requirements of this RP and a ref-
erenced DNV Offshore Code, the requirements of the code
with the latest revision date shall prevail.

Guidance note;

Any conflict is intended to be removed in next revision of that

document.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---
In case of conflict between requirements of this RP and a non

DNV referenced document, the requirements of this RP shall
prevail.
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1.12 Definitions

1.12.1 Effective Span Length is the length of an idealised
fixed-fixed span having the same structural response in terms
of natural frequencies as the real free span supported on soil.

1.12.2 ForceMode is in this document a model where the en-
vironmental load is based on Morison’s force expression.

1.12.3 Gapis defined as the distance between the pipe and the
seabed. The gap used in design, as a single representative val-
ue, must be characteristic for the free span

The gap may be calculated as the average value over the cen-
tral third of the span.

1.12.4 Marginal Fatigue Capacity is defined as the fatigue ca-
pacity (life) with respect to one sea state defined by its signif-
icant wave height, peak period and direction.

1.12.5 Multi-mode Response, denotes response for a span
where several vibration modes may be excited simultaneously
in the same direction (in-line or cross-flow).

1.12.6 Multi-spans are spans where the adjacent spans have a
influence on the behaviour and response of a span.

1.12.7 Non-stationary Span is a span where the main span
characteristics such as span length and gap change significant-
ly over the design life, e.g. due to scouring of the seabed.

1.12.8 Response Model is a model where the structural re-
sponse due to VIV is determined by hydrodynamic parameters.

1.12.9 Span Length is defined as the length where a continu-
ous gap exists, i.e. as the visual span length.

1.12.10 Single Span is a span which is an isolated span that
can be assessed independent of the neighbouring spans.

1.12.11 Sationary Span is a span where the main span charac-
teristics such as span length and gap remain the same over the
design life.

1.13 Abbreviations

CF cross-flow

CSF concrete stiffness factor

FLS fatigue limit state

FM force model

IL in-line

LRFD load and resistance factors design format
OCR over-consolidation ratio (only clays)
RM response model (VIV)

RD response domain

RPV return period values

SRSS square root of the sum of squares

TD time domain

ULS ultimate limit state

VIV vortex induced vibrations

1.14 Symbols

1.14.1 Latin

a, parameter for rain-flow counting factor
a characteristic fatigue strength constant
A, external cross-section area

A internal cross-section (bore) area

in-line unit amplitude stress (stress induced by a
pipe (vibration mode) deflection equal to an outer
diameter D)

cross-flow unit amplitude stress

cross sectional area of penetrated pipe

pipe steel cross section area

normalised in-line VIV amplitude
normalised cross-flow VIV amplitude
linearisation constant

pipe-soil contact width

parameter for rain flow counting factor
added mass coefficient (Cys-1)

added mass coefficient due to cross-flow response
drag coefficient

basic drag coefficient

the inertia coefficient

basic inertia coefficient

coefficient for lateral soil stiffness
coefficient for vertical soil stiffness
constant for long-term wave period distribution
Boundary condition coefficients

soil damping per unit length

trench depth

pipe outer diameter (including any coating)
deterministic fatigue damage

outer steel diameter

Young's modulus

bending stiffness

seabed gap

void ratio

seabed gap ratio

frequency used for fatigue stress cycle counting in
case of multimode response

frequency used for fatigue stress cycle counting in
case of multimode response

n’th eigen frequency of span in-line (f; 1 ) or cross-
flow (f;, cp) natural frequency (determined at no
flow around the pipe)

concrete construction strength
vortex shedding frequency

U
(Strouhal frequency) = S B

correction factor for pipe roughness
lateral pipe-soil contact force
vertical pipe-soil contact force
dominating vibration frequency
wave frequency

distribution function

cumulative distribution function
acceleration of gravity

correction function due to steady current
drag force term

inertia force term

shear modulus of soil or incomplete complementa-
ry Gamma function
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G(w) frequency transfer function from wave elevationto R, vertical soil reaction
flow velocity Ryg reduction factor from turbulence and flow direc-
Hegr effective lay tension tion
Hg significant wave height Ry reduction factor from damping
h water depth, i.e. distance from the mean sea level )
to the pipe o Re Reynolds number D = —
1 moment of inertia Vv
I, turbulence intensity over 30 minutes s spreading parameter
I plasticity index, cohesive sc?ils S stress range, i.e. double stress amplitude
k wave number or depth gradient Scomb  combined stress in case of multi-mode response
k. soil parameter or empirical constant for concrete S stress at intersection between two SN-curves
stiffening W . .
. . Seff effective axial force
kmn non-linear factor for drag loading .
Sin wave spectral density
k, peak factor
. Sgg stress spectra
K normalisation constant S wave velocity spectra at pipe level
K soil stiffness W . Y sp pipe e .
. L Su undrained shear strength, cohesive soils
K¢ lateral (horizontal) dynamic soil stiffness
. S S Strouhal number
Ky vertical dynamic soil stiffness . . .
. t pipe wall thickness or time
(k/D) pipe roughness .
Texposure 10ad exposure time
KC Keulegan Carpenter number = —¥ Tiife fatigue d?SIgn life capacity
f,D T, peak period
T, mean zero up-crossing period of oscillating flow
4zm T wave period
K .q- _ TS5 T w .
S stability parameter = D 5 U current velocity
U, current velocity normal to the pipe
Ug significant wave velocity
K, soil stiffness U, significant wave-induced flow velocity normal to
o the pipe, corrected for wave direction and spread-
k, soil stiffness ing
L free span ler.lgth, (apparent, visual) v vertical soil settlement (pipe embedment)
L, length of adjacent span
| B~ effective span length Vi reduced velocity = U +U,
L span length with vortex shedding loads f.D
Lo length of span shoulder Vrd reduced velocity (design value) with safety factor
mg effective mass per unit length = VRyt
m fatigue exponent W wave energy spreading function
m(s) mass per unit length including structural mass, y lateral pipe displacement
added mass and mass of internal fluid z height above seabed or in-line pipe displacement
Mg bending moment due to environmental effects Z macro roughness parameter
Mgpatic  static bending moment Zg sea-bottom roughness
M, spectral moments of order n z, reference (measurement) height
n; number of stress cycles for stress block 1
N number of independent events in a return period
N; number of cycles to failure for stress block 1 114.2 Greek
Nir true steel wall axial force o current flow velocity ratio, generalised Phillips’
N, soil bearing capacity parameter constant or Weibull scale parameter
Ng soil bearing capacity parameter a; reduction factor for in-line mode, j
Now number of cycles when SN curve change slope Ol temperature expansion coefficient
N, soil bearing capacity parameter Oyt Allowable fatigue damage ratio according to
Pe external pressure DNV OS-F101
P; internal pressure or pare.lmeter to determine wave periqd o
P, probability of occurrence for i’th stress cycle B Weibull shape parameter and relative soil stiff-
. . ness parameter
q deflection load per unit length AD lative trench depth
i . relative trench de
P, critical buckling load (1 + CSF)Con2EI/L g2 : P . .
. Ap; internal pressure difference relative to laying
R, current reduction factor . . .
. o AT temperature difference relative to laying or storm
Rp reduction factor from wave direction and spread- duration

ing
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) pipe deflection or statistical skewness o effective soil stress or standard deviation of
< band-width parameter wave-induced stress amplitude
r gamma function Cs1 standard deviation of wave-induced stress ampli-
’ tude with no drag effect
Y peak-enhancement factor for JONSWAP spec- . ,W £ e
trum or Weibull location parameter Orel relative angle between flow and pipeline direction
Ysoil total unit weight of soil 9 flow direction . .
Ysoil submerged unit weight of soil Cr tot.al modal dampmg ratio
Vwater unit weight of water Csoil soil modal damping ratio
Vs safety factor on stress amplitude Cstr structural modal damping ratio
e safety factor on natural frequency Ch hydrodynamic modal damping ratio
YCF safety factor for cross-flow screening criterion ®p angular natural frequency
YIL safety factor for in-line screening criterion ® angular wave frequency
T safety factor on stability parameter o, angular spectral peak wave frequency
Yon,IL safety factor on onset value for in-line Vg
safety factor on onset value for cross-flow V )
Yon,CF Y . R 1.14.3 Subscripts
KRFC rain flow counting factor
K curvature IL in-line
A mode shape factor CF cross-flow
Mmnax equivalent stress factor i cross-flow modes denoted with the index ‘i’
n usage factor j in-line modes denoted with the index ‘j’
u mean value onset onset of VIV
Uy axial friction coefficient 100year 100 year return period value
L lateral friction coefficient lyear 1 year return period value
v Poisson's ratio
or kinematic viscosity (x1.5-10° [m?/s]
¢ mode shape
D() cumulative normal distribution function . . .
9() normal distribution function 2. Design Criteria
08 angle of friction, cohesionless soils 2.1 General
CcM 1 1
Vi correction factor for Cyy due to pipe roughness 2.1.1 For all temporary and permanent free spans a free span
correction factor for Car due to effect of pipe in assessment addressing the integrity with respect to fatigue
W vencn M PP FLS) and local buckling (ULS) shall be performed.
trench g p
w, reduction factor for Cy; due to seabed proximity ~ 2.1.2 Vibrations due to vortex shedding and direct wave loads
are acceptable provided the fatigue and ULS criteria specified
Y2 correction factor for Cpy due to Keulean-Carpen-  herein are fulfilled.
KGe ter number and current flow ratio. o .
o correction factor for Cp, due to effect of pipe in 2.1.3' In case several potential vibration modes can become active
W rench trench at a given flow velocity, all these modes shall be considered. Un-
. . . less otherwise documented the damage contribution for every
v ﬁm;t).hﬁcatlon factor for Cp, due to cross-flow vi- o de should relate to the same critical (weld) location.
rations
. - 2.1.4 Figure 2-1 shows part of a flow chart for a typical pipe-
CD
¥ oroxy reduction factor for Cp due to seabed proximity line design. After deciding on diameter, material, wall thick-
correction factor for onset cross-flow due to sea-  1€ss, trenching or not and coating for weight and insulation,
Yoy, omet  ped proximity any global buckling design and release of effective axial force
duction factor f t flow due to th needs to be addressed before the free spans are to be assessed.
Wisench, onset reffuct 1ofn ,?C orh oronset cross-tiow due to the It must be emphasised that the free span assessment must be
cliect ot a trenc based on a realistic estimatg of the effective axia} force, and
v, . correction factor for onset of in-line due wave any changes due to sagging in spans, lateral buckling, end ex-
“ pansion, changes in operational conditions, etc. must be prop-
p density of water erly accounted for.
ps/P specific mass ratio between the pipe mass (notin-  Note that sequence in Figure 2-1 is not followed in all projects.
cluding added mass) and the displaced water. Normally an initial routing will be performed before detailed
c stress, spectral width parameter or standard devi- ~ pipeline design is started. As such a typical design process will
ation be to follow this flow chart in iterations until a final, acceptable
G standard deviation of current velocity fluctuations design is found.
oy standard deviation of wave-induced flow velocity ~ As span length/height and effective axial force may change
. tal st significantly for different operational conditions, one particu-
CE environmentat stress . . lar challenge, especially for flow lines, becomes to decide the
OFM environmental stress due to direct wave loading most critical/governing span scenarios. This will also depend

on any global buckling or other release of effective axial force
by end expansion or sagging into spans, etc.
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Safety evaluations

Flow assurance
Material selection
Wall thickness design

Trench/
Protection?

Stability

A

Expansion
Routing Free Span

Check feasibility wrt

installation

Figure2-1
Flow chart for pipeline design and free span design

2.1.5 The following functional requirements apply:

— The aim of fatigue design is to ensure an adequate safety
against fatigue failure within the design life of the pipe-
line.

— The fatigue analysis should cover a period which is repre-
sentative for the free span exposure period.

— All stress fluctuations imposed during the entire design
life of the pipeline capable of causing fatigue damage shall
be accounted for.

— The local fatigue design checks are to be performed at all
free spanning pipe sections accounting for damage contri-
butions from all potential vibration modes related to the
considered spans.

2.1.6 Figure 2-2 gives an overview of the required design
checks for a free span.

2.2 Non-stationarity of spans

2.2.1 Free spans can be divided into the following main cate-
gories:

— Scour induced free spans caused by seabed erosion or bed-
form activities. The free span scenarios (span length, gap
ratio, etc.) may change with time.

— Unevenness induced free spans caused by an irregular sea-
bed profile. Normally the free span scenario is time invar-
iant unless operational parameters such as pressure and
temperature change significantly.

2.2.2 In the case of scour induced spans, where no detailed in-
formation is available on the maximum expected span length,
gap ratio and exposure time, the following apply:

— Where uniform conditions exist and no large-scale mobile

bed-forms are present the maximum span length may be
taken as the length resulting in a static mid span deflection
equal to one external diameter (including any coating).

— The exposure time may be taken as the remaining opera-

tional lifetime or the time duration until possible interven-
tion works will take place. All previous damage
accumulation must be included.

Free SpanData & |
Characteristics -~

Span intervention
Detailed analysis nl

Screening
RP-F105

not OK

ULS Check
RP-F105
OS-F10

not OK

Figure 2-2
Flow chart over design checksfor afree span

2.2.3 Additional information (e.g. free span length, gap ratio,
natural frequencies) from surveys combined with an inspection
strategy may be used to qualify scour induced free spans.
These aspects are not covered in this document. Guidance may
be found in Merk et al. (1999) and Fyrileiv et al. (2000).

2.2.4 Changes in operational conditions such as pressure and
temperature may cause significant changes in span character-
istics and must be accounted for in the free span assessment.

Guidance note:

One example may be flowlines installed on uneven seabed and
which buckle during operation. The combination of shut-down
and lateral buckles may cause tension in the pipeline and several
free spans to develop.

The span length and span height may vary significantly over the
range of operational conditions (pressure/temperature). In such
cases the whole range of operational conditions should be
checked as the lowest combination may be governing for the free
span design.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

2.2.5 Other changes during the design life such as corrosion
must also be considered in the span assessment where relevant.

Guidance note:

Subtracting half the corrosion allowance when performing the
span assessment may be applied in case of no better information.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---
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2.3 Screening fatigue criteria

2.3.1 The screening criteria proposed herein apply to fatigue
caused by Vortex Induced Vibrations (VIV) and direct wave
loading in combined current and wave loading conditions. The
screening criteria have been calibrated against full fatigue
analyses to provide a fatigue life in excess of 50 years. The cri-
teria apply to spans with a response dominated by the 15t sym-
metric mode (one half wave) and should preferably be applied
for screening analyses only. If violated, more detailed fatigue
analyses should be performed. The ULS criterion in 2.5 must
always be checked.

Guidance note:

The screening criteria as given in 2.3 are calibrated with safety
factors to provide a fatigue life in excess of 50 years. As such
these criteria are intended to be used for the operational phase.

However, by applying the 10 year return period value for current
for the appropriate season, U oycar instead of the 100 year re-
turn period value, the criteria may be used also for the temporary
phases (as-laid/empty and flooded).

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

2.3.2 The screening criteria proposed herein are based on the
assumption that the current velocity may be represented by a
3-parameter Weibull distribution. If this 1s not the case, e.g. for
bi-modal current distributions, care must be taken and the ap-
plicability of these screening criteria checked by full fatigue
calculations.

2.3.3 The in-line natural frequencies f, jj must fulfil:
fn,|L S Uc,lOOyear (1_ L/ D] 1

i VQ}Om -D 250 ) o
where
YIL Screening factor for in-line, see 2.6
— U
(o} Current flow ratio = cl00year

w,l year + Uc,lOOyeeJ
Minimum value of 0.6.

D Outer pipe diameter incl. coating
L Free span length

Uc 100year 100 year return period value for the current velocity
at the pipe level, see Sec.3

U Significant 1 year return period value for the wave-

w,lyear * N .
induced flow velocity at the pipe level correspond-
ing to the annual significant wave height Hg 1yeqp.
see Sec.3
L In-line onset value for the reduced velocity, see Sec.4.
VR,onset

If the above criterion is violated, then a full in-line VIV fatigue
analysis is required.

2.3.4 The cross-flow natural frequencies f, cp must fulfil:

1:n,CF U C,100 year + U w,1year
CF
Ver VR,onset -D
where
YCF Screening factor for cross-flow, see 2.6
VCF Cross-flow onset value for the reduced velocity,

R,onset

see Sec.4

If the above criterion is violated, then a full in-line and cross-
flow VIV fatigue analysis is required.

2.3.5 If a fatigue analysis is required, a simplified estimate of
the fatigue damage can be computed by adding the wave in-
duced flow to the current long-term distribution or neglecting
the influence of the waves for deepwater pipelines. If this cri-
terion is violated, then a full fatigue analyses due direct wave
action is required.

2.3.6 Fatigue analysis due to direct wave action is not required
provided:

Uc,lOOyear

+U

2
>_
U 3

w,lyear ¢,100year

and the above screening criteria for in-line VIV are fulfilled.
If this criterion is violated, then a full fatigue analyses due to
in-line VIV and direct wave action is required.

Guidance note:

Section 2.3.6 states that full fatigue analysis is required if the 1-
year significant wave-induced flow at pipe level is larger than
half the 100-year current velocity at pipe level.

It is also possible to apply the screening criteria in the same way
as the traditional on-set criterion in order to establish conserva-
tive allowable free span lengths even though the above men-
tioned wave effect criterion is violated.

If the flow is current dominated, the free span may be assessed
by adding a characteristic wave-induced flow component to the
current velocity as expressed in the in-line VIV screening crite-
rion, i.e. 1-year return period wave induced flow.

If the flow velocity is dominated by the waves, then generally a
full fatigue analysis has to be performed. However, the in-line
VIV screening criterion may still be used provided that a quasi-
static Morison force calculation shows that the fatigue due to di-
rect wave action could be neglected or is insignificant compared
to in-line VIV fatigue.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

2.4 Fatiguecriterion

2.4.1 The fatigue criterion can be formulated as:

N - T2 Texposure
where 1 is the allowable fatigue damage ratio, T};f, the fatigue
design life capacity and Teyposure the design life or load expo-
sure time.
2.4.2 The fatigue damage assessment is based on the accumu-
lation law by Palmgren-Miner:

n.
Dy, =2 —
fat Z Ni
where
Dy Accumulated fatigue damage.
n; Total number of stress cycles corresponding to the
(mid-wall) stress range S;
N Number of cycles to failure at stress range S;
by Implies summation over all stress fluctuations in the
design life

2.4.3 The number of cycles to failure at stress range S is de-
fined by the SN curve of the form:

NI TR
a, ST

m;, m, Fatigue exponents (the inverse slope of the bi-linear
S-N curve)

S>S,
S<S.

where

DET NORSKE VERITAS



Recommended Practice DNV-RP-F105, February 2006
Page 16

7 a Characteristic fatigue strength constant defined as
19

2 the mean-minus-two-standard-deviation curve
Sew Stress at intersection of the two SN-curves given by:
[10g;1 —logN,, J
S, =108 ™

where Ng,, is the number of cycles for which change in slope
appear. Log N, is typically 6 — 7.

1000
(%]
@ 100 A
o
8
1
5 10 A
New -
1 T T S T T T
1E+03 1E+04 1E+05 1E+06 1E+07 1E+08 1E+09 1.E+10
No of cycles, N
Figure 2-3

Typical two-slope SN curve

2.4.4 The SN-curves may be determined from:

— dedicated laboratory test data

— accepted fracture mechanics theory, or

— DNV-RP-C203 “Fatigue Strength Analysis of Offshore
Steel Structures”.

The SN-curve must be applicable for the material, construction
detail, location of the initial defect (crack initiation point) and
corrosive environment. The basic principles in DNV-RP-C203
apply.
Guidance note:
Crack growth analyses may be used as an alternative to fatigue
assessment using Miner Palmgren summation and SN-curves
provided that an accepted fracture mechanics theory is applied,
using a long-term distribution of stress ranges calculated by this
document and that the safety against fatigue failure is accounted
for and documented in a proper manner.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

2.45 The fatigue life capacity, Tj;r, can be formally ex-
pressed as:

Tiige =

where
P; Probability of occurrence for the “i”’th stress cycle
f, Vibration frequency

2.4.6 The concept adopted for the fatigue analysis applies to
both response models and force models. The stress ranges to be
used may be determined by:

— aresponse model, see Sec.4
— a force model, see Sec.5.

2.4.7 The following approach is recommended:

— The fatigue damage is evaluated independently in each

— Ineach sea-state (H, T

sea-state, i.e., the fatigue damage in each cell of a scatter
diagram in terms of (H, T,,, 0) times the probability of oc-
currence for the individua sea state.
0) is transformed into (U, T,,) at
the pipe level as described in Sec.3.3.

— The sea state is represented by a significant short-term

flow induced velocity amplitude U,, with mean zero up-
crossing period T, i.e. by a train of regular wave-induced
flow velocities with amplitude equal to Uy, and period T,.
The effect of irregularity will reduce the number of large
amplitudes. Irregularity may be accounted for provided it
is properly documented.

— Integration over the long-term current velocity distribu-

tion for the combined wave and current flow is performed
in each sea-state.

2.4.8 The total fatigue life capacities in the in-line and cross-
flow directions are established by integrating over all sea-
states, i.e.

-1
Dy
life RM.IL . FM IL)
0 Hg Tp mln( HsTpH’THsTpH
-1

TCF _
| =

ife Z z z TZISVITF:Zi

0 Hs To 'HsTpo

Where P, | , is the probability of occurrence of each indi-
vidual sea-state, i.e. the probability of occurrence reflected by
the cell in a scatter diagram. The in-line fatigue life capacity is
conservatively taken as the minimum capacity (i.e., maximum
damage) from VIV (RM) or direct wave loads (FM) in each sea
state.

The fatigue life is the minimum of the in-line and the cross-
flow fatigue lives.

2.4.9 The following marginal fatigue life capacities are evalu-
ated for (all) sea states characterised by (H, T, 6).

TRMIL Marginal fatigue capacity against in-line VIV and cross-
Hs,Tp,0 | flow induced in-line motion in a single sea-state (H, Ty,
0) integrated over long term pdf for the current, see
Sec.4.2.2.
rM.cF | Marginal fatigue capacity against cross-flow VIV in a
Hs,Tp, | sea-state (Hg, T, 0) integrated over long term pdf for the
current, see Sec.4.2.1.
TAMIL Marginal fatigue capacity against direct wave actions in
Hs,Tp, | @ single sea-state characterised by (Hg, T, 6) using mean
value of current, see Sec.5.2.2.

2.4.10 Unless otherwise documented, the following assump-
tions apply:

— The current and wave-induced flow components at the
pipe level are statistically independent.

— The current and wave-induced flow components are as-
sumed co-linear. This implies that the directional proba-
bility of occurrence data for either waves or current (the
most conservative with respect to fatigue damage) must be
used for both waves and current.

25 ULScriterion

2.5.1 Local buckling check for a pipeline free span shall be in
compliance with the combined loading — load controlled con-
dition criteria in DNV-OS-F101, Sec.5 or similar stress-based
criteria in a recognised code. Functional and environmental
bending moment, axial force and pressure shall be accounted
for. Simplifications are allowed provided verification is per-
formed by more advanced modelling/analyses in cases where
the ULS criteria become governing.
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2.5.2 Typically the load effects to be considered in the ULS
checks shall be:

Vertical direction:

— static bending (self weight, seabed profile, etc.)
— cross-flow VIV
— trawl gear interaction.

Horizontal direction:

— in-line VIV

— direct drag and inertia load effects from combined wave
and current

— trawl gear interaction.

Note that different soil stiffnesses should be used for different
load directions and load rates (static/dynamic).

2.5.3 For the operating condition the environmental bending
moment shall be taken as the most probable 100-year return
period value (1072 annual exceedence probability). For tempo-
rary conditions the return period value depends on the seasonal
timing and duration of the temporary period.

2.5.4 If more information is not available the following return
period values may be applied:

— A 100 year return period if the duration exceeds 6 months.

— A 10 year return period for the actual seasonal environ-
mental condition if the duration exceeds 3 days but is less
than 6 months.

— For temporary conditions with duration less than 3 days or
operations which can be terminated within a 3 days win-
dow, environmental data may be based on reliable weather
forecasts.

2.5.5 Environmental events with a given return period require
information on joint wave and on-bottom current (and direc-
tionality) probabilities. If more detailed information is not
available the following cases may be applied (assuming co-lin-
ear wave and current flow).

(Hy, Tp) U
Case 1: 100 year 1 year
Case 2: 1 year 100 year

2.5.6 For extreme wave conditions, which can be assumed to
cause large deformations on the span shoulders, detailed anal-
yses of the soil stiffness at the shoulders may be required. In
lieu of detailed documentation, the boundary conditions for the
free span should be assumed as pinned-pinned (for direct wave
load cases).

2.5.7 The maximum environmental bending moment due to
in-line and cross-flow VIV or direct wave and current action
may be found from the dynamic stresses:

2-1
Mg =0 ——
D, -t
where
OR Maximum environmental stress given below
I Moment of inertia
Dy Outer diameter of steel pipe
T Wall thickness

2.5.8 The maximum environmental stress, o, is taken as:

. . A
in—line o —lmax{sIL ; 04-S =+ }44)1:%,“ax
2 Ace

1
cross— flow o = 5SCF

where

SiL In-line stress range, see Sec.4.3

Scr Cross-flow stress range, see Sec.4.4

OpFMmax Maximum environmental stress due to direct wave
loading, see below

AL In-line unit deflection stress amplitude due to VIV,
see Sec.4.3

Acp Cross-flow unit deflection stress amplitude due to

VIV, see Sec.4.4

For the cross-flow direction, the stress simply stems from the
VIV induced amplitude. For the in-line direction, the dynamic
stress range is taken as the maximum of:

— the return period stress range for in-line VIV, Sy, defined
in4.3

— the stress from 40% of the CF induced VIV motion. All
parameters are defined in Sec.4.4.

2.5.9 Two different methods can be applied to establish the
maximum environmental stress, Gpp max (S¢¢ DNV-OS-F201
for more information):

— design based on response statistics
— design based on environmental statistics.

For free span analysis design based on environmental statistics
is considered appropriate using:

— a Design Storm approach with irregular wave analysis in
time domain (TD) or irregular wave analyses in frequency
domain (FD), or

— a Design Wave approach using regular wave analysis in
TD, i.e., with bending moment calculated from H,,.

2.5.10 The Design Wave approach may use a set of appropri-
ate design cases (in terms of wave height, wave period, current
and directionality) likely to produce the extreme response with
a chosen return period. This may be done using a return period
value for Hg with a wave period variation covering a realistic
variation range (e.g. 90% confidence interval) or using envi-
ronmental contours.

Guidance note:

Cases with moderate H and large wave period are often govern-
ing. Hence more focus should be given to large T, values.

In case of a quasi-static and not dynamically sensitive pipeline
response for the ULS condition, the 100-year H,,, value with an
associated period could be used to generate the regular wave and
corresponding quasi-static response.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

2.5.11 The maximum environmental stress, Gppy max, from di-
rect wave loading can be established using a time domain De-
sign Storm approach as follows:

1) Global time domain response analysis is performed for the
actual stationary environmental condition. A typical storm
duration may be taken as 3 hours.

2) Time histories for the dynamic stress are established

3) A 3-parameter Weibull distribution is fitted to the individ-
ual stress maxima between successive mean value cross-

ings opp(t).
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4) A Gumbel distribution is established for the extreme value
for the largest individual maxima of op)(t) for the 3 hour
duration.

5) OpFM.max 1S estimated as the p-percentile in the Gumbel dis-
tribution, i.e., the 57% percentile for the expected value or
the Most Probable Maximum value corresponding to a
37% percentile

2.5.12 As a simplified alternative oppg max may be calculated
using:

O FM, max kp : kM Oy
k, = 42In(f,AT)
Ky = 144

2 Gs,l

where ki, is a peak factor where AT is the storm duration equal
to 3 hour and f, is the vibration frequency. o is the standard
deviation of the stress response opy(t) and oy is the standard
deviation for the stress response without drag loading. o, and
G, may be calculated from a time domain or frequency do-
main analysis, see Sec.5. kyy is a factor accounting for non-lin-
earity in the drag loading. A static stress component may be
added if relevant.

Guidance note:
In case the ULS due to direct wave action is found to be govern-
ing, the effect of the axial force should be considered.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

2.5.13 For temporary conditions extreme environmental con-
ditions, like a 10-year flow velocity sustained for a given time
period, may cause fatigue damage to develop. To ensure the in-
tegrity of the pipeline and the robustness of the design, such
extreme events should be checked.

2.6 Safety factors

2.6.1 The safety factors to be used with the screening criteria
are listed below.

Table2-1 Safety factorsfor screening criteria

YIL 1.4

YCF 1.4

2.6.2 Pipeline reliability against fatigue uses the safety class
concept, which takes account of the failure consequences, see
DNV-0S-F101, Sec.2.

The following safety factor format is used:

3 (7,80 ,yt,yono)m PO,

D fat, RP-F105 — Texposure : a

Y Yon» Yk and Y denote partial safety factors for the natural fre-
quency, onset of VIV, stability parameter and stress range re-
spectively. The set of partial safety factor to be applied for both
response models and force models are specified in the tables
below for the individual safety classes.

Table2-2 General safety factorsfor fatigue
Safety factor Safety Class

Low Normal High
n 1.0 0.5 0.25
Yk 1.0 1.15 1.30
s 1.3
Yon, IL L1
Yon, CF 12

Table 2-3 Safety factor for natural frequencies, y;
Free span type Safety Class
Low Normal High
Very well def. 1.0 1.0 1.0
Well def. 1.05 1.1 1.15
Not well def. 1.1 1.2 1.3
Comments:

— Y, 1s to be multiplied to the stress range (S vg)

— yrapplies to the natural frequency (f,/yy)

— Yon applies to onset values for in-line and cross-flow VIV
(Vlggn /.7/onCF and V Il_n /7Oﬂ,||-)

— 7Yy applies to the totaﬁiampmg

— for ULS, the calculation of load effects is to be performed
without safety factors (yg = v¢ = Yk = Yon = 1.0), see also
2.6.5.

2.6.3 The free spans shall be categorised as:

Not well defined — spans where important span characteristics
like span length, gap and effective axial force are not accurate-
ly determined/measured.

Selection criteria for this category are (but not limited to):

— erodible seabed (scouring)

— environmental conditions given by extreme values only

— operational conditions change the span scenario and these
changes are not assessed in detail, or

— span assessment in an early stage of a project develop-
ment.

Well defined — spans where important span characteristics like
span length, gap and effective axial force are determined/
measured. Site specific soil conditions and a long-term de-
scription of the environmental conditions exist.

Very well defined — spans where important span characteristics
like span length, gap and effective axial force are determined/
measured with a high degree of accuracy. The soil conditions
and the environmental conditions along the route are well
known.

Requirements:

— span length/gap actually measured and well defined due to
span supports or uneven seabed

— structural response quantities by FE analysis

— soil properties by soil samples along route

— site specific long-term distributions of environmental data

— effect of changes in operational conditions evaluated in
detail.

2.6.4 In case several phases with different safety classes are to
be accounted for, the highest safety class is to be applied for all
phases as fatigue damage accumulates.

2.6.5 The reliability of the pipeline against local buckling
(ULS criterion) is ensured by use of the safety class concept as
implemented by use of safety factors according to DNV-0OS-
F101, Sec.5 D500 or Sec.12.

2.6.6 The relationship between the fatigue life, exposure time
and fatigue damage is:

€Xp osure

Tlife

Dfat,RP—FlOS =

2.6.7 As stated in DNV-OS-F101 Sec.5 D703, all stress fluc-
tuations imposed to the pipeline including the construction/in-
stallation phase shall be accounted for when calculating the
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fatigue damage. This means that the total accumulated fatigue
damage from different sources shall not exceed the allowable
damage ratios of DNV-OS-F101. As the allowable damage ra-
tio of DNV-OS-F101 is different from the one in Table 2-2 due
to use of partial safety factors in RP-F105, the calculated dam-
age ratio according to RP-F105 may be converted into a corre-
sponding DNV-OS-F101 damage ratio by the following
relation:

D B D tat.re-Fi05
fat,05-F101 — ™

n
Where the o, denotes the allowable damage ratio according
to DNV-OS-F101.

3. Environmental Conditions
3.1 General

3.1.1 The objective of the present section is to provide guid-
ance on:

— the long term current velocity distribution

— short-term and long-term description of wave-induced
flow velocity amplitude and period of oscillating flow at
the pipe level

— return period values.

3.1.2 The environmental data to be used in the assessment of
the long-term distributions shall be representative for the par-
ticular geographical location of the pipeline free span.

3.1.3 The flow conditions due to current and wave action at
the pipe level govern the response of free spanning pipelines.

3.1.4 The environmental data must be collected from periods
that are representative for the long-term variation of the wave
and current climate. In case of less reliable or limited wave and
current data, the statistical uncertainty should be assessed and,
if significant, included in the analysis.

3.1.5 Preferably, the environmental load conditions should be
established near the pipeline using measurement data of ac-
ceptable quality and duration. The wave and current character-
istics must be transferred (extrapolated) to the free span level
and location using appropriate conservative assumptions.

3.1.6 The following environmental description may be applied:

— directional information, i.e., flow characteristic versus
sector probability, or

— omnidirectional statistics may be used if the flow is uni-
formly distributed.

If no such information is available, the flow should be assumed
to act perpendicular to the axis of the pipeline at all times.

3.2 Current conditions

3.2.1 The steady current flow at the free span level may have
components from:

— tidal current

— wind induced current

— storm surge induced current
— density driven current.

Guidance note:

The effect of internal waves, which are often observed in parts of
South East Asia, need to be taken into account for the free span
assessment. The internal waves may have high fluid particle ve-
locity and they can be modelled as equivalent current distribu-
tions.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

3.2.2 For water depths greater than 100 m, the ocean currents
can be characterised in terms of the driving and steering
agents:

— The driving agents are tidal forces, pressure gradients due
to surface elevation or density changes, wind and storm
surge forces.

— The steering agents are topography and the rotation of the
earth.

The modelling should account adequately for all agents.
3.2.3 The flow can be divided into two zones:

— An Outer Zone far from the seabed where the mean cur-
rent velocity and turbulence vary only slightly in the hori-
zontal direction.

— An Inner Zone where the mean current velocity and tur-
bulence show significant variations in the horizontal direc-
tion and the current speed and direction is a function of the
local sea bed geometry.

3.2.4 The outer zone is located approximately one local sea-
bed form height above the seabed crest. In case of a flat seabed,
the outer zone is located approximately at height (3600 zg)
where 7, is the bottom roughness, see Table 3-1.

3.2.5 Current measurements using a current meter should be
made in the outer zone outside the boundary layer at a level 1-
2 seabed form heights above the crest. For large-scale currents,
such as wind driven and tidal currents, the choice of measure-
ment positions may be based on the variations in the bottom to-
pography assuming that the current is geo-strophic, i.e., mainly
running parallel to the large-scale bottom contours.

Over smooth hills, flow separation occurs when the hill slope
exceeds about 20°. Current data from measurements in the
boundary layer over irregular bed forms are of little practical
value when extrapolating current values to other locations.

3.2.6 In the inner zone the current velocity profile is approxi-
mately logarithmic in areas where flow separation does not oc-
cur:

(ln(z)— In(z, ))

U(z) = R, 'U(Zr) (ln(zr )—ln(zo))

where

R, reduction factor, see Sec.3.4.1.

z elevation above the seabed

z, reference measurement height (in the outer zone)

z, bottom roughness parameter to be taken from Table 3-1.

Table 3-1 Seabed roughness

Seabed Roughness z; (m)
Silt ~5-100
fine sand ~1-10°
Medium sand ~4-10°
coarse sand ~1-10
Gravel ~3.10
Pebble ~2-1073
Cobble ~1-102
Boulder ~ 41072

3.2.7 If no detailed analyses are performed, the mean current
values at the free span location may assume the values at the
nearest suitable measurement point. The flow (and macro-
roughness) is normally 3D and transformation of current char-
acteristics should account for the local bottom topography e.g.
be guided by numerical simulations.
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3.2.8 For conditions where the mean current is spread over a
small sector (e.g. tide-dominated current) and the flow condi-
tion can be assumed to be bi-directional, the following model
may be applied in transforming the mean current locally. It is
assumed that the current velocity U(z,) in the outer zone is
known, see Figure 3-1. The velocity profile U(z*) at a location
near the measuring point (with z.* > z,) may be approximated
by:

Uz = Ulz,) (ln(z:‘)—ln(zm))
Inlz, |-In(z,,)

The “macro-roughness” parameter z,, is given by:

*
I

(Z: —Zr)+( r

In(z,) - In(z,))

z

In(z,,) = In(z}) -

Z,, is to be taken less than 0.2.

%
/,,,é//@/‘»/nwﬂ':mﬁmg/v’ oint 0

Inner Zone Iso-line for horisontal
mean velocity

N

.
Seabed profile

Figure3-1
Definitions for 2D model

3.2.9 It is recommended to perform current measurements
with 10 min or 30 min averages for use with FLS.

3.2.10 For ULS, 1 min average values should be applied. The
1 minute average values may be established from 10 or 30 min
average values as follows:

U JO 191 ) U,
1 min (1+2_3~IC)'U30min

where I, is the turbulence intensity defined below.

3.2.11 The turbulence intensity, L., is defined by:

where o, is the standard deviation of the velocity fluctuations
and U, is the 10 min or 30 min average (mean) velocity (1 Hz
sampling rate).

3.2.12 If no other information is available, the turbulence in-
tensity should be taken as 5%. Experience indicates that the
turbulence intensity for macro-roughness areas is 20-40%
higher than the intensity over a flat seabed with the same
small-scale seabed roughness. The turbulence intensities in a
rough seabed area to be applied for in-line fatigue assessment
may conservatively be taken as typical turbulence intensities
over a flat bottom (at the same height) with similar small-scale
seabed roughness.

3.2.13 Detailed turbulence measurements, if deemed essen-
tial, should be made at 1 m and 3 m above the seabed. High fre-
quency turbulence (with periods lower than 1 minute) and low
frequency turbulence must be distinguished.

3.2.14 The current speed in the vicinity of a platform may be
reduced from the specified free stream velocity, due to hydro-

dynamic shielding effects. In absence of a detailed evaluation,
the guidance on blockage factors given in ISO 13819-2, ISO
19902 to ISO 19906 can be used.

3.2.15 Possible changes in the added mass (and inertia ac-
tions) for closely spaced pipelines and pipeline bundles should
also be accounted for.

3.3 Short-term wave conditions

3.3.1 The wave-induced oscillatory flow condition at the free
span level may be calculated using numerical or analytical
wave theories. The wave theory shall be capable of describing
the conditions at the pipe location, including effects due to
shallow water, if applicable. For most practical cases, linear
wave theory can be applied. Wave boundary layer effects can
normally be neglected.

3.3.2 The short-term, stationary, irregular sea states may be
described by a wave spectrum S, (o) i.e. the power spectral
density function of the sea surface elevation. Wave spectra
may be given in table form, as measured spectra, or in an ana-
lytical form.

3.3.3 The JONSWAP or the Pierson-Moskowitz spectra are
often appropriate. The spectral density function is:

" >4] ;p[“[ =l

_ 5
S,,(®)=ag ‘o7 exp(— N (a)_

p

where

= 2n/T,, is the angular wave frequency.
w Wave period.

= g

T, Peak period.
o, = 2n/T,is the angular spectral peak frequency
g  Gravitational acceleration.
The Generalised Phillips’ constant is given by:
s H Sza)p4
a=—————-(1-0287Iny)
16 g°
The spectral width parameter is given by:
_0.07 if <o,
009 dse
The peak-enhancement factor is given by:
5 ®<3.6 -
y=1exp(5.75-1.15¢) 3.6<p<5 ; @o=—122=
1 =5 VHs

where Hg is to be given in metres and T}, in seconds.
The Pierson-Moskowitz spectrum appears for y = 1.0.

3.3.4 Both spectra describe wind sea conditions that are rea-
sonable for the most severe seastates. However, moderate and
low sea states, not dominated by limited fetch, are often com-
posed of both wind-sea and swell. A two peak (bi-modal) spec-
trum should be considered to account for swell if considered
important.

3.3.5 The wave-induced velocity spectrum at the pipe level
Syu(®) may be obtained through a spectral transformation of
the waves at sea level using a first order wave theory:

Sw (@) =G*(@)-S,, ()
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G%(m) is a frequency transfer function from sea surface eleva-
tion to wave-induced flow velocities at pipe level given by:

_ ®-cosh(k-(D+e))
- sinh(k : h)

Where h is the water depth and k is the wave number estab-
lished by iteration from the transcendental equation:

G(w)

2

g

kh=""""coth(k-h)

Guidance note:

Note that this transfer function is valid for Airy wave theory only
and is strictly speaking not applicable for shallow water.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---
3.3.6 The spectral moments of order n is defined as:
M, = T @"S,, (w)dw
0
The following spectrally derived parameters appear:
— Significant flow velocity amplitude at pipe level:

Uszzx/M_o

— Mean zero up-crossing period of oscillating flow at pipe
level:

M
T,=27 |—~
Iv|2

Ug and T,, may be taken from Figure 3-2 and Figure 3-3 assum-
ing linear wave theory.

0.50
0.40 +
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—
020 +

0.00 : : —
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— =10
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0.50

Figure 3-2
Significant flow velocity amplitude at pipelevel, Ug
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Figure 3-3
Mean zer o up-crossing period of oscillating flow at pipelevel, T,

3.4 Reduction functions

3.4.1 The mean current velocity over a pipe diameter (i.e. tak-
en as current at ¢ + D/2) applies. Introducing the effect of di-
rectionality, the reduction factor, R becomes:

R, =sin(04)

where 0, is the relative direction between the pipeline direc-
tion and the current flow direction.

3.4.2 In case of combined wave and current flow the apparent
seabed roughness is increased by the non-linear interaction be-
tween wave and current flow. The modified velocity profile
and hereby-introduced reduction factor may be taken from
DNV-RP-E305.

3.4.3 The effect of wave directionality and wave spreading is
introduced in the form of a reduction factor on the significant
flow velocity, i.e. projection onto the velocity normal to the
pipe and effect of wave spreading.

UW=US’RD

The reduction factor is given by, see Figure 3-4.

/2
Ro :\/ [wp)sin® (6,4 - B)dB

-/2

where 0, is the relative direction between the pipeline direc-
tion and wave direction

3.4.4 The wave energy spreading (directional) function given
by a frequency independent cosine power function is:

< T Ii+—
W(B) = k, cos*(f) |ﬂ|<5 : kW:\/I 1 2
0 else 7 F(z_{_;j

I" is the gamma function, see 3.5.1, and s is a spreading param-
eter, typically modelled as a function of the sea state. Normally
s is taken as an integer, between 2 and 8, 2 < s < 8. If no infor-
mation is available, the most conservative value in the range 2-
8 shall be selected. For current flow s > 8.0 may be applied.

Guidance note:

Cases with large H and large T}, values may have a lower spread.
The wave spreading approach, as given in NORSOK N-003, can
also be considered as an alternative approach.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

1.0
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Figure 3-4
Reduction factor due to wave spreading and directionality
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3.5 Long-term environmental modelling

3.5.1 A 3-parameter Weibull distribution is often appropriate
for modelling of the long-term statistics for the current velocity
U, or significant wave height, H,. The Weibull distribution is

given by:
X—y /
Fy (X) =1—exp —(—j
a

where F(e) is the cumulative distribution function and o is the
scale, B is the shape and y is the location parameter. Note that
the Rayleigh distribution is obtained for B =2 and an Exponen-
tial distribution for p = 1.

The Weibull distribution parameters are linked to the statistical
moments (i: mean value, c: standard deviation, d: skewness)
as follows:

v afiet)e, |
ooy |
SRR )

I" is the Gamma function defined as:

I(x) = It"’le" ot
0

3.5.2 The directional (i.e. versus 0) or omni-directional cur-
rent data can be specified as follows:

— A histogram in terms of (U, 0) versus probability of oc-
currence.

The fatigue analysis is based on the discrete events in the
histogram. The corresponding Return Period Values
(RPV) are estimated from the corresponding exceedance
probability in the histogram or from a fitted pdf, see 3.6.

— A long term probability density function (pdf).

The corresponding Return Period Values for 1, 10 and 100
year are established from 3.6.

— Based on Return Period Values.

Distribution parameters for an assumed distribution e.g.
Weibull, are established using e.g. 3 equations (for 1, 10
and 100 year) with 3 unknowns (o, B and y). This is, in
principle, always feasible but engineering judgement ap-
plies as defining return period values inappropriately can
lead to an unphysical Weibull pdf.

3.5.3 The wave climate at a given location may be character-
ised by a series of short-term sea states. Each short-term sea
state may be characterised by H, T}, and the main wave direc-
tion 6, measured relative to a given reference direction

The directional (i.e. versus 0) or omni-directional significant
wave height may be specified as follows:
— A scatter diagram in terms of H, Tp, 0.
The fatigue analysis is based on the discrete sea-states re-
flected in the individual cells in the scatter diagram.

— A histogram in terms of (Hy, 6) versus probability of oc-
currence.

The fatigue analysis is based on the discrete events for Hg
in the histogram. The corresponding peak period may be
assumed on the form:

Tp = CT (H s)mT
Where 6 < Cy <8and 0.3 < ag < 0.5 are location specific.

— A long term probability density function (pdf).

The corresponding Return Period Values (RPV) for 1, 10
and 100 year are established from 3.6.

— Based on Return Period Values.

The corresponding Weibull distribution is established
from 3.6.2 using 3 equations (x, for 1, 10 and 100 year)
with 3 unknowns (o, B and y). This is, in principle, always
feasible but engineering judgement applies as defining re-
turn period values inappropriately can lead to an unphysi-
cal Weibull pdf.

3.6 Return period values

3.6.1 Return period values are to be used for ULS conditions.
A Return Period Value (RPV) x,, is defined as:

1
F(x,)=1-—
(%) N

where N is the number of independent events in the return pe-
riod (e.g. 100 year). For discrete directions, N may be taken as
the total number of independent events times the sector proba-
bility.

The time between independent events depends on the environ-
mental condition. For currents, this time is often taken as 24
hours, whereas the time between independent sea-states (de-
scribed by H,) normally may be taken as 3-6 hours.

3.6.2 For a Weibull distributed variable the return period val-
ue is given by:

X, = a(ln(N))Uﬁ +y

3.6.3 In case the statistics are given in terms of a scatter dia-
gram, a long term Weibull distribution (o, B, y) is established
from 3.5.1 using statistical moments derived directly from the
scatter diagram as follows:

HS
o = Z(Hs :u)2 F)HS
Hs
Z(Hs_ﬂ)3 I:)HS
5§ ===

where Py is the discrete occurrence probability. The same
principle applies for current histograms.

3.6.4 The return period value to be used for directional data is
taken as the maximum projected flow velocity, i.e.:

max(x; R (Ge1;)/ R (0 = 0)
where Ry is a reduction factor defined by 3.4.3, 0, ; is the rel-
ative direction between the pipeline direction and the flow di-
rection for direction i.
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4. Response Models
4.1 General

4.1.1 Amplitude response models are empirical models pro-
viding the maximum steady state VIV amplitude response as a
function of the basic hydrodynamic and structural parameters.
The response models provided herein have been derived based
on available experimental laboratory test data and a limited
amount of full-scale tests for the following conditions:

— in-line VIV in steady current and current dominated con-
ditions

— cross-flow VIV induced in-line motion

— cross-flow VIV in steady current and combined wave and
current conditions.

The response models are in agreement with the generally ac-
cepted concept of VIV.

4.1.2 Inthe response models, in-line and cross-flow vibrations
are considered separately. Damage contributions from both
first and second in-line instability regions in current dominated
conditions are implicit in the in-line model. Cross-flow in-
duced additional in-line VIV resulting in possible increased fa-
tigue damage is considered in an approximate way. Cross-flow
induced in-line VIV is relevant for all reduced velocity ranges
where cross-flow VIV occurs.

4.1.3 In case of multi-mode response, i.e. when several vibra-
tion modes may be excited simultaneously in the same direc-
tion (in-line or cross-flow), the computational procedure given
in Appendix A accounts for possible reductions in the response
amplitude.

4.1.4 The amplitude response depends on a set of hydrody-
namic parameters constituting the link between the environ-
mental data and the Response Models:

— reduced velocity, Vi

— Keulegan-Carpenter number, KC
— current flow velocity ratio, o;

— turbulence intensity, I, see 3.2.11
— flow angle, relative to the pipe, 0,4
— stability parameter, Kg.

Note that the Reynolds number, R, is not explicit in the eval-
uation of response amplitudes.

4.1.5 The reduced velocity, Vg, is defined as:

_U.+U,
R™fD
where
f, Natural frequency for a given vibration mode
U, Mean current velocity normal to the pipe, see 3.4.
Uy, Significant wave-induced flow velocity, see 3.4.
D Outer pipe diameter.

4.1.6 The Keulegan-Carpenter number is defined as:

KC = u
f,D

where £ is the (significant) wave frequency.
4.1.7 The current flow velocity ratio is defined by:

UC
o =—-
u,+U,

4.1.8 The stability parameter, Kg, representing the damping
for a given modal shape is given by:

K _ 47[ nl.‘gT
S 2
pD
where
p Water density
Cr Total modal damping ratio
m, Effective mass, see Sec.6.7.3.

4.1.9 The total modal damping ratio, {1, comprises:

— structural damping, C,, see Sec.6.2.11

— soil damping, ;. For screening purposes Cg; = 0.01
may be assumed. For details, see 7.3.1

— hydrodynamic damping, . For VIV within the lock-in re-
gion, the hydrodynamic modal damping ratio £, is normal-
ly to be taken as zero, i.e. £, = 0.00.

4.2 Marginal fatigue life capacity
4.2.1 For crossflow VIV, the marginal fatigue capacity

against VIV in a single sea-state characterised by (Hg, Tp,, 0) is
defined by, see Sec.2.4:

1
THRsMTng =
S AT
=R,
0 a
where
Scg  Cross-flow stress range defined in 4.4
f, Vibration frequency, see 4.2.3
2 Fatigue constant, depending on the relevant stress
range, see Sec.2.4.3
m Fatigue exponent, depending on the relevant stress

range, see Sec.2.4.3.

The integral I(-~-) dF, _ indicates integration over the long-

term distribution for the current velocity represented by a
Weibull distribution or histogram.

4.2.2 For the in-line direction, the marginal fatigue capacity
against VIV in a single sea-state characterised by (Hg, Ty, 6) is
taken as:

T.RY.IL 1

= m
S A
f, ~max(SlL; oL ]
“ 2
dr,

HsTp,0 —
J - Uc
0 a

where

Sy In-line stress range defined in 4.3
Ajp Stress due to unit diameter in-line mode shape deflection

Acr Stress due to unit diameter cross-flow mode shape de-
flection.

The in-line stress range is taken as the maximum of:

— the in-line VIV stress range Sy,

— the in-line stress range corresponding to a figure 8 or half-
moon motion, i.e., stress induced by 40% of the cross-flow
induced VIV amplitude.
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4.2.3 The dominating vibration frequency, f,, is to be taken as:

— f,=f, i for in-line VIV
— 1, =1, cp.rgs for cross-flow VIV

— f£,=2 £, cp.rgs for cross-flow induced in-line motion.
where fj, i, denotes the in-line still-water vibration frequencies.

4.2.4 The cross-flow response frequency is obtained based on
the updated added mass coefficient (C,_cp.rgs) due to cross-
flow response using the following equation:

¢ ¢ (! p)+C,
nerRES e (ps!p)+ Ca,CF—RES

where pg/p 1is the specific mass ratio between the pipe mass
(not including added mass) and the displaced water, and f, cp
is the n'th still water eigen frequency using the added mass ac-
cording to C,, see 6.9. The added mass coefficient due to cross-
flow response (C,, cr.rgs) is shown in 4.5.

Guidance note:

The cross-flow response frequency is used for stress cycle count-
ing in the fatigue calculation. However, it is also used to deter-
mine which of the in-line modes may be candidates for cross-
flow induced in-line vibrations.

The reduced velocity and, thus, the VIV amplitude according to
the response model is determined by the still water frequency as
any potential change in added mass is accounted for in the re-
sponse models.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

4.3 In-line response model

4.3.1 The in-line response of a pipeline span in current domi-
nated conditions is associated with either alternating or sym-
metric vortex shedding. Contributions from both the first in-
line instability region and the second instability region are in-
cluded in the model.

The in-line response model applies for all in-line vibration
modes.

4.3.2 The amplitude response depends mainly on the reduced
velocity, Vy, the stability parameter, Kg, the turbulence inten-
sity, I, and the flow angle, 0, relative to the pipe. Mitigation
effects from the seabed proximity, (e/D) are conservatively not
included.

4.3.3 The in-line VIV induced stress range Syj is calculated by
the Response Model:

SlL:2'A1L'(A«/D)"//a,|L'7s

where

Ay Unit stress amplitude (stress due to unit diameter in-

line mode shape deflection)
Ve Correction factor for current flow ratio a
Ys Safety factor to be multiplied to the stress range.

4.3.4 (Ay/D) is defined as the maximum in-line VIV response
amplitude (normalised with D) as a function of Vi and Kg, see
Figure 4-1. The corresponding standard deviation may be ob-
tained as (Ay /D)/\2.

0.20
8
< 0.16 |
Q
=]
2012+
=3
€
< 008+
2
>
2004+ Ka=12
< Kg=15
0.00 : ‘ ; : : : ‘ ‘ ‘
00 05 10 15 20 25 30 35 40 45 50
Reduced Velocity Vg
Figure4-1

Illustration of thein-line VIV Response Amplitudever susVg and
Ks

4.3.5 The response model can be constructed from the co-or-
dinates in Figure 4-2:

( L0 ] for Kg <04
yon,IL
0.6+K
Vi = {AJ for 04<Kg <16
7on,IL
22 for Ky >1.6
7on,IL
Vai = 10-[%]+v;}0m
Vh -V, zﬁ;)
i _ 45-08Ky, for Ky <1.0
oo 3.7 for Ko, >1.0

Y
5) it

Guidance note:

In the evaluation of (Ay/D) the design values for the reduced ve-
locity and stability parameter shall be applied:

Vea =Vr 7+
K
Kyg=—
Yk

where ypand vy, are safety factors related to the natural frequency
and damping respectively. In addition, an onset safety factor is
needed, see Sec.2.6.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---
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Figure4-2

Response model generation principle.

4.3.6 The reduction factors, Ryg 1(I,0.) and Ryg (1), ac-
count for the effect of the turbulence intensity and angle of at-
tack (in radians) for the flow, see Figure 4-3.

Ry, = 1-n2(§-\/ﬂ9rd ](| .—0.03) 0<R,, <l

(1,-0.03)

Xt 0<R,, <1

Ry, =1.0-

all angles

0.0 ‘ | | |
0 0.04 0.08 012 0.16 0.2
Turbulence Intensity, I,
Figure4-3
Reduction function wrt turbulence intensity and flow angle

4.3.7 y, g1 is a reduction function to account for reduced in-
line VIV 1 wave dominated conditions:

0.0 for a<0.5
Yo =1(@=0.5)/03 for 05<a<0.38
1.0 for a>0.8

Thus, if o < 0.5, in-line VIV may be ignored.

4.4 Cross-flow response model

4.4.1 Cross-flow VIV are affected by several parameters, such
as the reduced velocity Vg, the Keulegan-Carpenter number,
KC, the current flow velocity ratio, a, the stability parameter,
Kg, the seabed gap ratio, (e/D), the Strouhal number, S; and the
pipe roughness, (k/D), among others. Note that Reynolds
number, Re, is not explicit in the model.

4.4.2 For steady current dominated flow situations, onset of
cross-flow VIV of significant amplitude occurs typically at a
value of Vy between 3.0 and 4.0, whereas maximum vibration
levels occur at larger Vg values. For pipes with low specific
mass, wave dominated flow situations or span scenarios with a
low gap ratio, cross-flow vibration may be initiated for Vy be-
tween 2 and 3.

4.4.3 The cross-flow VIV induced stress range Scg due to a
combined current and wave flow is assessed using the follow-
ing response model:

S =2 A (A, /D)-R -7

where

Unit stress amplitude (stress due to unit diameter
cross-flow mode shape deflection)

Ry Amplitude reduction factor due to damping

Ys Safety factor to be multiplied on the stress range

The cross-flow VIV amplitude (Az/D) in combined current
and wave flow conditions may be taken from Figure 4-4. The

figure provides characteristic maximum values. The corre-
sponding standard deviation may be obtained as (A, /D)/\/2.

fhs1,cF >23
fo.cF :

}

fos1,CF
— |<1.5
()

1.4+

o>08;
1.2

1.0

a<0.8; KC>30

08 1 a<0.8; KC<10

0.6
0.4
0.2

Roonset
0.0 —

0 2 4 6 8 10 12 14 16
Reduced Velocity Vg

Cross-Flow VIVAmplitude (A z/ D)

Figure4-4
Basic cross-flow response model
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4.4.4 The amplitude response (Az/D) as a function of a and
KC can be constructed from, see Figure 4-5:

3 : \Vproxi.onsel : erencl1,onsel

Vlgl:m:el Yon,CF
(7_Vlg,insct) ( AZ,IJ
R N I 2
% 1.15 D
- 7 A
—yeF | 2
Veh fend (1.3] ( D
=16
Vlgl-end
0.9 a>08 (‘;*‘“st
n,CF

n,CF

0.9+0.5- ( nLCF 1.5)
n,CF

[AZ,] J = 13
D 0.9

a>08 15<(;*‘CFJ<2.3

a>08 (7”“}23

n,CF

<08 KC>30
0.7+0.01-(KC-10) <08 10<KC<30
0.7 <08 KC<10

%) %)

fncr ) is the cross-flow frequency ratio for two consecu-
tive (contributing) cross flow modes.

Guidance note:

The maximum cross-flow response amplitude of 1.3 D is typical-
ly only applicable for current dominated cases with bending stiff-
ness dominated lower half-wave symmetric modes e.g., for
single span fundamental mode. For all other current dominated
cases the maximum response amplitude is limited to 0.9 D.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

Guidance note:

In the evaluation of (A;/D) the design values for the reduced ve-
locity and stability parameter shall be applied:

Vea =Vr 74
where vy is safety factor related to the natural frequency.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---
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(2.0;0.0) Reduced Velocity
Figure4-5

Response model generation principle

4.4.5 The reduced onset velocity for cross-flow VIV,
V& depends on the seabed proximity and trench geometry,

R ,onset

wheéreas the maximum amplitude is a function of o and KC.

4.4.6 Wproxj,onset 1S @ correction factor accounting for the sea-
bed proximity:

L1258 forf<os
5 D D
1 else

l// proxi,onset =

4.4.7 Yirench,onset 18 @ correction factor accounting for the ef-
fect of a pipe located in/over a trench:

Wtrench,onse{

=1+05 A

D
where A/D denotes a relative trench depth given by:
A 1.25d-e

D D

where Ogésl
D

The trench depth d is to be taken at a width equal to 3 outer di-
ameters. A/D = 0 corresponds to a flat seabed or a pipe located
in excess of D/4 above the trench, i.e. the pipe is not affected
by the presence of the trench, see Figure 4-6. The restriction A/
D < 1.0 is applied in order to limit the relative trench depth.

3D
«——

@)
N/
J d

Figure 4-6
Definition of trench factor

4.4.8 The characteristic amplitude response for cross-flow
VIV may be reduced due to the effect of damping. The reduc-
tion factor, Ry is given by:

forKy <4

_1-0.15K
< forK, -4

32K,

4.4.9 The normalised amplitude curves in Figure 4-4 to a large
degree embody all available test results. In addition, the fol-
lowing comments apply:

— The response for small gap ratio (e/D<< 1) is associated
with one-sided vortex shedding and may not be character-
ised by VIV parameters as Vi and KC. However, the indi-
cated response curve is considered conservative in
general.

— The response for low KC numbers in the cross-flow re-
sponse model is not in a narrow sense related to the VIV
phenomenon but rather linked to wave-induced water par-
ticle motions. Typical maximum response at V between
2.5 and 3.0 occurs at T /Ty= 2. T, is the wave-induced
flow period at pipe level and T, is the natural period.

4.4.10 Potential vibrations at low KC numbers must be ac-
counted for and care should be observed in case:

VR>L and 3<KC<9

3-(1-a)
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This corresponds to rare cases where T, < 3T, If violated, the
criticality should be evaluated using an appropriate force model.

Guidance note:

The relevance of 4.4.10 should be checked especially for shallow
water free span pipelines, and it may require that full fatigue
analysis is performed if the 1-year significant wave-induced flow
at pipe level is larger than half the 100-year current velocity at
pipe level.

It is also possible to apply the screening criteria in the same way
as the traditional on-set criterion in order to establish conserva-

tive allowable free span lengths even though the above men-
tioned wave effect criterion is violated.

If the flow is current dominated, the free span may be assessed
by adding a characteristic wave-induced flow component to the
current velocity as expressed in the in-line VIV screening crite-
rion.

If the flow has a stronger component from the waves, then gen-
erally a full fatigue analysis has to be performed. However, the
in-line VIV screening criterion may still be used provided that a
quasi-static Morison force calculation shows that the fatigue due
to direct wave action could be neglected or is insignificant com-
pared to in-line VIV fatigue.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

4.5 Added mass coefficient model

4.5.1 The calculation of added mass coefficient described in
this section is for the calculation of the cross-flow response fre-
quency of the dominant mode only.

It should be noted that the response models discussed in this
section, have the effect of the added mass built-into them, i.e.
they are plotted using the reduced velocity calculated with the
still water natural frequency and associated added mass.

Ca. CF-RES

Figure4-7
Added mass coefficient C, cr.res asafunction of reduced
velocity

4.5.2 The added mass during VIV will be different from the
still water added mass, which is applied during the initial eigen
value analysis. The added mass coefficient is applied to correct
the still water cross-flow eigen frequency to the cross-flow re-
sponse frequency.

Guidance note:

This added mass model is in a narrow sense only valid when the
mass ratio is in the order of 1.4, but may be used also for other
mass ratios if better information is not available.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

Guidance note:

The added mass coefficient formulation for VR < 2.5 is not im-
portant, since the cross-flow response amplitude are very small
(A/D is O (0.1)) in this range.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

5. Force Mod€
5.1 General

5.1.1 In principle, force models may be used for both vortex
induced and direct wave and current dominated loads if appro-
priate formulations of force models exist and reliable and con-
sistent data are available for calibration. For cross-flow VIV,
generally applicable force models do not exist and empirical
response models presented in Sec.4.4 reflecting observed pipe-
line response in a variety of flow conditions is at present supe-
rior.

5.1.2 A force model based on the well-known Morison’s
equation for direct in-line loading is considered herein. Both
time domain (TD) and frequency domain (FD) solutions are al-
lowed. A time domain solution may account for all significant
non-linearities but is in general very time consuming if a large
number of sea-states are to be analysed. For fatigue analyses, a
frequency domain solution (if thoroughly verified) is more
tractable since it facilitates analyses of a very large number of
sea-states at a small fraction of the time required for a time do-
main solution.

5.1.3 In this document, a complete frequency domain ap-
proach for short-term fatigue analyses is presented. Recom-
mended procedures for state-of-the-art time domain short-term
damage calculation may be found in DNV-OS-F201. A simpli-
fied assessment method is given in 5.3.

5.2 FD solution for in-linedirection

5.2.1 The recommended frequency domain solution for the
short term- fatigue damage due to combined current and direct
wave actions in a single sea-state is based on:

— Palmgren-Miner approach using SN-curves

— linearisation scheme for drag term in the Morison equation
based on conservation of damage

— effect of co-linear mean current included in linearisation
term

— narrow banded fatigue damage with semi-empirical cor-
rection to account for wide-band characteristic.

The formulation presented in this document has been success-
fully verified against comprehensive time domain simulations
using Rain flow counting techniques, see e.g. Mark & Fyrileiv,
(1998). The formulation is based on the following assump-
tions:

— the main damage contribution comes from the lowest nat-
ural mode, i.e. the excitation frequency is far from the nat-
ural frequency for the higher order modes

— the effective mass, m,, and standard deviation of the flow
velocity oy is invariant over the free span length, i.e. for
span length less than the dominant wavelength.

5.2.2 The short term fatigue capacity against direct wave ac-
tions in a single sea-state characterised by (Hj, Tp, 8) is given
in the following form:

_.Sfml
M __ 4 %
Hotet f, - Kgpe(m,)
m S Y m S Y h
Gl 1T+ =L =2 | b4y -Gyq| 1+ =2 || =
2 S 2 S
% _ KRF(‘(mz)is(mz—ml)

Kgee (M) a,

S =220, -y,
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where
og Standard deviation of stress amplitude
f, Vibration frequency

a,,a, Fatigue constants, see Sec.2.4.3

m; , m, Fatigue exponent, see Sec.2.4.3

Stress range, for which change in slope occurs, see
243

SSW

is the Complementary incomplete

o0
G (p.x) = [e 1?1 dt
X Gamma function

is the Incomplete Gamma func-

X
G,(p,x) =[e't®dt i
0 tion

Ys Safety factor on stress range, see Sec.2.6

5.2.3 The standard deviation of the wave-induced stress am-
plitude og is given by the square root of the spectral moment
of the Oth order defined by 5.2.6.

Gs:\/M_o

5.2.4 The characteristic vibration frequency of considered
pipe stress response, £, is taken equal to the mean up-crossing
frequency defined by:

~ L My
Y2\ M,
M, and M, is defined by 5.2.6.

5.2.5 The rain flow counting correction factor, Kggc, accounts
for the “exact” wide-banded damage, i.e. correcting the implic-
it narrow-banded Rayleigh assumption for the stress ampli-
tudes to provide results similar to those arising from a state-of-
the-art rain flow counting technique. The Rain Flow Counting
factor kgpc is given by:

Kppe(m) =a,_+(1—a )(1-g)"
where

a,=0.926-0.033m

b, =1.587m—2.323

The bandwidth parameter € is defined as:

2
e=|1- M,
M M,

The stress process is narrow-banded for ¢ — 0 and broad band-
ed for € > 1 (in practice the process may be considered broad-
banded for ¢ larger than 0.6).

5.2.6 The n'h response spectral moment is given by:

M, = [o" Sg(w)do
0

where Sqg(®) is the one-sided stress response spectral density
function given by:

Ss(@= R}-[’g +0°9})-G*(@)-S,, (@)x >
ZIZI'IZ.X

m (@ - ©*)* + 2, 0,0)*)

e

where

Rp  Factor accounting for wave spreading and direction,

see Sec.3.4.3
b Linearisation constant, see 5.2.8
2p Drag force term, see 5.4.1
g Inertia force term, see 5.4.1
G(w) Frequency transfer function, see Sec.3.3
Syn  Single-sided wave elevation spectrum, see Sec.3.3

o, = 2nf, /yris the lowest angular natural frequency
Cr Total damping ratio from:

— structural damping, see Sec.6.2.10
— soil damping, see Sec.7.3
— hydrodynamic damping, see Sec.5.2.9.

m, Effective mass per unit length incl. added mass, see

6.7.3
5.2.7 Apax 1s an equivalent stress factor given by:
(D, —0E 0%,
}"max = (1 + CSF)TK’I mfx [?

¢1(x) Ist mode shape

E Young’s modulus

Concrete stiffness factor, see Sec.6.2.5
s  Outer steel pipe diameter

t Pipe wall thickness

L Length of mode shape

A Mode shape weighting factor given by:

L
I¢1(X)dx
}\.1 = —S
[ oF (x)dx
0

Ay s typically in the order of 1.3.

In lieu of more detailed data, A,,, may be taken as:

A

max D
where Ay is given by Sec.6.7.4.

5.2.8 The linearisation constant b is given by:
U

C
Gu

b=2.11-c,-g.(—%)

where U, is the mean current and 6, = U,,/2 is the standard de-
viation of the wave-induced flow velocity. g.(e) is a correction
function accounting for the effect of a steady current given by:
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g.(x) = 21 [w(x)ﬂ [cb(x%;j}
e

ofx) = e’

D(x) = [ e(x)dx

¢(x) is the Gaussian probability density function and ®(x) is
the corresponding distribution function.

5.2.9 The (linearised) hydrodynamic damping ratio ¢, is given

by:
1 o,
Ch=—= %o gc(gfj)/il

Vaz m.f,

5.3 Simplified fatigue assessment

5.3.1 In situations where quasi-static stress response can be
assumed (when the wave period is far larger than the natural
vibration period of the span), a simplified fatigue assessment
may be tractable rather than a complete time domain or fre-
quency domain approach.

5.3.2 In such cases, the short term fatigue capacity against di-
rect wave actions in a single sea-state characterised by (Hy, Ty,
0) may be estimated as follows: (See 2.4.5)

TFM

_ . Q-m
HSTP —a‘S Tu

where S is the quasi-static stress range response from a direct
regular wave load (H, and T,;) using Morison’s equation. T, is
the mean zero upcrossing period in Sec.3.3.6.

5.4 Force coefficients

5.4.1 The force P(x,t) per unit length of a pipe free span is rep-
resented by the Morison’s equation. Assuming that the veloci-
ty of the structure is not negligible compared with the water
particle velocity Morison’s equation reads:

. . . Y .
P(x.0) =gp (U=-§)U-3|+g,U=-C, 7pD*¥
where

p Water density

D Outer pipe diameter

U Instantaneous (time dependent) flow velocity
y Pipe lateral displacement

gp = 0.5pDCp is the drag force term

ngsz is the inertia force term

5.4.2 The added mass term in the Morison equation
z y
C,~pD’
ay P y
is assumed implicit in the effective mass m,, see Sec.6.9.1.

5.4.3 The drag coefficient Cp, and inertia coefficient Cy; to be
used in Morison’s equation are functions of :

— the Keulegan Carpenter number, KC
— the current flow ratio, o;

— the gap ratio, (e/D)

— the trench depth, (A/D)

— Reynolds number, R,
— the pipe roughness, (k/D).

In addition also the cross-flow vibration level, (A;/D) influ-
ences the drag coefficient. Supercritical flow is assumed,
hence there no further dependency of the Reynolds number is
considered.

The drag coefficient Cp is to be taken as:

C _CO (k/D) \V]JIOXI erench \VVIV

5.4.4 C)(k/D) is the basic drag coefficient for steady flow as
a function of roughness k/D.

5 0.25 ; k/D <107 (smooth)
C° (k/D) ={0.65- (%+Elogm(km)J ;107 <k/D <107
1.05 ; k/D >107(rough)

In lieu of detailed documentation of the surface roughness the
values in Table 5-1 may be applied for the absolute roughness,
k.

Table5-1 Surfaceroughness

Pipe surface k [metres]
Steel, painted 106
Steel, un-coated (not rusted) 10
Concrete 1/300
Marine growth 1/200 — 1/20

Note that the roughness, k/D, to be used in 5.4.4 is the ratio be-
tween, k, and the outer diameter, D, of the pipe.

5.4.5 e, is a correction factor accounting for the unsteadi-
ness of the flow, including effects of Keulegan-Carpenter
number KC and the current flow ratio o.:

a<0.5
p® = 2 5<KC<40
a>0.5

For KC > 40, the term 6/KC in the formula above shall be sub-
stituted by 0.15.

The drag load is often of small practical importance for small
KC values and ‘lfxc“ may be interpolated for completeness for
KC<5.

2.0 A
1.5 A
3
¢ a=0
8 1.0
>
a=0.5
0.5 1
0.0 T T T T T T T
0 5 10 15 20 25 30 35 40

KC

Figure5-1 .
Correction factor Vg
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5.4.6 Vpeiis a correction factor accounting for the seabed
proximity:
0.5
094+ 77—
Wi = (1+5-(e/D))
1 else

fore/D < 0.8

5.4.7 Wiew is a correction factor accounting for the effect of a
pipe in a trench:
, 2( A
@, =122
W trench 3D

A/D is the relative trench depth given by Sec.4.4.7.

548 vy,
tions, 1.e.

is an amplification factor due to cross-flow vibra-

A 0.65
vy =1 +1.o43(ﬁ - ]
D
5.4.9 The inertia coefficient Cy; is to be taken as:

_ cM . CM cM
CM - CM,O M 'l//proxi “Wirench

5.4.10 Cyy is the basic inertia coefficient for a free concrete
coated pipe taken as, see Figure 5-2:

2.0
° a
s 0.0
O 164 0.1
& 0.2
S 12 0.3
g 04
03
S 08 1 b
T
£
L 04
2
[a0]
0.0 ; ; ‘ ‘ ‘ ; ;
0 5 10 15 20 25 30 35 40
KC
Figure5-2

Basicinertia coefficient Cy o versusKC and a

5.2—f
CM,O:f(a)+(§<C—+(5a)))
1.6-2-a0 a<0.5
f=1"06
. o=0.5

5.4.11 w ™ is a correction factor accounting for the pipe
roughness:

wM =0.75-0.434 log[%j

5412 v ﬁr“f,,d- is a correction factor accounting for the seabed
proximity:

o losas 08
Vo = (1+5-(e/D))

1 else

fore/D < 0.8

54.13 l//t(,:e'\fmh is a correction factor accounting for the effect of

a pipe in a trench:
1[A
CM
-1--| =
¥ trench 3 ( D\J
A/D is the relative trench depth given by Sec.4.4.7.

6. Sructural Analysis
6.1 General

6.1.1 The following tasks are normally required for assess-
ment of free spans:

— structural modelling

— modelling of pipe-soil interaction

— load modelling

— a static analysis to obtain the static configuration of the
pipeline

— an eigen value analysis which provides natural frequencies
and corresponding modal shapes for the in-line and cross-
flow vibrations of the free spans

— aresponse analysis using a response model or a force mod-
el in order to obtain the stress ranges from environmental
actions.

6.2 Sructural modelling

6.2.1 The structural behaviour of the pipeline shall be evaluat-
ed by modelling the pipeline, seabed and relevant artificial
supports and performing static and dynamic analyses. This
section presents requirements for the structural modelling.

Soil-pipe interactions are treated in Sec.7.

6.2.2 A realistic characterisation of the cross-sectional behav-
iour of a pipeline can be based on the following assumptions:

— the pipe cross-sections remain circular and plane

— the stresses may be assumed constant across the pipe-wall
thickness

— long term fatigue damage calculations may be based on
actual/anticipated variation in pipe wall thickness over the
design life of the free span (if detailed information is not
available the calculation is to be performed using non-cor-
roded cross section values for effective axial force and
corroded cross section values for stresses)

— the application of this document is limited to elastic re-
sponse, hence plasticity models and effects of two-dimen-
sional state of stress (axial and hoop) on bending stiffness
need not be considered.

6.2.3 The effect of coating is generally limited to increasing
submerged weight, drag forces, added mass or buoyancy. The
positive effect on the stiffness and strength, see 6.2.5, is nor-
mally to be disregarded. If the contribution of the coating to the
structural response is considered significant, appropriate mod-
els shall be used.

6.2.4 Non-homogeneity of the bending stiffness along the
pipe, due to discontinuities of the coating across field joints or
other effects, may imply strain concentrations that shall be tak-
en into account.

6.2.5 The stiffening effect of concrete coating may be ac-

counted for by:
0.75
CSF =k [—EI °°”°J
C

steel

where CSF denotes the stiffness of concrete coating relative to
the steel pipe stiffness and (1 + CSF) is the stress concentration
factor due to the concrete coating and localised bending. The
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parameter k is an empirical constant accounting for the defor-
mation/slippage in the corrosion coating and the cracking of
the concrete coating. The value of k. may be taken as 0.33 for
asphalt and 0.25 for PP/PE coating.

In case the increased stiffness effect is utilised, the increased
bending stresses due to field joints must also be accounted for.

The CSF given above is assumed valid for all relevant pipe di-
ameters, D/t-ratios and concrete strengths, f.,, provided that
that the pipe joint length exceeds 12 m, the field joint length is
0.5-1.0m and the concrete coating thickness does not exceed
150 mm.

6.2.6 In lieu of detailed data, it is conservative to assume that
a girth weld is present in the most heavily loaded cross-section.
This is also a basis for the concrete stiffening effect given
above.

6.2.7 The cross-sectional bending stiffness of the concrete
coating, El .., is the initial, uncracked stiffness. Young’s
modulus for concrete may be taken as:

Eopne =10000-

where f_, is the construction strength of the concrete. Both
Egonc and f,, are to be in N/mm2.

6.2.8 The boundary conditions applied at the ends of the pipeline
section modelled shall adequately represent the pipe-soil interac-
tion and the continuity of the pipeline. Sufficient lengths of the
pipeline at both sides of the span must be included in the model
to account for the effects of side spans, if relevant.

6.2.9 The element length to be used in a finite element model
is dictated by the accuracy required. If the stress ranges are to
be derived from the mode shapes, see 6.7.4, the accuracy of the
stress ranges becomes strongly affected by the element length,
especially at the span shoulders.

Ideally the maximum element length should be found by re-
ducing the length until the results (natural frequencies and
stresses) converge towards constant values. In practice this
may be difficult to perform, and, as guidance, the element
length should be in the order of the outer diameter of the pipe-
line (1D). However, higher order modes and/or short spans (L/
D, < 30) may require shorter elements.

6.2.10 In order to obtain realistic rotational pipe-soil stiffness,
contact should be ensured between at least two nodes at each
span shoulder by using a sufficiently short element length or
by other means.

6.2.11 Structural damping is due to internal friction forces of
the pipe material and depends on the strain level and associated
deflections. If no information is available, a structural modal
damping ratio of

L = 0.005

can be assumed. If concrete coating is present, the sliding at the
interface between concrete and corrosion coating may further
increase the damping to typically 0.01 - 0.02.

6.2.12 It is recommended to verify the finite element model-
ling and the post-processing by comparing the results from the
finite element analysis with the approximate response quanti-
ties of 6.7 for a single span with zero effective axial force and
L/Dg = 60. The in-line and cross-flow natural frequencies and
stress ranges shall show similar values within £5%.

6.2.13 ULS conditions may require a more refined pipe-soil
modelling than the linearised eigen value analysis due to po-
tential sliding at the span supports.

6.3 Functional loads
6.3.1 The functional loads which shall be considered are:

— weight of the pipe and internal fluid
— external and internal fluid pressure
— thermal expansion and contraction
— residual installation forces.

6.3.2 Response calculations must account for the relevant se-
quence of load application, if important.

6.4 Satic analysis

6.4.1 The static configuration is to be determined for the fol-
lowing conditions if relevant:

— as-laid condition

— flooded condition

— pressure test condition
— operating condition.

6.4.2 The static analysis should normally account for non-lin-
ear effects such as:

— large displacements (geometric non-linearity)
— soil non-linear response
— loading sequence.

6.4.3 The stiffness of the pipeline consists of material stiffness
and geometrical stiffness. The geometrical stiffness is gov-
erned by the effective axial force, S, This force is equal to the
true steel wall axial force, Ny,, with corrections for the effect of
external and internal pressures:

Seff :Ntr - pIA + peAe

Ny “True” steel wall axial force

pi Internal pressure

Pe External pressure

A Internal cross section area of the pipe

A.  External cross section area of the steel pipe

The effective axial force in a span is difficult to estimate due to
uncertainties in operational temperature and pressure, residual
lay tension and axial force relaxation by sagging, axial sliding
(feed-in), lateral buckling, multi-spanning and significant sea-
bed unevenness. All these effects should be considered and
taken into account if relevant. The most reliable method to es-
timate the effective axial force is use of non-linear FE analysis.

As boundary values, the effective axial force for a completely
unrestrained (axially) pipe becomes:

Seff :0

while for a totally restrained pipe the following effective axial
force applies (if pipe considered thin-walled):

Ss =H,; —Ap,A,(1-2v)— A EATa,

Effective lay tension

Internal pressure difference relative to laying,
see DNV-OS-F101

A,  Pipe steel cross section area
AT  Temperature difference relative to laying

e Temperature expansion coefficient, may be tem-
perature dependent

Hegr
Ap;
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Guidance note:

Using the expression for totally restrained pipe given above may
lead to over-conservative fatigue results for pipelines on very un-
even seabed with several long spans and for pipelines experienc-
ing lateral buckling/snaking.

In such cases the structural response quantities must be based on
refined, non-linear FE analyses.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

6.4.4 In this document, the static environmental loads are con-
fined to those from near bottom current. If the load is much
smaller than the vertical functional loads, then it may be disre-
garded in the analysis. However, for light pipes or long span
lengths it should be considered if relevant.

6.4.5 Load history effects such as the lay tension and sub-
merged weight during installation will influence the static de-
flection and stresses which are mainly determined by the
submerged weight and effective axial force in the phase con-
sidered.

Furthermore, the span geometry such as inclination of the span
shoulders will have a significant influence on the static stresses
and deflection. For this reason, the static response should be
based on survey results (measured deflections) and/or FE anal-
ysis if considered as critical for the span assessment.

6.4.6 In addition to the static penetration into the soil due to
the submerged weight of the pipeline, the penetration may in-
crease due to effects from laying, erosion processes and self-
burial.

6.5 Eigen value analyses

6.5.1 The aim of eigen value analyses is to calculate the natu-
ral frequencies and corresponding stress due to associated
mode shapes. The analysis is normally complex and depends
on:

— the temporal classification (scour or unevenness induced
free span)

— the morphological classification (single or multispan)

— the pipeline condition (i.e. as-laid, water-filled, pressure
test and operation)

— the pipe and soil properties

— the effective axial force and the initial deflected shape af-
ter laying

— the loading history and axial displacement (“feed-in”") of
the pipe.

6.5.2 In general, it is recommended that the response quanti-
ties be assessed using non-linear FE-analyses conducted over
an appropriate stretch of the pipeline, see 6.6.

6.5.3 Approximate response quantities may be applied under
certain limitations, see 6.7.

6.6 FEM based response quantities
6.6.1 Using an FE-approach, the following comments apply:

— the eigen value analysis shall account for the static equilib-
rium configuration

— in the eigen value analysis, a consistent linearisation of the
problem must be made

— the pipe-soil linearisation should be validated

— the effect of geometric non-linearity on the dynamic re-
sponse should be assessed

— the span support may be assumed invariant during Vortex-
Induced Vibrations (VIV) but may change due to effects
from direct wave loading.

6.6.2 For analysis of a pipeline stretch with several spans and
especially with interacting spans, special care must be paid to
the determination of the eigen values and associated eigen vec-

tors. This is due to the potential occurrence of very close eigen
values, especially with respect to the identification of correct
eigen vectors.

6.7 Approximateresponse quantities

6.7.1 The approximate response quantities specified in this
section may be applied for free span assessment provided:

— Conservative assumptions are applied with respect to span
lengths, soil stiffness and effective axial force.

— The span is a single span on a relatively flat seabed, i.e. the
span shoulders are almost horizontal and at the same level.

— The symmetrical mode shape dominates the dynamic re-
sponse (normally relevant for the vertical, cross-flow re-
sponse only). Here the following limits apply:

L/D, < 140
8/D <2.5

Note that these are not absolute limits, the shift in cross-
flow response from the symmetrical to the unsymmetrical
mode will depend on the sagging and the levelling/inclina-
tion of the span shoulders. In cases where a shift in the
cross-flow response is considered as likely, the structural
response of the span should be assessed by using FE anal-
ysis including all important aspects

— Bar buckling does not influence the response, i.e.

Seff/Pcr >-0.5

— A sensitivity study is performed in order to quantify the

criticality of the assumptions.

— The approach is not applicable for multi-spanning pipe-
lines.

Approximate response quantities are considered relevant in
performing efficient screening of FE or survey results in order
to identify critical spans to be assessed with methods that are
more accurate, see Fyrileiv & Mark, (1998).

6.7.2 The fundamental natural frequency (first eigen frequen-
cy) may be approximated by:

El S sY
fi=C VI+CSF | —| 1+—+C| —
ML R D

where

C, — C; Boundary condition coefficients

E Youngs modulus for steel

I Moment of inertia for steel

CSF  Concrete stiffness enhancement factor
Legr Effective span length, see 6.7.9

m, Effective mass, see below

D Outer diameter of pipe

P, Critical buckling load = (1+CSF)Cyn2El/L 442
(positive sign)

) Static deflection, normally ignored for in-line direc-
tion).

Setr Effective axial force (negative in compression), see
6.4

6.7.3 The effective mass, m,, is defined by
[m(s)4* (s)ds
L

m, =

j #>(s)ds

where ¢(s) is the assumed mode shape satisfying the boundary
conditions and m(s) is the mass per unit length including struc-
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tural mass, added mass and mass of internal fluid.

6.7.4 The unit diameter stress amplitude (stress due to unit
outer diameter mode shape deflection) associated with the fun-
damental frequency may be calculated by:

]

where Dy is the steel pipe diameter, t is the wall thickness and
D is the outer pipe diameter (including any coating).

1 0%
ALicr :(1+CS:)—DE(Ds—t) 2
2 OX

6.7.5 Inlieu of detailed information, the maximum (unit diam-
eter) stress amplitude A cf may be estimated as:

D-(D,-t)-E

2
eff

=C,(1+CF)

AIL/CF

where t is the steel pipe wall thickness and C, is a boundary
condition coefficient.

6.7.6 The static bending moment may be estimated as:

q- L

S
PCI'

where q represents the loading, i.e. the submerged weight of
the pipe in the vertical (cross-flow) direction and/or the drag
loading in the horizontal (in-line) direction, see Sec.5.4.1.

Note that:

M gatic = Cs

— L shall be calculated using the static soil stiffness in the
L¢se/L calculation.

— Due to historical effects and the local seabed geometry,
there is a large uncertainty associated with this simplified
expression, see 6.4.5.

— The term S ¢/P . becomes negative when the effective ax-
ial force is in compression since P is defined as positive.

6.7.7 In case the static deflection is not given by direct meas-
urement (survey) or estimated by accurate analytical tools, it
may be estimated as:

q- L 1
“El -(1+CSF)(
1+

where Cg is a boundary condition coefficient.

— Lcgrshall be calculated using the static soil stiffness in the
L.¢/L calculation.

— Due to historical effects and the local seabed geometry,
there is a large uncertainty associated with this simplified
expression, see 6.4.5.

6.7.8 The coefficients C; to Cq are given in Table 6-1 for dif-
ferent boundary conditions. For multi-spanning scenarios,
these coefficients should not be used and a dedicated FE-anal-
ysis is recommended.

Table 6-1 Boundary conditions coefficients
Pinned- Fixed- Single span on seabed
Pinned 2 | Fixed 3
C; |1.57 3.56 3.56
C, |1.0 4.0 4.0
C; 08D 02D 04D
Cy |4.93 14.1 Shoulder: 14.1(L/L.g)?
Mid-span: 8.6
Cs |1/8 /12 Shoulder:¥
1
18(L;/L)* -6
Mid-span: 1/24

Ce |5/384 1/384 1/384
1) Note that C5 = 0 is normally assumed for in-line if the steady

current is not accounted for.
2) For pinned-pinned boundary condition L is to be replaced by

L in the above expressions also for P,.
3) For fixed-fixed boundary conditions, L.g/L = 1 per definition.
4)  Cs shall be calculated using the static soil stiffness in the Log/L

calculation.

6.7.9 The L.g/L term used above accounts for the effective
span length in order to consider the span as fully fixed. This ra-
tio decreases as the L/Djy ratio and soil stiffness increase.

The Lg/L term is given by (for reference see Hobbs, 1986):

4.73
L, |—0.0668"+1.025+0.63 for f>27
T

4.73 for p<27

0.0364% +0.615+1.0

4
'BZ]OgI{(HCSF)EI]

where K is the relevant soil stiffness (vertical or horizontal,
static or dynamic).

6.7.10 The boundary coefficients in Table 6-1 based on the ef-
fective span length are found appropriate for fatigue assess-
ment (FLS) under the assumption of small displacements and
an isolated, single span on seabed.

For the check of maximum bending moments (ULS) due to di-
rect wave loading, the pinned-pinned boundary condition may
be applied in combination with the apparent span length (not
the effective span length).

Guidance note:

The bending moment due to static deformations may be calculat-
ed by use of the boundary coefficients in Table 6-1 or alternative
FE analysis applying long-term (static) soil stiffness.

---¢-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---
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Figure6-1
Effective span length as a function of 3

6.8 Approximate response quantitiesfor higher
order modes of isolated single spans

6.8.1 For single spans (not multi-spans) in multi-mode vibra-
tions, the approximate response quantities can be conserva-
tively estimated based on Table 6-2.

Table 6-2 Approximate conservative higher order mode
response quantities

Response 2nd mode 3dmode | 4t mode
Frequency D 2.71, 541, 8.11
Unit Stress amplitude 3.1 A 6.2 A 93 A

1) The fundamental frequency, f|, shall be calculated without the
sagging term. The critical force, P, shall consider the frequen-
cy mode, i.e. the buckling length shall reflect the mode number.

Note that the sagging term should be excluded from the f; es-
timate for these higher order modes.

6.8.2 This approach is intended to be conservative, since the
unit stress amplitudes given for 274, 3td and 4th mode corre-
spond to maximum values of the unit stress amplitudes, which
do not occur at the same location of the span.

6.8.3 The approximate conservative response quantities for
long spans in multimode are intended for screening purposes
only.

6.9 Added mass
6.9.1 The added mass may be considered as:
C.(e/D)=Cy (@=0; KCL 0; e/D)-1

The ¥ symbolise KC approaching 0. Note that the effects of
pipe roughness and trench are not accounted for.

According to Sec.5.4.9, C, becomes:

1.6
0.68+ ——————
C.= +(l+5~(e/D))

1 for

for e/D<0.8
e/D>0.8

where e/D is the span gap ratio. This expression applies for
both smooth and rough pipe surfaces.

6.9.2 The added mass coefficient given here is for calculation
of still water frequency. The added mass coefficient in 4.5 is
for modifying cross-flow response frequency and fatigue cal-
culation only.

7. Pipe-soil Interaction
7.1 General

7.1.1 The soil is to be classified as cohesive (clays) or cohe-
sionless (sands). As basis for the evaluations of the pipe-soil
interaction the following basic soil parameters are relevant:

— type of soil

— in-situ stress conditions

— shear strength parameters for drained or undrained condi-
tion including remoulded shear strength for clays

— soil moduli and damping coefficients as function of cyclic
shear strain

— soil settlement parameters

— general soil data as submerged unit weight, void ratio, wa-
ter content and plasticity limits.

7.1.2 If the approximate soil stiffness expressions in 7.4 are to
be used, then the following specific parameters are relevant:

— submerged unit weight of soil, ¢’

— Poisson’s ratio, v

— void ratio, e

— angle of friction, cohesionless soils, @

— undrained shear strength, cohesive soils, s,
— over-consolidation ratio, OCR

— plasticity index, cohesive soils, i,

The plasticity index i, is a standard geotechnical parameter
whose value is usually specified in the soil reports for the pipe-
line route. The plasticity index influences the dynamic spring
stiffness given in 7.4.

7.1.3 The parameters listed above should preferably be ob-
tained by means of geotechnical tests on undisturbed soil sam-
ples and be representative for the particular geographical
location of the pipeline. In lieu of detailed information, the val-
ues given in Table 7-1 and Table 7-2 may be used as a guide in
early phases of design.

Table 7-1 Typical geotechnical parametersfor sand

Soil type Qs Ysoil v €&
[N/

Loose 28 —30° 85-11.0 0.35 0.7-0.9

Medium 30 —36° 9.0-12.5 0.35 0.5-0.8

Dense 36 -41° | 10.0-13.5 0.35 04-0.6

Table 7-2 Typical geotechnical parametersfor clay

Soil type Su Vsoil’ v &
[kN/mé] [kN/m3]

Very soft <12.5 4-7 0.45 1.0-3.0
Soft 12.5-25 5-8 0.45 08-2.5
Firm 25-50 6-11 0.45 0.5-2.0
Stiff 50— 100 7-12 0.45 04-1.7
Very stiff 100-200 | 10-13 0.45 0.3-0.9
Hard > 200 10-13 0.45 0.3-0.9

7.1.4 Uncertainties in the soil data should be considered, e.g.
through sensitivity analysis. These uncertainties may arise
from variations in the soil conditions along the pipeline route
and difficulties in determining reliable in-situ soil characteris-
tics of the upper soil layer, which is the soil of most importance
for the pipeline. Soil data down to a depth equal to about 0.5-
1.0 times the pipe diameter is most important to consider in this
context. Since in general low strength of the soil is beneficial,
leading to larger penetration, reduction in span length and
higher lateral resistance, design should normally be based on
high estimates of soil strength. If final acceptance of the pipe-
line is based on as-installed surveys e.g. to take account for un-
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predictable installation effects, the available soil resistance
should be evaluated based on low estimates of soil strength.

7.2 Modelling of pipe-soil interaction

7.2.1 The pipe-soil interaction is important in the evaluation
of the static equilibrium configuration and the dynamic re-
sponse of a free spanning pipeline. The following functional
requirements apply for the modelling of soil resistance:

— The Seabed topography along the pipeline route must be
represented.

— The modelling of soil resistance must account for non-lin-
ear contact forces vertical to the pipeline, e.g. lift off.

— The modelling of soil resistance must account for sliding
in the axial direction. For force models this also applies in
the lateral direction.

— Appropriate (different) short- and long-term characteris-
tics for stiffness and damping shall be applied, i.e. static
and dynamic stiffness and damping.

7.2.2 The seabed topography may be defined by a vertical pro-
file along the pipeline route. The spacing of the data points
characterising the profile should be related to the actual rough-
ness of the seabed.

7.2.3 The axial and lateral frictional coefficients between the
pipe and the seabed shall reflect the actual seabed condition,
the roughness, the pipe, and the passive soil resistance.

7.2.4 The axial and lateral resistance is not always of a pure
frictional type. Rapid changes in vertical stresses are (in low-
permeable soil) reacted by pore water and not by a change in
effective contact stresses between the soil and the pipe. In ad-
dition, the lateral resistance will have a contribution due to the
penetration of the pipe into the soil, which needs be accounted
for.

7.2.5 For sands with low content of fines, the frictional com-
ponent of the axial and lateral resistance is proportional to the
vertical force at any time. For clays, the resistance is propor-
tional to the undrained shear strength.

7.2.6 The soil stiffness for vertical loading should be evaluat-
ed differently for static and dynamic analyses. The static soil
response will be governed mainly by the maximum reaction,
including some cyclic effects. Dynamic stiffness will be char-
acterised mainly by the unloading/re-loading situation.

7.3 Soil damping

7.3.1 If no detailed assessment according to Appendix D is
carried out, the modal soil damping ratio, C;, may be taken
from Table 7-3 or Table 7-4. Interpolation is allowed.

Table 7-3 Modal soil dampingratios (in %) for sand
Horizontal (in-line) Vertical (cross-flow)
Sand type direction direction
L/D L/D
<40 100 | >160 | <40 100 | > 160
Loose 3.0 2.0 1.0 2.0 1.4 0.8
Medium 1.5 1.5 1.5 1.2 1.0 0.8
Dense 1.5 1.5 1.5 1.2 1.0 0.8

Note that the sand type is identified by the value of the friction
angle @, (Table 7-1), and the clay type is identified by the value
of the undrained shear strength s, (Table 7-2).

For pipes supported by rock, values for the modal soil damping
ratios may be taken as for dense sand.

Table 7-4 Modal soil damping ratios(in %) for clay

Horizontal (in-line) di- | Vertical (cross-flow)
Clay type rection direction
L/D L/D
<40 | 100 | > 160 | <40 | 100 |> 160
Very soft - Soft 4.0 2.0 1.0 3.0 2.0 1.0
Firm — Stiff 2.0 1.4 0.8 1.2 1.0 0.8
Very stiff - Hard 1.4 1.0 0.6 0.7 0.6 0.5

In addition to the modal soil damping ratios given in Tables 7-
3 and 7-4, there will be structural damping, which in general is
about 0.5%, but which may be as large as 1-2% when the pipe
is designed with concrete coating.

7.4 Penetration and soil stiffness
7.4.1 The following expressions may be used for the static

vertical soil reaction per unit length as a function of the vertical
penetration, v:

Sand:
Ry = Ysoil B(Nquff+ O'SNYB)

where the effective penetration, v is the larger of (v —D/4)
and 0, thereby accounting for the embedment effect of the pipe
in a simplified manner.

Clay with constant undrained shear strength, s, with depth:

Rv = NCSJB"' Ap'“/soily
Clay with linear undrained shear strength, s, with depth:

R, = BF(Ne5,0*0.25KB)+ A, vyoi

Symbols used:
B Contact width for pipe-soil load transfer:
_J2{(D-v)v  forv<0.5D
D for v>0.5D
D Outer pipe diameter (including any coating)
Yeoil, ~ Submerged unit weight of soil.
Su Undrained shear strength
Su0 Undrained shear strength at seabed
F Correction factor to account for increasing shear

strength with depth. Also depending on pipe surface
roughness, cf. Figure 7-2. Rough pipe surface refers
to full mobilisation of soil shear strength, whereas
smooth pipe surface corresponds to zero surface
shear. For pipe surface roughness between rough and
smooth, the value of F may be interpolated between
the values in Figure 7-2 for rough and smooth surfac-

es.
k Depth gradient of undrained shear strength
A Cross-sectional area of penetrated part of pipe

p

The expressions for Ry, are based on bearing capacity formulas
for ideal 2-D strip foundations. Note that if these formulas are
used to predict the expected penetration v for a given contact
force Ry, they may lead to underestimation of the true penetra-
tion due to effects of the pipe laying process and erosion as
well as possible 3-D effects on the shoulders near the free span.
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The contact force per unit length experienced during pipe lay-
ing may significantly exceed the static contact force due to the
weight of the pipe (typically by a factor of 1.3 - 2.0). Also a si-
multaneously occurring horizontal force will increase the pen-
etration. This may be accounted for by using bearing capacity
formulae adjusted for inclined loading, as given in DNV Clas-
sification Notes No. 30.4. Repeated horizontal oscillation will
tend to further increase the penetration. If the horizontal load-
ing is motion-controlled rather than force-controlled, such ef-
fects could be evaluated from empirical results. The bearing
capacity factors N, N, and N, versus the internal friction an-
gle o, may be calculated from the following formulas:

— 2 ?.
N, =exp(z tan ¢;) tan” (45 +75)
N, =5.14
N, =1.5(N, —1)tan ¢

For clayey soils the friction angle is set equal to 0°.

100
/ &
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Figure7-1

Bearing capacity factors Nc, Ng and Ny versus the internal fric-
tion angle @g
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Figure7-2
Correction factor F for rough and smooth pipe-soil interface

7.4.2 The available capacity for transfer of axial loads be-
tween pipe and soil should be considered.

Axial frictional stresses may exist between pipe and soil, e.g.
formed by residual stresses from the pipelay. When such axial
stresses are present, they may prevail over long distances far
back from the point of separation between pipe and soil on the
shoulder of the free span.

The axial friction will be limited by the available surface fric-
tion. The available surface friction, in turn, will be limited by
the undrained shear strength for clays and by the frictional co-

efficient for sands. In areas with lateral movements of the pipe,
typically on the shoulders near the free span, the available sur-
face friction has to be shared between axial and lateral stresses.
This further limitation on the available axial friction during lat-
eral movements may lead to redistribution of axial stresses
away from the free span.

7.4.3 The static vertical stiffness Ky g is a secant stiffness rep-
resentative for penetration conditions such as during installa-
tion and erosion and during development of free spans.

The static vertical stiffness Ky g is defined as Ky, g = Ry/v,
where Ry, is the static vertical soil reaction per unit length of
pipe and v is the vertical penetration of the pipe required to mo-
bilise this reaction. Unless effects of pipelay and erosion and
3-D shoulder effects are significant, the 2-D approach outlined
in 7.4.1 can be used to predict v. Otherwise, or when no de-
tailed information is available, the static stiffness value may be
taken according to Table 7-5 for sand and Table 7-6 for clay.

7.4.4 The vertical dynamic stiffness Ky, is defined as Ky, =
AFy,//ASy, where AFy is the dynamic vertical force between
pipe and soil per unit length of pipe, and Ady, is the associated
vertical displacement of the pipe, measured relative to the stat-
ic position of the pipe.

7.4.5 The lateral (horizontal) dynamic stiffness K; is defined
as K; = AF[/Ad;, where AF| is the dynamic horizontal force
between pipe and soil per unit length of pipe, and Ay is the as-
sociated horizontal displacement of the pipe.

7.4.6 For determination of Ky, the following expression may
be applied:
_0.88-G

1-v

K

v

which is based on elastic half space theory for a rectangular
foundation under assumption of a pipe length that equals 10
times the contact width between pipe and soil. Poisson’s ratio
v is given in Table 7-1 and Table 7-2.

7.4.7 For determination of K|, the following expression may
be applied:

K, =0.76-G-(1+v)

which is based on elastic half space theory for a rectangular
foundation under assumption of a pipe length that equals 10
times the contact width between pipe and soil. Poisson’s ratio
v is given in Table 7-1 and Table 7-2.

The shear modulus G may be calculated according to the ap-
proach specified in D.2.1.

7.4.8 The mean effective stress, o, in the soil at the span sup-
ports may be calculated from the stress conditions at a repre-
sentative depth below the pipe. The representative depth may
be assumed equal to the contact width B, which is given in
7.4.1. The following formula may then be applied:

L
2L

1
Uszg(l_"Ko)B}/mn""?’%(l"' )

sh

where

Ko Coefficient of earth pressure at rest. Usually K,=0.5,
however, values of K, in excess of 1.0 may exist for
clays with large over-consolidation ratios

Submerged unit weight soil (kN/m?)

q Submerged weight of pipe per unit length of pipe (kN/
m)

Span support length on one shoulder (for transfer of
one-half the weight of the free span)

L Span length
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Note that for pipes on clay, the clay might not be consolidated
for the weight of the pipe in the temporary phase immediately
after pipelay. For calculations for a pipe on clay in this phase,
the formula for o, reduces to

1 '
O-S :E(l_‘— KO)B}/S‘JH

The span support length L, which is the contact length be-
tween pipe and soil on one shoulder, depends on the span
length, the soil stiffness on the shoulders, the soil type, the
shoulder geometry, and the submerged weight and stiffness of
the pipe.

7.4.9 If there are indications that the values for Ky, and K{
should be different from those produced by the procedure in
7.4.6 - 7.4.8, then the ratio between the assumed pipe length on
the shoulder and the contact width may be adjusted from the
adopted value of 10. Calculation of the mean effective stress o
from the stress conditions at a different representative depth
below the pipe than B may also be considered. Note that, in this
context, it is acceptable to distinguish between representative
depths for calculation of Ky, and for calculation of K .

7.4.10 When the topographical conditions are not complex,
when the soils are non-stratified and homogeneous, and when
no detailed analysis is carried out for determination of Ky, and
K; according to the approach specified in 7.4.6 - 7.4.8, the val-
ues of these stiffness in units of kKN/m/m may be calculated in
simplified manner as:

K, =

CV (Eps_'_l)ﬁ
I-v 3 p 3

K, =c (d+nE2+ Lo
3 p 3

in which the pipe diameter D is in units of metres and the co-
efficients Cy, and Cy are taken according to Table 7-5 and Ta-
ble 7-6. The soil type, which is used as entry to these tables, is
identified by the value of the friction angle ¢ for sand (Table
7-1) and by the value of the undrained shear strength s, for clay
(Table 7-2). It must be assessed whether the soil conditions are
drained or undrained. For undrained conditions, Poisson’s ra-
tio is v = 0.5, whereas for drained conditions Poisson’s ratio is
v <0.5. The expressions are valid for 1.2 < p/p <2.0.

Table 7-5 Dynamic stiffnessfactor and static stiffnessfor pipe-
soil interaction in sand

Sandtype (kN(/:r¥ﬁ/2) (ch/:rIﬁS/Z) (erlf/\r%?m)
Loose 10500 9000 250
Medium 14500 12500 530
Dense 21000 18000 1350

Table 7-6 Dynamic stiffnessfactor and static stiffnessfor pipe-
soil interaction in clay with OCR =1

caytype (kN(/:r¥r5/Z) (kN(/:th5/2) (kl\lf/\éﬁ?m)
Very soft 600 500 50-100
Soft 1400 1200 160-260
Firm 3000 2600 500-800
Stift 4500 3900 1000-1600
Very stff 11000 9500 2000-3000
Hard 12000 10500 2600-4200

7.4.11 For free spans supported by sand, the lateral dynamic
stiffness K| should be calculated under an assumption of loose
sand properties in order to properly account for effects of com-
plex soil mobility, including erosion and self burial.

7.4.12 For extreme conditions, which can be assumed to cause
large deformations on the shoulders, a smaller spring stiffness
than that associated with small-strain conditions applies.

The situation that lateral drag loads from waves are large
enough that the pipe not only oscillates but literally slides on
the shoulders, involving large lateral displacements, calls for a
model which can represent the involved nonlinear force-dis-
placement relationship between pipe and soil properly. In this
clause, a bilinear model for the force-displacement curve for
this situation is given. This model covers the transition from
small-strain conditions towards extreme displacement condi-
tions. The model has been calibrated to data from a few pipe-
lines only, so caution should be exercised whenever the model
is a candidate for application. Note that other relevant methods
may also be applied. See Appendix D for a general description
of soil-pipeline interaction.

A bilinear model, which may be applied at span supports on
sand and clay, reads:

k,-y forF <p Fy
F = LY
MLFV + k2 ' (y_ Kk ) for MLFV < FL < FL,max
1
y Lateral displacement of pipe on shoulder
Fr Lateral force per unit length of pipe at displacement y
FI max Maximum lateral resistance per unit length of pipe
Fy Vertical contact force per unit length of pipe on shoul-
der
W, Lateral friction coefficient
k, Equivalent secant stiffness up to mobilisation of full
friction
ko Equivalent stiffness for deformations past mobilisa-

tion of full friction

Unless data indicate otherwise, p, = 0.6 may be applied for
span supports on sand and p; = 0.2 for span supports on clay.

For supports on sand, the initial stiffness k; may be taken as
equal to the lateral dynamic stiffness Ky for loose sand. For
supports on clay, the initial stiffness k; may be taken as equal
to the lateral dynamic stiffness K;_for the clay type in question.

The equivalent stiffness k, depends on the vertical penetration,
v, of the pipe on the shoulder. For span supports on sand, val-
ues for k, are given in Table 7-7.

Table 7-7 Equivalent stiffness, ko, for span supportson sand
viD ko (KN/m/m)
0.00 0
0.25 19
0.35 28
0.50 44
1.00 105

For span supports on clay, the equivalent stiffness k, can be
calculated as

-0.4 13
S v
k, =8.26-s, - = | =
2 ! (DYsoilj (Dj

where

Ysoil Submerged unit weight of soil

Ywater  Unit weight of water (= 10 kN/m?3)

Ysoil Total unit weight of soil (= Y401+ Ywater)
v Vertical pipe penetration at span shoulder
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This stiffness corresponds to an assumed mobilisation of
FL max at an additional lateral displacement of D/2 beyond the
mobilisation of the friction part of the resistance.

For span supports on sand, the maximum lateral resistance per
unit length of pipe is

1.25
FL,max = “LF\/ +5.0- ’Ysoﬂ'-D2 . (%j

For span supports on clay, the maximum lateral resistance per
unit length of pipe is

0.4 13
S v
FL,max :uLF\/ +413Dsu( u j (_j
Dvoii D

For clay, the stiffness and resistance values of the bilinear
model are partly documented by Verley and Lund (1995). Cau-
tion should be exercised not to use the bilinear model outside
the limits specified in Verley and Lund (1995).

7.4.13 The axial dynamic soil stiffness is usually not impor-
tant. However, when long free spans are considered, it is im-
portant to include an axial soil-support model with friction and
stiffness. If no information is available about the axial dynamic
soil stiffness, it may be taken as equal to the lateral dynamic
soil stiffness Ky as described above.

7.5 Artificial supports

7.5.1 Gravel sleepers can be modelled by modifying the sea-
bed profile, considering the rock dump support shape and ap-
plying appropriate stiffness and damping characteristics.

7.5.2 The purpose of mechanical supports is generally to im-
pose locally a pipeline configuration in the vertical and/or
transverse directions. Such supports can be modelled by con-
centrated springs having a defined stiffness, taking into ac-
count the soil deformation beneath the support and
disregarding the damping effect.
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APPENDIX A
MULTI-MODE RESPONSE

A.1 Applicability

A.1.11n case several potential vibration modes can become ac-
tive at a given flow velocity, the multi-mode response ap-
proach given in this section should be adopted.

A.1.2 Multi-spans should always be assessed with the multi-
mode response approach.

A.1.3 This approach can be applied for both single spans and
multispans. It can also be applied to compute the fatigue dam-
age, when two or more modes are competing with each other,
i.e. when the eigen frequencies are close.

A.1.4 The fundamental fatigue design approach and the princi-
ple of application of response models are similar to the princi-
ples given in Sec.4. The extension of the design methodology
to the multi-mode response is covered in this section.

A.2 Computational approach

A.2.1 The in-line and cross-flow eigen frequencies and associ-
ated mode shapes need to be calculated by a FE analysis, by
taking into account the span sag and appropriate boundary con-
ditions at the span shoulder. It is assumed that all parameters
that are typically required for a conventional free span analy-
sis, such as geometric and material properties, the operational
pressure and temperature, seabed characteristics are available.
Proper sequence of loading / pressurising must be accounted
for.

A.2.2 At a given flow velocity, the procedure given in A.3 to
A.6 is applied. See also Figure A-1.

For each flow velocity:
e Identify dominant and weak CF modes

e  Calculate response frequency for dominant mode

For each span or multi-span section

For each flow velocity

For all relevant CF modes

e  Identify potential dominant CF mode (largest Az/D)

e  Identify potential weak CF modes (>10% of largest
amplitude)

e  (Calculate response frequency for dominant mode

For all locations along pipeline and all CF modes

e  Calculate stress amplitude for all contributing
modes

e  Calculate combined CF stress and cycle frequency

e  (Calculate accumulation of CF fatigue

For all locations along pipeline and all inline modes

e Identify participating IL modes (>10% of largest
stress amplitude from any mode)

Reduce weak IL modes if modes are competing
Determine pure IL stress amplitude

Determine any CF induced IL stress amplitude
Calculate combined IL stress and cycle frequency
Calculate accumulation of IL fatigue

e  (Calculate fatigue lives

Figure A-1
Calculation flow chart for multi-mode response

For each location:

Calculate combined CF stress range and fatigue
Identify participating IL modes

Reduce weak IL modes if modes are competing
Determine CF induced IL

Calculate combined IL stress range and fatigue

Figure A-2
M ulti-span section with multi-mode response

A.2.3 The computational procedure is exemplified by consid-
ering 3 ‘contributing’ cross-flow modes and for 4 ‘contribut-
ing’ in-line modes. In most practical cases, this is considered
sufficient to capture the underlying physics and provide accu-
rate engineering estimates of the fatigue damage.

However, it is straight forward to extend this approach to more
modes.

Guidance note:

The lower order modes (e.g. mode no. 1, 2, 3) are typical relevant
for the operational phase, while higher order modes (e.g. mode
no. 5, 6, 7) may be relevant for temporary conditions where the
lower order modes may have passed the V range that causes vi-
brations to be excited (in-line VIV).

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---
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A.3 Cross-flow response

A.3.1 Only pure cross-flow response is considered, i.e. poten-
tial IL induced cross-flow response at Vi ~ 2 to 3 is neglected.

A.3.2 The ‘contributing’ cross-flow modes are defined later in
A.3.3. In possible multi-span scenarios, the full length of the
pipe section must be analysed to identify possible interaction
between spans. The following approach should be applied to
each section length of a multi-spanning pipeline or for the en-
tire span length, in case of long single spans.

A.3.3For each section length and flow velocity considered,
the cross-flow mode with the largest A;/D value predicted
from the response model at the given reduced velocity is de-
fined as the dominant cross-flow mode. The contributing
modes are defined as the modes for which the maximum A,/D
in the span is at least 10% of the maximum A /D of the domi-
nant cross-flow mode. The other cross-flow modes, which are
contributing but do not dominate, are referred to as the “weak”
cross-flow modes.

A.3.4 The maximum stress range induced by the dominant
cross-flow mode i, is assessed using the response model:

Scr(X)=2-Ax(X)-(A, /D)-Ri-7,

Here A; cp(x) is the unit diameter stress amplitude of the cross-
flow mode i and the A,/D is the non-dimensional response am-
plitude computed based on the response model, see 4.4.3 for
more details. The position at which the stress is calculated,
along the length of the free span is given in terms of the span
co-ordinate, X.

A.3.5 The stress range induced by the weak cross-flow modes
is assessed by the following expression:

S,CF(X):Z'O-S'A,CF(X)'(Az, ID) R 7,

A.3.6 The combined cross-flow induced stress is given as the
‘square root of the sum of squares’ (SRSS) value:

S(:omb,CF (X) = i(s CF (X))2

i=1

where ‘n’ is the number of cross-flow modes present at a given
velocity.

A.3.7 The cycle counting frequency, fey. cp(x), for this com-
bined cross-flow induced stress, is taken as the weighted SRSS
frequency:

f c. (X) = i
e =l Seomb.cr (X)

where fice is taken as cross-flow response frequency for the
dominant mode and as the still water eigen frequency for the
weak cross-flow modes.

i[f_ S () j

fice = ficrres  for the dominant cross-flow mode
foo_f for the weak cross-flow modes
PCFi T TiCF (still water frequency)

A.4 In-lineresponse

A.4.1 A larger number of active modes is typical for the in-line
response computation compared to cross-flow. The effect of
cross-flow induced IL motion, also needs to be considered
when relevant.

A.4.2 The procedure is explained for four ‘contributing’ in-
line modes, which may be potentially activated.

A.4.3 These four contributing modes are not necessarily the
first four modes, but rather the first four contributing (partici-
pating) modes as described later in this section.

A5 Purein-lineVIV

A.5.1 When two modes are very close in frequency, they are
both strong candidate for responding at the same current veloc-
ities, i.e. lock-in ranges overlap. The result being that one
mode only obtains full response, i.e. a response following the
response models given in Sec.4. The other modes have a re-
duced response.

A

‘r/_\. Mode 1
e

./A.\//-\. Mode 3

z Xj

L}

" Mode2

X

Figure A-3
Determination of activein-line modes

A.5.2 An example case with in-line modes for a multi-span-
ning pipeline is shown in Figure A-3. The first step is to deter-
mine the active modes at each location along the length of the
free span (i.e. at each x coordinate, denoted as x; in Figure
A-3).

A53Ata glven location x;, the relative importance of the “r
sponse stress” is assessed for all modes. The nh mode is 1g—
nored if the response stress of nth mode at x; < 10% of the
largest response stress of all other potential modes at x;. By
eliminating these inconsequential modes, the final list of ac-
tively participating modes is determined.

Guidance note:

For the example case shown in Figure A-3, mode 1 and mode 3
are short listed as the actively participating modes and mode 2 is
ignored at Xx;.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

A.5.4 The actively participating modes are renumbered, ex-
cluding the inconsequential modes.
Guidance note:

For the example case shown in Figure A-3, the renumbering is
done as follows.

Old number Renumbered
(as consecutive modes)
Mode 1 Mode 1
Mode 2 (ignored for the given -
location and for a given current
velocity, U;)
Mode 3 Mode 2
Mode 4 Mode 3

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---
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A.5.5 Two adjacent modes can either compete with each other,
when their frequencies are close or they can act as independent
modes, when their frequencies are widely separated.

A.5.6 For computational purposes, the renumbered mode sys-
tem should be used, when two adjacent mode numbers need to
be checked.

A.5.7 Two adjacent modes are competing, if the ratio of their
frequencies is lower than 2, i.e.

h<2
f

n
where f, is the eigen frequency of the n" mode number.

A.5.8 When the modes compete, only one of the modes is as-
sumed to respond (i.e. is permitted to respond) with the full A/
D as given in Sec.4. This mode is referred to as the dominant
in-line mode. The remaining actively participating modes will
be subject to a reduction in the permissible amplitude and the
response of these weak (non-dominant) in-line modes may be
reduced by a factor of 0.5.

A.5.9 Every adjacent mode combination needs to be checked,
to find out which ones will compete and which modes will win
the competition. This implies the following combinations
needs to be checked:

— Mode 1 —Mode 2
— Mode 2 —Mode 3
— Mode 3 — Mode 4

A.5.10 Evaluate the stress at the given location x;, for all the
actively participating modes. The competing mode reduction
factor, o, is multiplied to the stresses associated with each of
the mode shapes, based on the following rules:

Non-competing mode combinations

— For non-competing mode combinations, the a., is always
1, i.e. there is no stress reduction.

Competing mode combinations

— The mode associated with the largest stress (i.e. dominant
mode) within each competing mode combination gets an
a;of 1.

— The weak mode within each competing mode combination

gets an a; of 0.5.

— The competing modes reduction factor, o, should be mul-
tiplied to the stresses, for each mode combination checked.
This implies that for some mode numbers, it can be ap-
plied more than once on the same mode number.

Guidance note:
Consider an example case, where

— Mode 1 and Mode 2 are competing and assume Mode 1 is
the dominant mode in this competition. This implies Mode
1 getan o; of 1 and Mode 2 gets an o; of 0.5.

— Mode 2 and Mode 3 are competing and assume Mode 2 is
the dominant mode in this competition. This implies Mode
2 get an o; of 1 and Mode 3 gets an o; of 0.5.

— Mode 3 and Mode 4 are competing and assume Mode 4 is
the dominant mode in this competition. This implies Mode
4 getan a; of 1 and Mode 3 gets an a; of 0.5.

This will effectively imply that:

— Mode I getan o of 1
— Mode 2 gets an a; of 0.5
— Mode 3 gets an ; 0£ 0.25 (= 0.5 - 0.5)

— Mode 4 gets an a; of 1.0

Since Mode 3 is competing with Mode 2 as well as Mode 4, this
further reduction (0.25) is justified.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

A.5.11 The pure in-line VIV stress range S; i (x) is written as:

Sj,IL(X) = 2'051' 'Aj,IL(X)'(AY /D)"//a,ll_ e

where the effect of the reduction factor for competing modes,
aj, has been included. For more details, see Sec.4.3.3.
Guidance note:
Applying no reduction factor for competing modes (a; = 1.0) is
conservative.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

A.6 Cross-flow induced in-lineVIV

A.6.11t is assumed that only the dominant cross-flow mode
can potentially contribute to the cross-flow induced in-line
motion.

A.6.2 The in-line mode with its eigen frequency closest to
twice the dominant cross-flow response frequency is chosen as
the candidate for the cross-flow induced in-line:

minq fj’”_ -2 fi,cprES|)

where j = 1,2,....,2n and i denotes the dominating cross-flow

mode.

A.6.3 The in-line stress range corresponding to a figure 8 or
half-moon motion, S, ¢ poy j(X), i.e., the dominant cross-
flow mode induces the jth in- -line mode and the corresponding
in-line stress can be written as:

Siicr () =2:04-A;, (X):(Az_, /D)-Re -y

A.6.4 The stress for the in-line mode that is potentially oscil-
lated by cross-flow induced in-line motion, is taken as:

Sj,ll_(x) = maX(Sj,IL(X)$Sj,IL—CF (X))

A.6.5 The combined in-line stress is given as the ‘square root
of the sum of squares’ (SRSS) value:

2n

Sconb,IL(X) = Z(SJ,IL(X))Z

i=t

A.6.6 The cycle counting frequency for the in-line modes is
based on the following principles:

— for pure in-line modes, the cycle counting frequency is the
still water eigen frequency of the in-line mode

— for the cross-flow induced in-line mode, the cycle count-
ing frequency is taken as twice the cross-flow response
frequency of the dominant cross-flow mode, i.e.

’ fi,CF—RES .

A.6.7 The combined stress and associated cycle counting fre-
quency, using SRSS approach, is given by

S ]
oorrbIL(X)

fcyc,IL(X): Z( ]||_

i=1
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APPENDIX B
VIV MITIGATION

B.1 VIV mitigation methods

B.1.1 The most commonly used vortex suppression devices
are helical strakes. Their function is to trigger separation in or-
der to decrease the vortex shedding correlation along the riser.
They increase the cost of the pipeline, and they will complicate
handling during installation. The in-line drag coefficient is in-
creased by introducing strakes.

B.1.2 The important parameters for the strake design are the
height and pitch of the helical strakes for a given pipeline di-
ameter. The overall performance characteristics of a given
strake design will vary with the current velocities.

B.1.3 The effectiveness of VIV suppression devices, such as
VIV strakes needs to be qualified. It is recommended that an
independent verification of the effectiveness of VIV suppres-
sion devices is performed by a competent verification body.

B.1.4 Qualification process will typically include the follow-
ing, for a given strake design:

— model test results with and without strakes

— effect of hydrodynamic scaling

— range of current velocities and associated efficiency
— durability and impact assessments

— effect of marine growth

— effect of surface finish.

B.1.5 More detailed information is given in DNV-RP-F204
with respect to qualification of VIV strakes.

B.2 Span rectification methods

B.2.1 Reference is made to Sec.9 of DNV-OS-F101 for span
rectification procedures and methods.

B.2.2 Survey, follow-up and documentation requirements
should follow the principles given in Sec.9 of DNV-OS-F101.
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APPENDIX C
VIV IN OTHER OFFSHORE APPLICATIONS

C.1 Main application scope

C.1.1 The primary focus and the main application scope of this
RP is free spanning subsea pipelines as described in Sec.1.3.

C.1.2 The fundamental principles given in this RP may also be
applied and extended to other offshore elements such as cylin-
drical structural elements of the jackets, risers from fixed plat-
forms etc., at the designer’s discretion. The limitations that
apply are discussed in this section.

C.2 Riser VIV

C.2.1 Important differences with respect to the riser VIV, as
compared to free spanning VIV are listed below:

— The circular particle flow due to waves.

— Risers will not experience the uniform currents over the
span, as assumed in free span assessments.

— Typically for long risers, the higher order modes are excit-
ed.

— For long span lengths and/or when the flow is sheared,
several modes may be excited simultaneously. For such
risers the tension will vary, and the response is dominated
by loading (power input) in some parts of the riser while
other parts are contributing to the damping of the system
(power output). In such cases DNV-RP-F105 is not appli-
cable.

C.2.2 For short riser span lengths, typical for steel risers sup-
ported by a jacket structure and when the current is uniform,
the response models given in Sec.4 of this RP (DNV-RP-F105)
can be applied. For short risers the lowest eigen modes are typ-
ically excited. In such cases DNV-RP-F105 will predict both
in-line and cross-flow VIV provided that the natural frequen-
cies are calculated based on relevant boundary conditions.

C.2.31f no onset of VIV is allowed, the screening criterion
may be applied.

C.2.4 Other subsea cylindrical structural components (e.g.
braces, trusses, etc.) can also be evaluated, using this RP at the
designers discretion and judgement. The following conditions
should however, be carefully evaluated:

— uniform current assumption

— frequencies and mode shapes should be based on detailed
FE analysis

— L/D ratio should be within the RP’s design range

— location of the structural element (relevance of Wave-in-
duced VIV, which is not covered by this RP).

C.2.5For a detailed account of riser VIV and applicable meth-
odologies, reference is made to the DNV-RP-F204 “Riser Fa-
tigue”.
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APPENDIX D
DETAILED ASSESSMENT OF PIPE-SOIL INTERACTION

D.1 General

D.1.1 The pipe-soil interaction is complex and depends strongly
on several parameters like the loading history, load rate and am-
plitude. In the following a detailed approach to establish impor-
tant soil characteristics like stiffness and damping is given.

D.1.2 Wherever linear soil stiffness has to be defined for the
eigen value analysis, the soil stiffness should be selected con-
sidering the actual soil resistance and the amplitude of the os-
cillations.

D.2 Soil stiffness

D.2.1 The soil stiffness may be evaluated from the shear mod-
ulus G of the soil. The shear modulus G, defined as a secant
modulus, is a decreasing function of the shear strain amplitude
Y. in the soil. The shear modulus G, at small strains may be
calculated from the following expression

ks
G,.= 625~ﬂ2 0,0,

0.3+0.7¢,
where
o, Atmospheric pressure (100 kPa)
o, Mean effective stress in soil
OCR  Over consolidation ratio for clayey soils, to be set

equal to 1.0 for sands

e Void ratio
kg Coefficient, taken from Figure D -1

The expression for G, is originally formulated by Hardin
(1978) and is based on experimental results for a broad range
of soil types.
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Figure D-1
ks versus plasticity index, I, (%)

For clays, the small-strain shear modulus G,,,,, may alterna-
tively be calculated from the undrained shear strength s, in the
following manner, as an approximation to laboratory test data
(e.g. Andersen 2004):

300

S |

u P

max

where I, denotes the plasticity index (in absolute numbers).

The relation between the secant shear modulus G and the cy-
clic shear strain amplitude vy, is typically expressed as a curve
of G/G . versus ... Unless data indicate otherwise, the curves
given in Figure D-2 for various plasticity indexes I, may be
used to calculate G/Gyy,x. The curve for I, = 0 applies to satu-
rated cohesionless soils such as sand, whereas the curves for L,
> ( applies to clays. The curves should be used with caution,
since they represent the mean of data which exhibit a large
scatter.
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Figure D-2

Relations between G/G,,5 and cyclic shear strain amplitude y.
for various plasticity indexes|

D.3 Soil damping

D.3.1 The soil damping is generally dependent on the dynamic
loads acting on the soil. Two different types of soil damping
mechanisms can be distinguished:

— material damping associated with hysteresis taking place
close to the yield zone in contact with the pipe

— radiation damping associated with propagation of elastic
waves through the yield zone.

D.3.2 The radiation damping may be evaluated from available
solutions for elastic soils using relevant soil modulus reflecting
the soil stress (or strain) levels. The radiation damping depends
highly on the frequency of the oscillations, and is more impor-
tant for high frequency oscillations. Soil damping for free
spanning pipelines is normally governed by soil material
damping.
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D.3.3 The case specific modal soil damping ratio, C;, due to
the soil-pipe interaction may be determined by:

Jc(s)qﬁz (s)ds

é/soil = 4r .I:0 J'rn(s)¢2(s)ds
L

where the soil damping per unit length, c(s), may be defined on
the basis of an energy balance between the maximum elastic
energy stored by the soil during an oscillation cycle and the en-
ergy dissipated by a viscous damper in the same cycle.

The equation may be solved from an FEM analysis of the pipe
modelled with discrete soil supports. The viscous damping co-
efficient c; of support no. i can be calculated from:

C =2-¢ ﬁ
10}
where
k; The linearised spring stiffness at support no. i
¢ The damping ratio representing support no. i
® The angular frequency of the mode considered

Knowing the non-linear hysteretic reaction of a support length
the damping ratio representing the support can be calculated as

¢ :L‘ E bissipated

Ar EEIastic

where

Epissipated  The energy dissipation at support no. i, as illus-
trated on Figure D-3.

The equivalent elastic energy at support no. i, as
illustrated on Figure D-3.

EElastic

Figure D-3
Energy dissipation at soil support

Because of the soil non-linearity the equivalent spring stiffness
as well as the damping ratio are dependent on the displace-
ments at the support. For a case specific determination of the
modal soil damping ratio this shall be taken into account. An
iterative solution will be required to assure compatibility be-
tween:

— the dependency of the mode-shape on the equivalent sup-
port springs

— the dependency of the oscillation amplitude on the modal
damping

— the dependency of the equivalent springs and the damping
ratio of the discrete soil supports on the cyclic support dis-
placements

— the dependency of the modal damping ratio on mode-
shape and on support springs and damping ratio.

As basis for the iterations non-linear relationships for spring
stiffness, k;, and damping ratio, ;, as function of pipe penetra-
tion and cyclic displacements for the relevant soil and pipe di-
ameter are required. Such relationships are qualitatively shown
in Figure D-4, and may be determined either experimentally or
analytically. The stiffness relationship connects the part of the
response governed by small strain stiffness with the part gov-
erned by strength. For an analytical approach the soil shear
modulus and material damping as function of cyclic strain and
the plasticity index, I, as shown in Figure D-2 may be used.
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Figure D-4

Nonlinear characteristics of soil support stiffnessand damping

DET NORSKE VERITAS



Recommended Practice DNV-RP-F105, February 2006
Page 46

DET NORSKE VERITAS



	1. General
	1.1 Introduction
	1.2 Objective
	1.3 Scope and application
	1.4 Extending the application scope of this RP
	1.5 Safety philosophy
	1.6 Free span morphological classification
	1.7 Free span response classification
	1.8 Free span response behaviour
	1.9 Flow regimes
	1.10 VIV assessment methodologies
	1.11 Relationship to other Rules
	1.12 Definitions
	1.13 Abbreviations
	1.14 Symbols

	2. Design Criteria
	2.1 General
	2.2 Non-stationarity of spans
	2.3 Screening fatigue criteria
	2.4 Fatigue criterion
	2.5 ULS criterion
	2.6 Safety factors

	3. Environmental Conditions
	3.1 General
	3.2 Current conditions
	3.3 Short-term wave conditions
	3.4 Reduction functions
	3.5 Long-term environmental modelling
	3.6 Return period values

	4. Response Models
	4.1 General
	4.2 Marginal fatigue life capacity
	4.3 In-line response model
	4.4 Cross-flow response model
	4.5 Added mass coefficient model

	5. Force Model
	5.1 General
	5.2 FD solution for in-line direction
	5.3 Simplified fatigue assessment
	5.4 Force coefficients

	6. Structural Analysis
	6.1 General
	6.2 Structural modelling
	6.3 Functional loads
	6.4 Static analysis
	6.5 Eigen value analyses
	6.6 FEM based response quantities
	6.7 Approximate response quantities
	6.8 Approximate response quantities for higher order modes of isolated single spans
	6.9 Added mass

	7. Pipe-soil Interaction
	7.1 General
	7.2 Modelling of pipe-soil interaction
	7.3 Soil damping
	7.4 Penetration and soil stiffness
	7.5 Artificial supports

	8. References
	APPENDIX A
	Multi-mode response

	APPENDIX B
	VIV mitigation

	APPENDIX C
	VIV in other Offshore Applications

	APPENDIX D
	Detailed Assessment of Pipe-soil Interaction



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket true
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts false
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [612.000 792.000]
>> setpagedevice


