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Chapter 1

Introduction

1.1 Background

Hydrocarbons are the most important energy resource in the world today,
especially oil and more recently gas. Energy is one of the driving forces for
development of societies and economies, and is besides food and clean water
the most important resource for human kind; nevertheless, this resource
becomes scarcer every year.

Export of gas from the Norwegian Continental Shelf (NCS) to Europe is
facilitated thorough a comprehensive network of 10.000 kilometres of export
pipelines, operated by Gassco and maintained by various service providers
— Statoil being the largest.

Excellent pipeline integrity management is crucial to avoid devastating
environmental disasters, lethal accidents, and massive economical losses.
Free spanning pipelines are one threat to pipeline integrity. Damages caused
by free spanning pipelines are buckling, over-stressing from sagging, and fa-
tigue damage. Buckling and sagging can be visually identified, as opposed to
fatigue. The concern for fatigue is because of its anonymity, low probability
of discovery, and high consequences of failure.

1.2 Literature Review

Free spanning pipelines is a common industrial issue, and dynamic behaviour
of pipelines has been investigated by the academic community for decades.
This literature review is meant to determine the level of academic and in-
dustrial interest in long free spans and what other important studies have
been conduced on the topic of long free spans, especially other parameter
studies of the phenomena. The methodology used for this survey is to search
common databases (e.g. SpringerLink, EBSCO, ScienceDirect, and Scopus)
with predetermined search queries.
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The accepted approach for free span assessments is according to DNV-
RP-F105, which applies a semi-empirical response model approach to predict
vibration amplitudes caused by vortex shedding [17]. In case of very com-
plex spans or exceedance of the limitations of this method a finite elemental
analysis (FEA) need to be applied to analyse natural modes and frequen-
cies. Generally, a FEA analysis is less preferred because of resource con-
summation, and where possible and reasonable the semi-empirical method
is applied.

FEA is a numerical method used for accurate solutions of complex me-
chanical and structural systems, e.g. solve eigenvalue problems of such sys-
tems. The FE method replaces a mechanical or structural system with
elements, which are assumed to behave as a continuous structural member
— a finite element [12]. Because finding an exact solution is very difficult
for complex systems, an approximate solution is found for each element.
One then selects an appropriate solution for each element, which will then
converge to the exact solution for very small element sizes.

Recently a semi-analytical approach was developed by Sollum and Vedeld
[14], which, is very accurate compared with the FEA method, even for long
free spans, and requires a considerably lower level of resources compared to
FEA.

There are several influencing parameters to consider in relation to vortex
induced vibrations. A pipeline in close proximity of the sea bottom, as a
free span could be, will experience a wall effect as a function of gap ratio
(e/D).

Mutlu-Sumer and Fredsge [16] prepared a review of research done on
the area, and indicate that vortex shedding will be suppressed by placing
pipelines close to the seabed. For gap-to-diameter ratios down to 0.3, there
is no noticeable effect. However, for gap ratios below 0.3, vortex-shedding
suppression will increase as gap ratios decrease. The reason for this is the
asymmetric generation of vortices between the two sides of the pipeline.
Vortices created at the upper side will be larger and stronger thus hinder
interaction between the two vortices [16].

Wall proximity has a suppressive effect for oscillatory flow as well[16].
For large values of KC' (< 40 — 50), the boundary where vortex shedding
is suppressed approaches the same gap ratio as for constant current. For
smaller values of K'C, the suppression boundary decreases for decreasing
KC. Meaning the vortex shedding is maintained for smaller gap ratios,
hence the wall proximity has a lower effect.

Another wall effect could be an increased drag term from increased added
mass. When a small gap traps a volume of fluid between the pipeline and
seabed, the friction (viscous) forces could hinder this volume of fluid from
escaping. Hence, this volume of fluid will extend the pipeline geometry to
the seabed and act as an “invisible” wall.

Fyrilev and Collberg [8] provides an extensive explanation of the concept
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of effective axial force and the effect of internal pressure on natural frequency
of pipelines. In their paper they deduce that the effect of increasing internal
pressure will decrease the natural frequency of a span, and, thus, increase
the risk of VIV and fatigue failure.

In relation to the influence of effective axial force, Sgreide et al. [15]
investigates the effect of sag on the natural frequency of free spans. Their
conclusion from analysing sag effects is that sagging will increase the natural
frequency of symmetric cross flow (CF) modes (1. mode, 3. mode, 5. mode,
etc.) while anti-symmetric modes and in-line (IL) modes are left unaffected.

Span corrections in terms of introducing boulders to move the natural
frequencies of a span away from the vortex shedding frequency is the con-
ventional approach, see e.g. [15]. However, the location of such boulders is
suspected to be inefficient if located at null-points of vibration modes, and
especially dangerous if it is the second or third mode. As a rule of thumb in
the industry, locating boulders at these null-points will not have an effect,
and one can assume a dynamic behaviour of two neighbouring spans with a
small boulder between act as a span with the combined length of the two at
these modes. In addition, the contact length of boulders will have an effect
on span dynamics, in governing if spans are interacting or not.

For a non-FEA approach Det Norske Veritas (DNV) recommends in
DNV-RP-F105 [17] to screen if a span interacts or not by comparing neigh-
bouring span lengths with shoulder length, while Statoil has set a criteria
that spans with shoulders exceeding six meters are not interacting. If an
FEA approach is used one can identify depending on a modal analysis wether
or not spans are interacting.

1.3 Problem Description

Free spanning pipelines are one threat to pipeline integrity. Damages caused
by free spans are buckling, over-stressing due to sagging, and fatigue damage
due to vortex induced vibrations (VIV) and direct wave loads.

The current working practice when surveying offshore pipelines is to
report on specific elements and items along the pipeline; for example free
spans, boulders, alien objects, etc. For free spans the current requirement is
to report on shoulder supports that are larger than one total diameter (TD).
As a consequence one has seen a number of extremely long free spans, which
almost defies the laws of physic. The reason are shoulder supports that are
less than one TD not being reported.

Looking back to the issue of fatigue, pipeline dynamics are of outmost
importance. Introducing a boulder resulting in two adjacent free spans in
stead of one long can change the dynamic response of a pipeline. Hence,
one must investigate how introducing small supports to free spans alters the
dynamic response, and, in the end fatigue lifetime.
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1.4 Research Questions

e Is a multi span with boulders located at vibrational null-points equiv-
alent to a single span with a length equal to all multi spans combined?

e How will contact length of boulders influence the dynamic behaviour
of a multi span?

1.5 Limitations

In this study the focus will be on vortex induced vibrations caused by con-
stant flow, i.e. currents, hence, VIV due to waves and direct wave loading
will not be subject to investigation in the analysis. Although, wave forces
and VIV due to waves have been included for completeness in Chapter 2.



Chapter 2

Theory

One can look at a free spanning pipeline as a guitar string. It moves as a
mechanical wave, and have modes of vibration. Depending on the preten-
sion of the guitar string, different tones appear; i.e. different vibrational
frequencies and amplitudes. Pretension in the case of subsea pipelines can
result from residual lay tension, internal and external pressures, thermal
expansion and sagging. Your finger is the force acting on the guitar string
to make it vibrate just like waves and currents will force a free spanning
pipeline to vibrate. These vibrations can cause failure due to fatigue of a
free spanning pipeline, due to the number of cycles combined with dynamic
stress resulting from vibration amplitudes.

This chapter introduces a portion of the vast material on vortex induced
vibrations, in general and for pipelines, and fatigue theory as a reference for
the reader.

2.1 Vortex Induced Vibrations — VIV

A cylinder submerged in water will experience a fluid flow (which is the
analogue to a pipeline free span section) due to waves and currents. Because
of forces from this fluid flow, the pipeline can experience vibrations due to
vortex shedding, designated as vortex-induced vibrations. This phenomenon
will be explained shortly in the preceding part. Two separate cases are of
interest when examining VIV on offshore pipelines; constant current and
oscillatory flow (waves). If linearised wave theory (Airy) is assumed, wave
effects can easily be neglected in deep waters, and constant current can be
assumed. In this study deep water will be assumed, furthermore, VIV due
to waves and direct wave loading will not be considered.

5
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2.1.1 Important Parameters
Reynolds Number (Re)

Flow regimes are characterised by the Reynolds number

U
n

where D is the pipeline diameter, U is the flow velocity, and 7 is the
dynamic viscosity. Reynolds number is a ratio between the inertia and the
viscous (frictional) force in a flow. Very low Reynolds numbers indicate lam-
inar steady flow, while a high Reynolds number indicate unsteady turbulent
flow.

Re (2.1)

Strouhals Number (St )

The normalised shedding frequency is called the Strouhals number

_fD
U

where f, is the shedding frequency. For cylindrical shaped bodies — like
pipelines — the Strouhal number remains fairly constant from 300 Re to the
end of the subcritical flow regime at 3 x 10° Re [16]. It is in this region the
power spectra is at its highest, with a distinct peak at 0.2 St [13].

St

(2.2)

Keulegan-Carpenter Number (KC )

The Keuligan-Carpenter number is defined as

UmTw
D

where U, is the maximum water particle velocity, and T, is the wave
period. KC can alternatively be expressed as [16]

KC = (2.3)

_27g
KC = - (2.4)

here expressed with the amplitude of oscillatory flow . As the Reynolds
number represents flow in constant current, the Keulegan-Carpenter number
represents oscillatory flow of water particles.

Reduced Velocity (V)

Another non-dimensional parameter that is important with respect to vortex-
induced vibrations is the reduced velocity, V,., which is the normalised flow
velocity. V, is represented by
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U
faD
where f, is the natural frequency of the pipeline, expressed by [4]

¢ | FEI / P
fn:ﬁ m 1_?E (2.6)

where C'is a constant for end conditions, L is free span section length, F/
is Young’s modulus, m is the free span section mass, m, is added mass, P is
the effective axial force (residual lay tension, forces from bending and sag,
thermal expansion, external pressure and internal pressure), Pg is the Euler
buckling load.

Ve (2.5)

2.1.2 Vortex Shedding
Boundary Layer

Real fluids are viscous. Consequently, fluids experience friction forces when
passing a submerged cylinder, creating what is called the boundary layer.
The boundary layer is a layer of fluid close to the cylinder body, where
viscous (friction) forces dominates and decelerate the surrounding water
particle flow.

A boundary layer exists because of the no-slip condition, which means
that particles of fluid adhere to the submerged body so its velocities reduces
to zero at the cylinder body surface [7].

This implies there will exist an adverse pressure gradient, which means
the pressure is increasing in the direction of the flow and the potential energy
increases. This is due to the water particle velocity close to the boundary
layer being slowed down (it can be proven by Bernoulli’s equation).

Flow velocity increases with distance from the cylinder surface. Because
shear forces between the fluid layers are not zero, the larger flow velocity
outside the boundary layer will introduce rotation in the flow; vortices.

When the water particle velocity close to the boundary layer reaches
zero it reverts (because flow wants to go from high to low pressure), and
the water particles are forced of the boundary layer. The effect of boundary
layer separation is vortex formation.

A boundary layer will have three stages of flow (ref. Figure 2.1): laminar,
transitional, and turbulent. In the transcritical flow regime the boundary
layers are completely turbulent, while in the subcritical flow regime the
boundary layers are laminar (ref. Figure 2.2).

Vortex Shedding in Constant Current

Figure 2.2 illustrates different flow regimes around a pipeline for different
Re. For Re lower than five there is no boundary layer separation and flow
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c
J
d
y
. Y Y\

Laminar Turbulent

Re, = 10°

Figure 2.1: Boundary layer separation [11]

is steady and laminar.

Boundary layer starts to separate and vortices start to appear between
5 and 40 Re as standing symmetric vortices in the wake. At Re between
40 and 200 the wake becomes unstable and vortices shed from the wake,
forming a laminar vortex street [16]. This is the phenomenon of vortex
shedding.

First, vortices shed simultaneously, then with increasing flow velocity
the vortex shedding starts alternating. When Reynolds number pass 300,
formed vortices are completely turbulent and are noticeably three-dimensional
[19]. Pressure on the upper surface and lower surface will decrease and in-
crease periodically, resulting in an oscillating lift force. Thus, the circular
body will vibrate normal to the flow direction.

As said previously, the Strouhals number remains fairly constant 0.2 for
a pipeline, from 300 Re to the end of the subcritical flow regime at 3 x 10° Re
[16]. It is in this Reynolds number region the power spectra is at its highest,
with a distinct peak at 0.2 St [13]. When the flow goes from subcritical to
supercritical the Strouhal number makes a jump to 0.7, and the pipeline
vibration amplitude decrease noticeably.

Vortex Shedding in Oscillatory Flow

When describing oscillatory flow, e.g. in a wave situation, the Keuligan-
Carpenter number is commonly used. Low KC indicates that the orbital
motions' of water particles are of such a small magnitude separation of the
boundary layer might not occur. Large K C indicates from equation 2.4 that
the oscillatory flow amplitude, hence distance travelled by water particles,
is large compared to the pipeline diameter and vortex shedding might occur.
For very large KC the flow can be considered as a constant current [2]. Flow

"Water particles have an elliptic orbital motion, which mathematically can be repre-
sented by a trajectory with z and z components: (z — x0)® + (2 — 20)° = (€€ ZU)Qfor
deep water. For a more thorough analysis of water particle motions see [9].
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Figure 2.2: Flow regimes around a pipeline in constant current [16]
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regimes for increasing KC' are illustrated in Figure 2.3. From the figure
vortex shedding occurs for KC > 7.

2.1.3 Forces on a Submerged Cylinder

There are two main forces acting on a submerged pipeline; namely drag,
and lift. The drag force acts in-line with the flow, and the lift force acts
perpendicular to the flow. Forces from current and waves are different.
Forces from water particle movement due to current come from a constant
flow, while, on the other hand, forces due to waves come from an oscillating
flow.

Forces in Constant Current

Drag force consists of pressure drag and friction drag. However, in the
subcritical flow regime (Re between 300 and 3 x 10°) contribution from
friction drag is in the order of 2-3 % [16], and can be neglected.

Pressure drag is far more important. This force is present because flow
velocity is lower in the wake behind the pipeline than outside the wake. This,
according to Bernoulli, creates a pressure pushing the pipeline against the
flow, as seen in Figure 2.4. However, this pressure is usually lower than the
pressure exerted at the stagnation point at the pipeline front. Consequently,
a net pressure drag force exists in the flow direction. Pressure drag will
vary with time when vortex shedding occurs. Furthermore, the drag force
will have a frequency twice the shedding frequency, because during every
vortex shedding the pressure drag will complete one full cycle. However,
the amplitude for in-line vibrations is considerably lower than the cross-flow
vibrations.

An alternating cross-flow lift force, will occur when Re is larger than 40
when vortex shedding appears. This is because of the fluctuating pressure
distribution with respect to time due to vortex shedding, seen in Figure 2.4.
From this figure, one can see that the downward lift force is due to cre-
ation of the upper vortex, and the upward lift force due to creation of the
lower vortex. Moreover, the fluctuating pressure occurs as a consequence of
lowered fluid flow velocity, which leads to increasing pressure. Cross-flow
vibrations are due to this fluctuating lift force, and will have the same fre-
quency as the shedding frequency. Cross-flow vibration amplitudes can get
high depending on flow velocity.

Forces in Oscillatory Flow

As for constant current, there exist a lift and drag force in oscillatory flow.
In addition to the drag force, there exist a hydrodynamic mass force (added
mass) and the Froude-Krylov force.
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Figure 2.3: Flow regimes around a pipeline in oscillatory flow (waves) [16]
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Figure 2.4: Pressure distribution on a pipeline in constant current [16]

The total in-line force is described by Morison’s equation [10]

1 . .
Frp = §pCDDU |U| + pCr AU + pAU (27)
where Cp is the drag coefficient, and C,, is the hydrodynamic mass

coefficient (Cy, = 1 for smooth cylinders and low KC' [16]). Equation 2.7
can alternatively be written in a more familiar form

1 .
Frp, = ipCDDU ‘U| + pCr AU (28)

where the first expression is the drag force and second expression is the
inertia force

1
Fp = 5pCpDU|U| (2.9)

Fr = pCy AU (2.10)

where C') is the inertia coefficient

Car=1+Ch (2.11)
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In linear wave theory where the displacement is harmonic the two time
derivatives velocity and acceleration are 90° out of phase with each other.
Hence, the maximum of drag force and inertia force will not occur at the
same time. The ratio between these two forces can be derived for low KC

Fr_ CuiDwUn 5 D Cy _ 7 Ou

(2.12)

And with appropriate values for C; and Cp for circular cylinders the
ratio becomes

Flmae  © 2 __ 20

— ~ 2.1
Fpmex KC1  KC (2.13)

From equation 2.13, it is clear that for low K C the inertia force is dom-
inating. The lift force will be equal to zero for KC < 4 due to zero vor-
tex shedding. However, when KC' > 4 vortices start to appear, and after
KC > 7 there exist a lift force regime. This lift force will oscillate at a
natural frequency different from the wave natural frequency, and will be de-
pending on K'C [16]. The number of oscillations will increase with increasing
KC. The maximum lift force can be calculated according to

1
FL,max - §pCL,maacDU72n (2-14)

where Cf, pmas is the maximum lift force coefficient. Experimental data
show that C, pq. reaches a maximum for KC = 10 and Vr = 6.

2.1.4 Vibrations of a Submerged Cylinder

As said before this study is concerned with VIV due to currents, hence,
vortex shedding induces vibrations in the pipeline. There has been a dis-
cussion in the preceding section about the forces causing vibrations due to
vortex shedding. The purpose of this section is to explain the very familiar
calculation of natural frequencies of beams according to FEA and mechani-
cal vibration theory, in addition to a short explanation of vibration modes
in relation to in line and cross flow vibrations of free spanning sections of
pipelines.

Natural Frequencies of an FEuler-Bernoulli Beam

Any mechanical system given an initial energy, in the form of displacement
or force, have a natural frequency, such that if no dissipation of energy oc-
curred it would vibrate infinitely. All mechanical systems experience energy
dissipation in the form of damping, and pipelines experience damping due
to e.g. the soil it is situated on and the surrounding water. However, at this
natural frequency (or frequencies as will be explained in the modes section)
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energy is transferred into the system at a high rate, hence, large vibration
amplitudes occur.

To determine the natural frequency of a pipeline’s free span section one
have to solve an eigenvalue problem, expressed as

(A[k] = [m])W =0 (2.15)

where k is the stiffness, [k] is the stiffness matrix, [m] is the mass matrix
and

R (2.16)

w2

is the inverse of the eigenvalue w?, the vector

w={Ws (2.17)
Wy
is the mode shape or displacement of the system and the vector

0
0

g=1 0 (2.18)

is the null vector. Here w represents f, the natural frequency of the
system. Alternatively written

A= [D)W =0 (2.19)

where [I] is the identity matrix and

[D] = [k]~" [m] (2.20)

According to equation 2.15, the trivial solution to this problem is that
W is zero, but this does not give a satisfactory solution. For a non-trivial
solution the determinant

[A[K] = [m]| =0 (2.21)

must be zero.

This determinant will now be solved by the finite element method for an
Euler-Bernoulli beam. As said before the FE method replaces a mechani-
cal or structural system with elements, which are assumed to behave as a
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Figure 2.5: Euler-Bernoulli beam element

continuous structural member. In the FE method each elements end point
is a node, which, in a three dimensional system has at least six degrees of
freedom (ugz, uy, Uz, 0z, 8y, 0.). Each degree of freedom represents a row
and column in the stiffness and mass matrixes. These nodes are connecting
the elements together.

For simplicity, since this is just an explanation, only one element is used
to model a section of free spanning pipeline and only cross flow vibrations
are considered. With only one element the local coordinate system is equal
to the global.

First, the global stiffness and mass matrixes must be determined, which
is done by determining the expressions for kinetic and strain (potential)
energy, see e.g. [12]. For a free span section modelled as an Euler-Bernoulli
beam (shown in Fig. 2.5) with simply supported ends, element length /. and
element cross section area A, they are

12 6, -12 6l
EI| 61, 412 —6l. 22

(K] T B | -12 -6l 12 612 (2.22)
6l 202 —612 42
156 221, 54 —13L.
Al 2 _ 972
) = PAL 20, 42 13l 312 (2.23)

420 54  13l, 156 —22l,
—13l, 312 —221,  4l?

Due to the fact that the local and global coordinate system is equal
in this simple case u; = Wy, uo = Wy and so on. Because of the simply
supported boundary conditions at each end of the free span section W; =0
and W3 = 0, hence row 1 and 3 in addition to column 1 and 3 are deleted
accordingly. One is then left with the following stiffness and mass matrixes

(K]

:2EI[2 1} (2.24)

L |1 2
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pAB [ 4 -3
M) = 2.2
[M] 420 { -3 4 ] (2.25)
and the determinant in equation 2.21 can be written as
2EI [ 2 1 pABW? [ 4 -3
_ = 2.2
‘ le [ 1 2 ] 420 -3 4 0 (2.26)

and by multiplying through by l./2ET one gets

2—4X 143N
’1+3)\ 2—4)\’_0 (227)
where
pAldw?
= SI0EI (2.28)

Solving equation 2.27 the eigen value equation is obtained

24\ 143\ |

Ly 2 | =@ (43T =3-2204+70 (229

The roots of this equation yield the natural frequencies for the beam

system
1 120E1
Al == = 2.30
1=5 = W1 =y AL ( )
2520F1
= = 2. 1
Ao =3 = wo \/ Al (2.31)

Increasing the number of elements will increase the accuracy of the nu-
merical analysis of natural frequencies.

Modes and Mode Shapes

For each natural frequency f,; (or w;) there exist a corresponding mode
shape vector W which represents the movement and amplitudes of the
pipeline. The modes can be idealised to look like different sinusoidal, where
each mode number indicates an additional half sine wave. Furthermore,
each even mode is a symmetric mode, while each odd mode is asymmetric,
as illustrated in Figure 2.6.

Higher modes will on the same pipeline length have an increasing number
of curves resulting in a higher local stress. However, the amplitudes in
these higher modes are normally not very large compared to the first mode.
The pipeline will not only vibrate two-dimensionally like shown above, but
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Figure 2.6: Mode shapes of the first three modes for a pipeline

three-dimensional, both in line with the flow and perpendicular to the flow
(IL and CF vibrations).

As these vibrations result from vortex shedding modes will only be active
if shedding occurs. When a pipeline free span section will experience vortex
shedding can be determined from the reduced velocity (ref. section 2.1.1).
As an example, for a 42” pipeline with a 100 meter span (L/D = 93.8)
vibrations will occur for the first mode IL and CF when

V;,]L =3=U-= V}fnJJLD =3-0.287Hz-1.066m = 0.918 m/s (2.32)

Vior =8=U =V, fo10rD =8-0.409 Hz-1.066 m = 3.488m/s (2.33)

Hence, it is not very likely that cross flow vibrations will occur under
normal conditions for this span. Moreover, if one examines the equations,
a longer free span will have a lower natural frequency, hence, a lower flow
velocity is required for the shedding frequency to lock-in on the natural
frequency of the pipeline free span section.

Normally the first mode is activated before the second one, and so on.
But in some instances a higher mode can be activated before a lower one,
for example because of extensive sagging (see e.g. [15]).

As seen in the example (equation 2.32 and 2.33) it is normally only the
lower modes, the first three or four, that are activated by vortex shedding.

Soil Damping

The pipeline, which is situated on a flexible seabed, will experience modal
damping depending on the stiffness of the seabed soil. One distinguish
between cohesive and cohesion-less soils, or clays and sand, respectively.
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This soil damping results from Coulomb friction and soil penetration when
pipelines vibrate and during installation.

In an FEA modal analysis pipeline-soil interaction is modelled as Coulomb
friction determining the dynamic soil stiffness, which contributes to the sys-
tem stiffness matrix. Dynamic soil stiffness can be calculated for lateral
(K1) and vertical (Ky ) directions according to DNV-RP-F105

0.88 -G
Ky = 2.34
V=, (2.34)
K1 =076-G-(1+v) (2.35)

where v (Poisson’s ratio) typically equals 0.45 for cohesive soils and 0.35
for cohesion-less soils, and the soil shear strength

OCRFs
G=625-——" /101 2.36
0.3+ 0.7¢2 7s (2:36)

where OCR is the over-consolidation for cohesive soils (taken as 1 for
cohesion-less soils), ks is a coefficient taken from DNV-RP-F105 Figure D2,
es is the void ratio (typically between 0.3 and 3 for cohesive soil and 0.4 and
0.9 for cohesion-less soils) and o, the mean effective stress of soils.

Accurate calculation of soil damping is a very tedious and complicated
task, and requires a full geotechnical investigation of the specific locations of
interest. As a consequence one can find typical values for different soil types
in DNV-RP-F105. For a detailed description of determining soil damping
see [17].

2.2 Fatigue Theory

Fatigue is failure of a structural member due to repeated number of load
cycles at a stress amplitude below the yield and tensile strength of the
material. Several factors affect the fatigue life, such as stress concentration,
corrosion, range of stress and material properties (see e.g. [5], [6]). Cyclic
loading on pipeline free spans come from VIV, direct wave loading or trawl
impacts and stress concentration occurs at field joints between the concrete
layer and steel cylinder.

Remaining life of the pipeline section subject to free spanning is calcu-
lated by applying S-N curves and the Palmgren-Miner damage accumulation
rule. Both these methods are explained below. Another more advanced and
complex method of determining fatigue life is to apply fracture mechanics.

2.2.1 S-N Curves

Fatigue capacity of materials are difficult to attain analytically, but based
on experimental results a material’s fatigue capacity at different stress am-
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Figure 2.7: Example of S-N curves for different materials

plitudes is plottet to form an S-N curve. S represents stress amplitude and N
the number of cycles at that stress amplitude causing a failure. Experiments
to determine the S-N curve involves applying cyclic loading at a fixed stress
cycle to an idealised rod of the specific material until it fails. An example
of S-N curves for different metals is shown in Figure 2.7. Also important to
mention is that some materials exerts an endurance limit, a stress amplitude
at which the fatigue life (number of cycles) is infinite.

As an example, a structural member of 1045 Steel can experience ap-
proximately 10° number of cycles at 400 M Pa before failing (see Figure
2.7). In the same example, if the stress amplitudes never exceed 300 M Pa
the member will never fail, because it is below the endurance limit.

2.2.2 Palmgren-Miner Damage Accumulation Rule

In 1924 Palmgren proposed a rule to calculate when a fatigue failure will
occur based in accumulation of fatigue damage from each stress cycle a
structural member experiences. This rule was popularised by Miner in 1945;
hence the Palmgren-Miner damage accumulation rule.
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Figure 2.8: Formation of free spans [16]

The idea is that a structural member will fail when

n;
D=>" N 1 (2.37)

where n; is the experienced number of cycles at the i-th stress cycle
(0;) and N; is the number of cycles at o; at which a failure will occur.
Experimental data have shown that a failure occur for D between 0.7 and
2.2, but is normally taken as 1.

When assessing the fatigue life of a pipeline free span section the cumu-
lative damage from current and wave VIV is calculated for all current and
wave directions, each with a probability of occurrence. For more details on
the conventional approach for fatigue life calculations see [17].

2.3 Description of Free Spans

2.3.1 Formation of Free Spans

Free spans can be designed in because of the morphology of the seabed,
or be created due to dynamics of the seabed. Examples of free spans and
seabed morphology are shown in Figure 2.8.

The seabed can have a rocky surface with peaks and foundations for free
spans, these are often accounted for in design, but the pipeline can move
substantially during its life cycle.

Sand dunes can also be present at the seabed and can act as free span
foundations, if the radius of curvature is smaller than the radius of curvature
of the pipeline. Sand foundations have the ability to be moved by current
and waves. Furthermore, this can develop into subsea sand waves that
develop free spans quickly, and an area that looked fine and no free spans
were present can rapidly be altered by a moving sand wave and create free
spans.

In addition, scouring is a threat when sand is the supporting soil. As
illustrated in Figure 2.9, scouring is the process of washing out the soil
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Figure 2.9: Formation of free spans by scouring

beneath the pipeline — hence, creating a free span.

On the Norwegian Continental Shelf there have been laid a large amount
of pipelines, hence, pipeline crossings will exist and be a source of free spans.
These possible free spans scenarios can be accounted for in design when the
pipeline is designed and planned, by analysing surveys of the seabed.

The risk of forming free spans can be mitigated by different measures.
Dredging and burying of pipelines is expensive but effective, and can elim-
inate the problem. However, this will limit the access to the pipeline for
monitoring of the pipeline exterior, and can be excavated by scouring and
moving sand. Another possibility is to rock dump beneath the pipeline to
create fixed support. In this sense, this can create a situation where a new
free span can form with a fixed support in one end.

Both these processes of burying and rock dumping are expensive and
require vessel and ROV intervention, transport of rock, etc.

2.3.2 Classification of Free Spans

Pipeline free spans are classified according to certain criteria. Different
practices exist, although Det Norske Veritas has developed a standard clas-
sification. In addition, companies develop company specific classifications.
First, because of the importance of dynamics, free spans have to be clas-
sified as interacting or isolated free spans. If a free span is interacting with
a neighbouring span, it can have a complex dynamic behaviour especially if
it experiences multi-mode vibrations. Whether a free span is interacting or
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Figure 2.10: Indicative classification of free spans according to DNV-RP-F105

Table 2.1: Classification of free spans according to Statoil internal documents

Continuous Intermittent ‘ Clear Multi span
Lg, >6m Minimum two Part of Several spans
spans with intermittent separated by

Ly, <6m AND L > 12m Ly, <1TD

not, is depending on different factors: soil properties, adjacent span. shows
how the relationship between soil types, length of adjacent span, and span
shoulder length according to DNV standard DNV-RP-F105, see Figure 2.10.

Statoil has an internal classification of free spans, in addition to DNV’s
classification. According to Statoil internal documents, they divide spans in
four categories: continuous, intermittent, clear and multi-span. A continu-
ous span has a shoulder length exceeding six meters, and a span length of
any size. An intermittent span is a span area with minimum two spans hav-
ing a shoulder length shorter than six meters, and of any length. Any sub
span in an intermittent span with length longer than 12 meters is classified
as clear, and any sub span separated by a boulder smaller than 17D is a
multi-span. Statoil’s classification is summarised in Table 2.1.

Part from classifying the free spans according to interaction, a coarse
classification of response behaviour is also presented in DNV-RP-F105. It
is a good screening tool for further analysis and classification. The response
behaviour is based on the normalised span length in Table 2.2.

Spans with normalised lengths less than 30 do not need further fatigue
analysis. All spans with normalised lengths above 30 need a simplified analy-
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Table 2.2: Classification of response behaviour according to DNV-RP-F105

’ Range Response description

L/D < 30 Very little dynamic amplification.
Normally not required to perform
comprehensive fatigue design check.
Insignificant dynamic response from
environmental loads expected and
unlikely to experience VIV.

30 < L/D < 100 | Response dominated by beam
behaviour. Typical span length for
operating conditions. Natural frequencies
sensitive to boundary conditions (and
effective axial force).

100 < L/D < 200 | Response dominated by combined
beam and cable behaviour. Relevant
for free spans at uneven seabed in
temporary conditions. Natural
frequencies sensitive to boundary
conditions, effective axial force (including
initial deflection, geometric stiffness) and
pipe “feed in.”

200 < L/D Response dominated by cable
behaviour. Relevant for small diameter
pipes in temporary conditions. Natural
frequencies governed by deflected shape
and effective axial force.
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Table 2.3: Classification of flow regime

Range Flow regime

8 <0.5 Wave dominant - waves superimposed by current
0.5 < 8 < 0.8 | Wave dominant - current superimposed by waves

0.8<p Current dominant

sis: Fat Free if a span is isolated or FEA if spans are interacting or experience
multi-mode behaviour.

2.3.3 Classification of Flow Regime

This project will conform to DNV-RP-F105 that provide a simplified method
for determining whether current or waves are dominant. The flow regimes
are classified based on the current flow velocity ratio:

B = L
Ue + Uy
where U, is current velocity, U, is wave velocity; both at pipeline level.

The current flow velocity ratio is used to determine the flow regime from
Table 2.3. For this study 8 exceeds 0.8.

(2.38)



Chapter 3

Methodology

This project is a parameter study of boulder supports, more specifically boul-
der location and contact length. The methodology chosen for this study is to
investigate different multi-span configurations representing a situation with
intermediate boulder supports, by using a conventional free span assessment
methodology. A numerical analysis of the static configuration and dynamic
behaviour of a free spanning pipeline in ANSYS® is conducted, followed by
a semi-empirical analysis of pipeline free span fatigue lifetime in FatFree.
Validation of the numerical analysis will be a qualitative method based on
face validity by domain experts.

This chapter explains the analysis process used to perform the parameter
study, with a detailed description of each step with important considerations.

3.1 The Analysis Process

Static solution

The first step in the analysis process is to establish the static configuration
of the span by applying pipeline and content weight (incl. coating, in an
operational state). ANSYS 12.0 is used to complete this step. Input data
are listed in section 3.2. The static solution provides input for the dynamic
analysis in the next step.

Dynamic solution

Preceding the static solution is the modal analysis of the span. ANSYS 12.0
is used for this task as well. The natural frequencies with corresponding
modes and mode shapes are identified, and stress amplitudes are calculated.
These are to be used further in the fatigue life analysis in FatFree.

25
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Fatigue life analysis

A fatigue life analysis is conducted in FatFree 10.6 for all span cases in
section 3.2.3. Input data are provided in sections 3.2.1 and 3.2.2. It is
crucial to remember that direct mode shape for the full multi-span section
have to be input - not the response data for each span consecutively, this
gives a completely wrong (non-conservative) fatigue life. The output from
the fatigue life analysis is von Mises stresses for a ultimate limit state (ULS)
check and fatigue life in both IL and CF direction.

3.2 Study Design

This chapter contains all information and input data used in the study for
pipeline, soil and the different cases that have been investigated.

3.2.1 Pipeline

Table 3.1: Pipeline data

| PARAMETER | MAGNITUDE | UNIT |

TD 1.196 (47) m (inch)
OD 1.084 (42) m (inch)
1D 1.016 (40) m (inch)
ts 0.034 (11/3) m (inch)
te 0.050 (2) m (inch)
teorr 0.006 (1/4) m (inch)
oy 448 MPa
or 531 M Pa
E 207 GPa
v 0.3
o 1.17 x 10° °c1
Ps 7850 Rgfm3
Pe 3040 Rafm
Peorr 900 Rafm
Peont 1500 Rofm?
ke 0.25
Fon 42 MPa
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3.2.2 Soil
Table 3.2: Soil properties
PARAMETER | MAGNITUDE | UNIT
Sotil type Clay — hard
Ky 32 MPa
Ky, 23 M Pa
Ky g 3.4 M Pa
Sotil type Rock — boulder
KV 66 MPa
Ky, 45 M Pa
Ky 4 MPa
3.2.3 Cases

Table 3.3: The different span cases investigated

27

| CASE | CASE # |

SPAN CHARACTERISTICS

1-1 Single span length 100 m
o 1-2 Multi-span length 100 m, boulder 0.5 m, span ratio 2
= 1-3 Multi-span length 100 m, boulder 1 m, span ratio 2
z 1-4 Multi-span length 100 m, boulder 2 m, span ratio 2
2 1-5 Multi-span length 100 m, boulder 4 m, span ratio 2
© 1-6 Multi-span length 100 m, boulder 6 m, span ratio 2
1-7 Multi-span length 100 m, boulder 8 m, span ratio 2
2-1 Multi-span length 100 m, boulder 0.5m, span ratio 1
2-2 Multi-span length 100 m, boulder 1 m, span ratio 1
2-3 Multi-span length 100 m, boulder 2 m, span ratio 1
2-4 Multi-span length 100 m, boulder 4 m, span ratio 1
2-5 Multi-span length 100 m, boulder 6 m, span ratio 1
2-6 Multi-span length 100 m, boulder 8 m, span ratio 1
Case 3 3-1 Multi-span length 100 m, boulder moved along z-axis
from x = 0 to x = 50 in increments of 5m

3.3 Numerical Analysis

For this study ANSYS 12.0 is chosen as the numerical analysis tool. This is
a finite elemental method tool that will be used to calculate eigenfrequencies
and -modes. Consecutively, these results will be used to calculate fatigue
lifetime and maximum dynamic and static stress on the pipeline. For this
study the non-linear analysis package is used. The model used is illustrated

in Figure 3.1.
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Figure 3.1: Finite element model of free span section of pipeline

I The element Y-axis is parallel
to the gobal X-7 plane

T30
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Figure 3.2: PIPE20 finite element [2]

3.3.1 ANSYS Finite Elements

The finite element types chosen for this study are the following;:

Pipeline Finite Element

The finite element chosen to represent the pipeline is the elasto-plastic pipe
element PITPE20. PIPE20 was chosen because the study is concerned with a
3D problem with translational movement in all three dimensions, as well as
rotation around all three axes. One also wanted to include possible plastic
effects resulting from high bending moments.

PIPE20 is represented in a Cartesian coordinate system and with six
degrees of freedom at each element node (uy, uy, u., 0, 6y, 0,). Internal
and external pressure is applied as a distributed surface load. The coordinate
system and degrees of freedom for PIPE20 are illustrated in Figure 3.2
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Figure 3.3: TARGEL170 finite element [1]

3-D associated target
surface (TARGE170)

Figure 3.4: CONTAI175 finite element [4]

Seabed Finite Element

The seabed is modelled by a rigid target surface element TARGE170. The
seabed is a 3D surface, hence, the reason for not choosing the 2D rigid
surface element TARGE169. TARGE170 has three degrees of freedom (uy,
Uy, u,) as can be seen in Figure 3.3. TARGE170 is coupled with a contact
element (CONTA175 in this study) by a shared set of real constants.

Contact Element

The 3D nodal to surface contact element CONTA175 is used to model the
contact and sliding between the seabed and pipeline. This element is coupled
to the seabed element TARGE170. Several models of friction are allowed:
Coulomb friction, shear stress friction and a user defined friction model. An
illustration of the contact element is shown in Figure 3.4.
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Figure 3.5: MASS21 finite element [3]

Structural Mass Element

To model added mass due to the pipeline being submerged in water the
point element MASS21 is used. This is a point mass having the possibility
for six degrees of freedom (ug, wuy, u., 0y, 6y, 0.), a concentrated mass in
each coordinate direction and rotary inertias around each coordinate axis.
The element is illustrated in Figure 3.5.

3.3.2 Boundary Conditions

Of great importance for fatigue lifetime of a free span are end conditions,
here referred to as start and end of a free span, and model length, referred
to as the total length of pipeline modelled.

End Conditions

There are three end conditions specified in DNV-RP-F105: fixed-fixed,
pinned-pinned and sand seabed. Free body diagrams of the three support
conditions are shown in Figure 3.6, Figure 3.7 and Figure 3.8 on page 34.

These end conditions will result in different natural periods, T;, of a spe-
cific free span. The pinned-pinned support condition will refer to a rocky
seabed, rock dumping supporting a significant part of the pipe circumfer-
ence, or other artificial supports. For a pinned-pinned condition 7;, will be
long governed by the pipeline section’s natural period, vibration amplitudes
larger and a higher likelihood of interaction with neighbouring spans than
for a fixed-fixed condition. In a model this end condition is modelled as a
spring with very high stiffness (almost infinitely).

Fixed-fixed support conditions refers to a free span with buried ends,
rock covered ends, concrete slab constrained ends or other artificial means
of clamping. A fixed-fixed end condition will give shorter T,, because of
the constraints on movement and the amplitudes are smaller than for a
pinned-pinned situation. Also, interaction with neighbouring spans seems
very unlikely as ends are fixed for movement. To represent this in a model
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Table 3.4: Comparison of different end conditions

[ SUPPORT CONDITION | FATIGUE LIFE

RP-F105 195
Fixed-fixed 149000
Pinned-pinned 0.98
Fixed-pinned 3290
Span length 96 m, TD 1.192m

the ends need to be completely fixed, and there is no interaction between
soil and pipe.

In between these two extremities is the third case with sandy seabed. For
a sandy seabed a pipeline will sink into it, governed by the stiffness of the
sand, and in a model, interactions between seabed and pipeline is modelled
as a spring with a specific stiffness representing stiffness of a sandy seabed
or by the target surface method used in this study.

One can conclude from the natural period and level of interaction be-
tween neighbouring spans that a pinned-pinned end condition will most
likely give the highest fatigue lifetime while a fixed-fixed condition gives the
lowest. This is also indicated by a small comparison study shown in Table
3.4.

Model Length

According to DNV-RP-F105 the boundary conditions applied at the ends of
the free span section should represent the continuity of the pipeline. To in-
corporate this statement it is important to model sufficient length of pipeline
in both ends of a free span section. Wang et al.[18] presents a method for
determining sufficient model length by calculating the virtual anchor space,
i.e. the distance from the free span section to the location where the pipeline
is fully restrained due to friction. This virtual anchor distance can be cal-
culated by

P-m-D? [4-t,-E-a-AT
PP i +(1-2v) (3.1)
4'Ff7"iction Pi’D

where z is the virtual anchor distance, P; is the internal pressure, AT is
the temperature difference between installation temperature and operating
temperature and

Ff’riction = K- Msybmerged (32)

is frictional force (Coulomb) where p is the friction coefficient and msupmerged
is the submerged unit weight (in N/m) of the pipeline.
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Wang et al. [18] states that the virtual anchor method would require a
total model length of approximately 2000 m for a 50 m span, but comparisons
of a 400 m and 2000 m model show a difference of only 3%. Hence, in this
study a model length of 1000 m is chosen for boulders larger than 27D and
500m for boulders smaller than 27D. Another reason for not choosing a
longer model length is due to convergence troubles in ANSYS.

3.3.3 Pipeline-Soil Interaction

The pipeline-soil interaction is modelled as Coulomb friction and accounted
for in this model by including the dynamic soil stiffness in the global stiffness
matrix of the system. Because soil damping is considered very small it is
neglected in this study. Coulomb friction is a part of the CONTA175 finite
element that is modelled at each node.

3.4 Calculation of Fatigue Lifetime

Calculation of fatigue lifetime is done in FatFree 10.6, according to DNV-RP-
F105, either with a semi-empirical method or by input from modal analysis
by means of FEA.

FatFree is a spreadsheet tool developed by Det Norske Veritas as a simple
but powerful analysing tool to assess fatigue life for free spans. The software
is developed based on DNV-RP-F105 Free spanning pipelines, which is one
of DNV’s many recommended practices and offshore standards for the oil
and gas industry.

FatFree is a spreadsheet-based software where the user inputs bound-
ary conditions, pipeline data, environmental data and modal data. The
environmental data used in FatFree are either return period values, scatter
diagrams, histograms, or Weibull distribution for waves and currents. These
data are obtained from met ocean reports.

One has two choices for analysis in FatFree, either single or multiple
mode. A single mode analysis is for screening purpose only. Multi-mode
analysis is conducted if a FEA has been conducted, which is especially rel-
evant if a free span is very long and experience cable behaviour (ref. Table
2.2)

If a span is not interacting with other spans according to the classifica-
tions made in Figure 2.10 or Table 2.1 one performs a single span analysis,
either single or multi-mode.

If a span is interacting with neighbouring spans one needs to perform a
multi-span analysis. As input data a modal analysis is conducted by means
of FEA to identify mode amplitudes and corresponding natural frequencies.
Natural frequencies and mode shapes are directly used in FatFree. In FatFree
one has the option to either use response data for a single span multi-mode
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analysis or direct mode shape input for a multi-span multi-mode analysis;
hence the latter is used in this study.
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Figure 3.6: Pinned-pinned support (rocky seabed)

Figure 3.7: Fixed-fixed support (concrete anchors or rock cover)

Figure 3.8: Sand seabed



Chapter 4

Results

This chapter is a summary of all results obtained in the analysis. There
were two specific parameters this study set out to investigate (ref. section
1.4): boulder location and boulder-pipeline contact length. The results for
these two parameters are presented in section 4.1 and 4.2 respectively. A
discussion of these results is presented in chapter 5.

4.1 Boulder Location

Boulder location was analysed in case 3 by varying the location of one boul-
der approximately equal to one T'D along the z-axis of the pipeline free span
section.

From Figure 4.1 one can see that a boulder located far to the left results
in very low fatigue lifetimes; even lower than without a boulder. And the
most critical location is at a relative distance (¢/L) of 0.15.

From Figure 4.3 it is evident that case 2 — boulders located at the modal
null-point of the second mode — is more suppressive at lower normalised
contact lengths than case 1. Moreover, Figure 4.1 indicates that boulders
located closer to either end of the free span section is far more critical for
fatigue life than boulders located at modal null-points; contrary to what was
expected beforehand.

In addition, referring to Figure A.8, A.9 and A.10 one can see that for
these cases cross flow induced in-line vibrations is present, shifting the order
of IL and CF modes.

4.2 Contact Length

The analyses done in case 1 and 2 with different contact lengths indicate as
expected, that for increasing contact length at modal null-points (mode 3
and 2 respectively) the pipeline free span section’s fatigue lifetime increases.
Moreover, very small boulders located at modal null-points have a low but
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Table 4.1: f, for the first three modes of the multi-spans

’ CASE ‘ Cont. length ‘ fn,IL,l ‘ fnJL’Q ‘ fn,C’F,l ‘

1-1 0m 0.25 0.69 0.34

1-2 0.5m 0.60 (140%) | 1.51 (119%) | 0.62(82%)
1-3 1.5m 0.62 (3%) 1.58 (5%) 0.63 (2%)
1-4 2m 0.60 (—3%) | 1.57(—=1%) | 0.62 (—2%)
1-5 4m 0.62 (3%) 1.67 (6%) 0.64 (3%)
1-6 6m 0.63 (2%) 1.72 (3%) 0.65 (2%)
1-7 &m 0.63 (0%) 1.71 (—1%) 0.65 (0%)

significant suppressive effect on VIV. This can be seen from Figure 4.2,
where fatigue lifetime is close to a situation without boulders for a 0.5—1 7D
boulder. After normalised contact lengths of 1.5 fatigue lifetime increases
dramatically and the suppressive effect of boulders are prominent, even when
located at modal null-points.

From Table 4.1 one can also see that even though the contact length is
very small (< 17D) the natural frequencies are increased drastically, and
remains fairly constant for increasing contact lengths, which, is in-line with
what discussed in the preceding paragraph.

It can also be seen from Figure 4.2 and the results from case 1 that
when the normalised contact length exceeds 4 fatigue lifetime is dramatically
increased.
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Figure 4.1: Fatigue lifetime versus normalised boulder location along pipeline axis
(z-axis). Contact length = 17D, multi-span length = 100m
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Discussion

The results in Figure 4.1 was not as expected, as the hypothesis was that
boulders at modal locations would resemble a situation equal to a single span
with equal length. But the results say that the most critical location, even
more critical than a single span situation, is at a relative position 0.15 along
the z-axis. This can be explained by the combination of natural frequency
and stress amplitude at this location being the most critical. This point is
also further explained further down in the text, because these two factors
combined are important for fatigue lifetime as indicated by the results.

By comparing Figure 4.2 and 4.3 a conclusion could be that a boulder
located at the modal null-point of the third mode results in a lower fatigue
lifetime, hence, being a more critical situation than a boulder located at
the modal null-point of the second mode. This is because case 1 yields a
lower natural frequency than case 2, and is more prone to VIV at current
velocities relevant for large pipelines outside the Norwegian coast. However,
both cases remove the first mode completely, which is the most dangerous
one, thus resulting in a drastic increase in fatigue lifetime by introducing a
boulder at these locations.

When considering rock dumping or artificial supports as VIV suppression
methods it looks from the results above that the optimal location of a boulder
is at the midpoint, giving the most beneficial natural frequency relative to
VIV.

From Figure 4.2 and 4.3 it is seen that after the normalised contact length
exceeds 1.5 fatigue lifetime increases drastically, and beyond 4 is extremely
large. This can be explained by the fact that the two neighbouring spans
are not interacting to a great extent, and interaction diminishes as contact
length increase. Moreover, because L/D is below 60 for both individual spans
in both multi span cases (see Table 5.1) , span behaviour is beam dominant;
hence, multi-mode vibrations are less likely.

A further explanation of the fatigue life results for different contact
lengths should be seen in the light of Figure 5.1, 5.2, 5.3, 5.4, 5.5 and
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5.6, which represent stress amplitudes, natural frequencies and maximum
vibration amplitudes for the different contact length cases.

By analysing and comparing these figures one see that until a certain
threshold the fatigue lifetime is governed by increasing stress amplitudes,
which increase for increasing contact lengths and increasing distance along
the z-axis of the pipeline. One can also see that the vibration amplitudes
are larger for contact lengths <17T'D than for an equivalent single span if
one of the multi spans that are considerably longer than the other, i.e. for
case 1 (span ratio 2:1) this effect is evident but for case 2 (span ratio 1:1)
this effect is almost non-existing. For case 1 the fatigue lifetimes remain
relatively low because of the increasing stress amplitude for case 1 until the
contact length increase beyond 17T D. For case 2 this effect is not as evident
and fatigue lifetimes increase substantially only by introducing a boulder.

After contact lengths increase beyond 1T D the natural frequency of the
multi span will increase beyond the VIV region and fatigue lifetime increases
drastically accordingly. Again this effect is more evident for case 1 than case
2, and the reason for this is that when one of the multi-span sections remain
relatively large compared to the neighbouring span the natural frequency
remains low enough for VIV, even for larger contact lengths.

In a comparison with Statoil and DNV’s classification of free spans (see
Table 5.2) only the cases with <1 T D contact length is regarded as interact-
ing multi spans. From the results presented in the previous chapter contact
lengths up to 4 m can be regarded as interacting, although not causing very
low fatigue lifetimes. Both Statoil and DNV’s classifications are reasonable
according to the results, where Statoil’s multi-span category should signal
that further investigation into multi-span interaction should be conducted.

In the aftermath of this study it is evident that a more suitable choice of
environmental data and span characteristics should have been chosen, such
that cross flow vibrations also contributes. The environmental data used in
this study, which is representative for a real world situation, are seen unable
to produce cross-flow vibrations of the modelled spans. For this reason, the
graph in Figure 4.2 show a nearly constant — very high — fatigue lifetime for
CF vibrations. Only in-line vibrations are activated for these environmental
data, which is also seen from the example calculation in equation 2.32 and
2.33.

In addition, the investigated pipeline characteristics were inspired by a
large-dimension pipeline on large water depth. Consequently, the free span
risk is somewhat reduced by this fact, and this situation was not as suitable
as first expected for this study.

One important experience made during the analysis work was the calcu-
lation of multi-span multi-mode fatigue, as this was not as straight forward
as first expected. Further research should look at how multi-spans could
efficiently be assessed in a rigorous way. The method chosen in this study is
conservative, because it assumes that different modes do not influence each



Table 5.1: L/D ratio

\ CASE | L/D |
1 single span 84
1 small span 28
1 long span 56
2 individual span | 42

Stress amplitudes case 1

2

Stros amplitude [MPa]

Figure 5.1: Stress amplitudes for case 1
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other, i.e. all amplitudes are assumed to be fully active when the corre-
sponding mode is active. Consequently, this study should be considered as
a first-order analysis indicating the influential magnitude each of the two

parameters have on fatigue lifetime.
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Figure 5.4: Natural frequencies for case 2
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Table 5.2: Case 1 and 2 in relation to Statoil and DNV classification

| CASE |  STATOIL | DNV |
1-1 N/A N/A
1-2 Multi span Interacting
1-3 — 1.5 | Intermittent, clear Isolated
1.6 - 1.7 Continuous Isolated
2.1 -22 Multi span Interacting
2.3 — 2.4 | Intermittent, clear Isolated
2.5-2.6 Continuous Isolated
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Conclusions

Returning to the research questions put forward in section 1.4 to be answered
by this study:

1. Is a multi span with boulders located at vibrational null-points equiv-
alent to a single span with a length equal to all multi spans combined?

2. How will contact length of boulders influence the dynamic behaviour
of a multi span?

Question 1 was investigated in section 4.1 and the conclusion is that locating
boulders at modal null-points will have a suppressive effect on VIV and
increase fatigue lifetime of the pipeline free span section. In other words, a
multi-span with boulders at modal null-points are not equal to an equivalent
single span, much because the critical first mode is removed.

Secondly, boulders located at the modal null-point of the second mode
is more suppressive than boulders located at the modal null-point of the
third mode. The author believes for a span ratio of 2:1 the larger span will,
because it is longer than the spans in a 1:1 span ratio-case, cause the second
in-line mode of the multi span to vibrate at a lower natural frequency; and
consequently closer to the shedding frequency.

Question 2 was investigated in section 4.2 with the following conclusions.
First, a low contact length will cause neighbouring spans to influence each
others vibrations, i.e. a multi span situation.

Second, even low contacts (<17 D) will have a suppressive effect on the
dynamic behaviour of a multi span. In other words, a small boulder present
in a free span section will have a suppressive effect, thus increase the fatigue
life of this pipeline section, compared to a situation without boulders.

A third conclusion from this study is that when considering span correc-
tion by introducing supports, these supports should be located as close to
the midpoint as possible. Due to the fact that this configuration results in
the most beneficial dynamic behaviour of the pipeline; moving the natural
frequency farthest away from the VIV range.
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Chapter 7

Further Work

The free spans considered in this study are not very long, and for all the multi
spans the expected dynamic behaviour is mainly beam dominated, hence,
multi-mode behaviour is not expected. Multi-span section with longer indi-
vidual spans should be investigated to look how cable dominated behaviour
(i.e. multi-mode) influence the fatigue lifetime for different boulder config-
urations.

Another interesting area of further research is to investigate the influence
of a pipeline not resting permanently on a boulder during VIV. By reason
this situation will cause the concrete to crack on this location possibly lead-
ing to higher stress concentration factors and lower pipeline strength. This
is not considered in this study, as the pipeline is assumed to be stationary
on top of the boulder.

The last suggestion for further work, which was also mentioned earlier,
is to develop a rigouros and practical method of multi-span fatigue life as-
sessment. The current practice is difficult and tedious to perform. A faster
and more efficient method would make it easier to include effects of neigh-
bouring spans and the different effects on mode shape, vibration amplitude
and maximum stress amplitudes.
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APPENDIX A. MODE CHARTS
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Figure A.1: Vibration modes and natural frequencies for case 1-1
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Figure A.3: Vibration modes and natural frequencies for case 1-3
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Figure A.4: Vibration modes and natural frequencies for case 1-4
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Figure A.5: Vibration modes and natural frequencies for case 1-5
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Figure A.9: Vibration modes and natural frequencies for case 2-2
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Figure A.10: Vibration modes and natural frequencies for case 2-3
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------- M 3, f=1.083, inline
—— M4, f=1.102, «fiow
====-=- |1 5, f=2 458, inline

—— M &, f=2.521, «flow

7
2 6
#
€ 5
&
—— M 10, f=5.053, xflow
3
------- M 11, f=5.448, inline
2
1 —— M 1% f=5.644, xflow
o +  Location of Max Stress
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205 Profile under pipe
240 960 980 1000 1020
Chainage (m}
. . . .
Figure A.11: Vibration modes and natural frequencies for case 2-4
Case2-56mboulder M 1, £=0.907, inline
el | —— M2, f-0.949, dlow
12 -105
"""" M3, f=1.115, inline
11
— M4, f=1.140, wflow
1o
\ -125 === | §, f=2.546, inline
8 — Mg, f=2.634, wflow
e L e e e SN LGS M7, f=3.028, inline
-]
Z 6 =M &, f=3.105, sflow
4
T T e T o ] Beaas 19, 24953, inline
&
= M 10, f=5.114, xflow
3
"""" M 11, £=5.750, inline.
2
R ol e, M 12, f=5.939, «flow
o -185
0 *+  Location of Mas Stress
— Pipeline
205 Profile under pipe
940 960 980 1000 1020
Chalnage {m}

Figure A.12: Vibration modes and natural frequencies for case 2-5
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APPENDIX A. MODE CHARTS

Case2-68mboulder

= L 185

+

7 - Tt 3005,
880 900 920 940 960 980 1000 1020

Chalnage {m)

M1, f=1.011 inline
M2, f=1.051, dflow
M 3, f=1.115, inline
M4, f=1.141, «flow
M 5, f=2.756, inline
M &, f=2.859, inline
M7, f=3.029, dlow
M 8, f=3.105, «flow
M9, f=5.270, inline
M 10, f=5.472, xflow
M 11, £=5.754, inline
M 12, §=5.940, xflow
Location of Max Stress
Pipeline

Profile under pipe

Figure A.13: Vibration modes and natural frequencies for case 2-6



