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Abstract

When installing an offshore pipeline, a long pipe span between
the vessel and the seabed is exposed to severe static and dy-
namic loads. A numerical simulation of its dynamic response
is developed and experimentally validated. The calculation me-
thods are based on large deflection circular beam theory. The
solution is composed of a linear approach in frequency domain
and a modally decomposed nonlinear correction in time domain.
If the pipe follows the axial motion component of the stinger, a
nonlinear interaction between dynamic tension and bending is
included. Alternatively, the tensioner may hold the tension force
on a constant value, and the resulting relative axial motions
between pipe and vessel are determined. Linearized soil reac-
tions are included to simulate the partial absorption of the ben-
ding oscillations. Model tests are performed and accompanied by
theoretical simulation; the good agreement proves the reliability
of the calculation methods. This validation simulates existing
full scale prototypes following the special similarity laws of off-
shore pipelaying. A highly efficient and flexible model testing
technique and equipment is used. The significance of dynamic
stresses is illustrated by a full scale parameter study.

Introduction

The technique of offshore pipelaying is shown in Fig.1. Segments
of steel pipe, weighted and protected by a concrete coating, are
connected on board and lowered to the seabed.

In the S-method (Fig. 1), the angle between the horizontal ma-
nufacturing position and the steep elastic line is bridged by a
circular stinger equipped with rollers. Its curvature radius cor-
responds at least to the maximum bending stress. To avoid a
bending moment peak at the last roller, the pipe must lift off
smoothly from the stinger well ahead of its lower end.

In extremly deep water the elastic line becomes so steep that

References and figures at end of paper

the required stinger length may not be feasible. In this case, the
so called J-method is recommended: All welding equipment and
the tensioner can be variably inclined to minimize the bending
moment at the clamped end.

The effective weight per unit length, as required to fix the pipe-
line on the seabed, and a possible current yield large static ben-
ding stresses, which are limited by pulling the pipe horizontally
with the moored vessel. In the seaway, the vessel moves in all
degrees of freedom and imposes oscillations to the pipe. Secon-
darily, the pipe is also loaded by direct wave action near the
surface.

A tensioner supports and retains the pipeline on the vessel and
supplies the required tension to the unsupported span. The ten-
sioner drive can be operated for partially compensating the dy-
namic axial loads. This paper discusses both full compensation
(no dynamic tension, maximum axial pipe motion relative to|
the ship) and blocked tensioner (maximum dynamic tension, no|
axial pipe motion relative to the ship). These two extrema are
the boundaries of more sophisticated tensioner driving methods
[13] which can be simulated arbitrarily.

Only a few papers on the dynamics of pipelaying have been
published up to now.

Early in 1978, Kirk and Etok [11] presented a study of wave
induced random vibrations of pipelines suspended in the J-
configuration. Their method is based on a linearized spectral
analysis. Neither vessel motion nor variation of tension is consi-
dered. The pipe ends are assumed as being clamped or hinged.
Malahy [15] developed a general purpose dynamic beam analysis
method. It is based on Hamilton’s principle applied to a finite
element model. An inner loop solves the equation system at each
timestep, and an outer loop improves the solution iteratively.
Clauss and Weede [7] published the present method at an earlier
stage. As the nonlinear correction in time domain was not yet
ready, nonlinearities were simulated by offset effects in the linear
frequency domain approach. This ”semi-nonlinear” method may
still be interesting as a more simple alternative.

The present theoretical analysis is based on large deflection cir-
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cular beam theory clearly summarized as a flowchart-like scheme
by Weede [18]. Besides the well known torsional differential equa-
tion, it yields the differential equation for the radius vector of
the oscillating axis.

Vlahopoulos and Bernitsas [17] are expanding the same vector
equation, e.g. for bending rotatory inertia and structural dam-
ping. A vector version of Galerkin’s method is directly intro-
duced into this equation with a finite element discretization,
and a coupled equation system with time dependent matrices is
solved with the Newmark method.

As a related topic, riser analysis should be mentioned.

Gardner and Kotch [8] presented the type of dynamic bending
equation later used by Hapel and K&hl [9] and in the present pa-
per. They introduced the assumption that the dynamic tension
force may be averaged over the length. The present paper trans-
fers this to pipelaying based on [18] and Kirchhoff’s hypothesis
in [10]. Gardner and Kotch assume that the dynamic tension
force is known.

Hapel and Kohl [9] took advantage of the fact that the static
tension force in a marine riser increases linearly from bottom
to top. After neglecting dynamic tension and flexural rigidity
and linearizing the hydrodynamic drag, the dynamic bending
equation was solved analytically using modified Bessel functions.
Frequency domain analysis performs quite poorly if one eva-
luates the linearized hydrodynamic damping parameter in time
domain. Eq. (18) in this paper is speeded up in practice with an
approach presented by Krolikowski and Gay [12]. See also [2].
Cable dynamics differ from the pipelaying problem due to large
strain and the absence of flexural rigidity. For the planar case,
Bliek and Triantafillou [1] present a linear and a nonlinear solu-
tion based on force equilibrium. The nonlinear solution consists
of a quasi-stationary part to satisfy the boundary conditions
from the vessel’s motion and a modally decomposed dynamic
part.

Several practical aspects of offshore pipelaying are discussed in
[5] and [13].

Based on large deflection beam theory, Clauss et al. [5] published
a static analysis of pipelines during laying. Further, a procedure
for pipe dimensioning is presented considering the combined
stress associated with external pressure and bending moment
under laying conditions, allowing for initial out-of-roundness of
the pipe.

The most comprehensive variety of practical pipelaying aspects
is discussed by Langner and Ayers [13]. This paper covers tech-
nical and economical implications of different laying procedures
and discusses the question how to operate the tensioner.

Thes present paper presents a unique numerical motion simula-
tion of pipelines during laying. The theoretical analysis of pipe
motions and stresses induced by laying vessel motions is based
on a profound theoretical investigation of oscillations of slender
beams in a fluid excited by arbitrary line forces or motions at the
beam’s end, published by Weede [18]. The theory is validated by
model tests. The associated model testing technique, proposed
by Clauss and Kruppa [6] achieves model similarity by defining
characteristic numbers derived from the non-dimensional dif-
ferential equations of pipeline dynamics. Both, the theoretical
analysis and the model testing technique have been substan-
tially improved. Calculated and measured motions and stresses
of typical pipelines are compared proving the reliability of the
proposed method.

Basic Equations

The configuration of the pipeline is defined by the radius vector
1(s, t) of the pipe axis and the torsional angle x(s,t) as functions
of curve length s and time t, where ()’ = 8/8s and (') = 9/0t.
We regard a pipe element with a length of ds. The hydrostatic
pressure is acting on the wetted surface. Its resulting force is
normal to the pipe axis. It is substituted by a vertical buoyancy
force which summons the pressure on the wetted surface and
the non-wetted cross sectional areas and - for appropriate cor-
rection - axial tension forces which result from the product of
the external hydrostatic pressure and the cross sectional areas.
The vertical buoyancy contributes to the external line load vec-
tor g, and the correcting axial tension forces are added to the
internal force vector, i.e. the resultant ”effective” force F con-
sists not only of the stress relevant forces, but also of these axial
hydrostatic force corrections.

The basic equations are derived from the dynamic force and mo-
ment equilibrium and from the constitutive equations of bending
and torsion of circular pipes.

The derivation is shown similar to a flowchart in [18], page 9,
and results in a differential equation for the radius vector (s, t)

(EII”)”-'-(E[K,ZI’), —(MTII XI“)I"‘(F_,II)I'*'mOi: q (1)
and the well known torsional differential equation
(GLx) -6x=0

The configuration r(s,t) of the pipe axis is split into a planar
static configuration r,,(s) loaded by w, the submerged weight
per unit length, and a dynamic deflection u(s,t) from the vessel
motions, waves and current.

The static configuration can be obtained by solving the nonli-

near differential equation of the static inclination angle:

EI¢"(s) — Hsinep(s) + (ws—V)cosp(s) =0 (2)

In [18], this is derived from Eq. (1), and a very compact ana-
lytical approach as well as an efficient and reliable numerical
solution is published. The inclination angle ¢(s) yields the sta-
tic curvature |¢'(s)| for the static bending stresses and the
static effective tension force

Fy5(s) = Hcosp + (ws—V)sing (3)

where H is the horizontal force to be decided within the design
procedure and V is the bottom support force to be calculated
from boundary conditions.

The dynamic configuration is also calculated from Eq. (1) after
splitting off the static terms and uncoupling the lateral dyna-
mic component equations (see [18]):

EIuy' — (Foun) +moiin = ¢ Foay + gnay ()

FEI ug” - (Fs'u,lB)’ + motip = ((pIMT)I + gBdy (5)
un is the dynamic bending deflection in the static plane and
up perpendicular to it.

On the left hand side, the dynamic tension force Fsqy contributes
to the effective tension force F, = F,;1+F,qy introducing a time-
dependent stiffness. On the right hand side, it yields a pseudo
line load in combination with the static curvature |¢’(s)|.
As F,qy = EAeqy, it depends on the dynamic strain
o
edyzu's—ga'uN+—2ﬁ+TB (6)

which is a function of axial motions us and lateral motions
UN,UB.
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Axial elastic vibrations are neglected, as the first axial natural
frequency is too high to be excited by the seaway. Consequently,
the dynamic tension force has nearly the same amplitude and
phase all along the pipe and may be averaged over the unsup-
ported span [18,10]:
% Fyqy d
Fsdy ~ Z/ sdy @8 (7)
()

The hydrodynamic load components in the unsupported span,
gndy and gpay, are deduced from the generalized Morison equa-
tion (see [4]). In the planar case, where the pipe moves with the
lateral deflection u, and the external flow velocity from waves
and current has the lateral component v, it yields:

2
qdy—moil-(l—l—ca) —v+ecg= D|u v|v-—

b(s,t)

p(;t)

D?. . ! !
—(mo + cagz4—)u - cd§D|u—v|u

(8)

s b(s, )

where m is the effective mass per unit length, b(s,t) is the
damping parameter and p(s,t) is the load contribution from
waves and current.

Beyond the touch down point, the pipe on the sea floor is
treated as a generalized Winkler beam with linear elasticity,
damping and inertia forces. k is the beam subgrade modulus,
b expresses soil damping, and m includes soil added mass.

The dynamic problem can be summarized as follows:

ELuff' +(Fou) +eun+min +bin =9 Fayton  (9)

EIu' +(Fouls)' +kup +miip +bis =(¢'Mr) +ps  (10)

EA j ul ull
Fsdsz UaL—/((PUN—T—-Z— ds (11)
(L)
parameters in the unsupported span (s > 0):
2
kZZO nl::nm-+cag—z—
b= cng\/(u'N — VN)2 + (113 — VB)2
wD? wD?
N=(14+ci)o 1 —VN +bvn pp=(l4ca)o 1 ——VvB +bvp

parameters on the seabed (s < 0):

pN = pp = 0 and k, m, b from linearized soil mechanics

If the tensioner is compensating, i.e. Fy3y, = 0, Eq. (11) has to be
resolved with respect to the boundary axial motion usr(t). The
difference between usr(t) and the vessel’s axial motion compo-
nent ist the relative axial motion between vessel and pipe. If the
tensioner is blocked, usr(t) is the vessel’s axial motion compo-
nent and Eq. (11) is coupled with Egs. (9) and (10).

Linearized Dynamic Solution

The dynamic deflections and the corresponding dynamic tension
force are calculated from Egs. (9)-(11). Linearization consists
of three assumptions: The total effective tension force Fi(s,t)
on the left hand side of Eqgs. (9) and (10) is approximated by
its static value F,4¢(s); the square strain terms in Eq. (11) are
neglected; for the hydrodynamic damping parameter b(s,t) a
time independent approximation b(s) is taken and improved ite-
ratively to minimize the square error of the drag force.

After introducing these assumptions, Egs. (9), (10) and (11)
as well as the dynamic boundary conditions, i.e. the vessel mo-
tions, are converted to frequency domain using the general de-

finitions
fity="3" gt - %/f(t)e_iwjtdt
(T)

j=—n

where f; are the complex Fourier coefficients and w; = 7 - 2n/T
are the circular frequencies with T being a sufficiently large
time window.

As the right hand side of Eq. (9) contains the dynamic tension
force Fl,4y, which is unknown unless the tensioner compensates,
the Fourier transform of Eq. (9) cannot be solved directly.

Introducing
Uy = “N, + Fju 5\2 (12)

the Fourier transform of Eq. (9) is split into two equations
for "33; and ug\l,g whose right hand sides are known; ”533 is the
contribution from vessel motions, waves and current and has to
be calculated with inhomogenuous boundary conditions from
the vessel motions, and u(I\? is the contribution from the dyna-
mic tension force and has to be calculated with homogenuous

boundary conditions (all boundary values being zero).

To obtain the complex Fourier coefficients F; of the dynamic
tension force if the tensioner is blocked, Eq. (12) is introduced
into the Fourier transform of Eq. (11) neglecting the square
terms:

EA
F;= T |UeLi = /go (ug\(}; + F,ju 5\1,3) s
(L)
and this is resolved with respect to Fj;.

The linear solution is summarized as follows:

Differential equations (see [18] for numerical solution):

ELQ)™ = (FooruQy)') + (k—w]m+iw;b)uly) = pn; (13)

with inhomogenuous boundary conditions from vessel motions

only if the tensioner is blocked:

EIQY" = (FooruQ)') + (k—wim+iw;b)ul) = ¢ (14)

with homogenuous boundary conditions: all zero

EIugJ’- - (F“tulBj)' + (k—wfm+iwjl;)qu = (Lp/MTj)l—i-ij
(15)

with inhomogenuous boundary conditions from vessel motions
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Composition:

blocked tensioner compensating tensioner

Uspj — /tp'ug\?} ds.

b ’,.(0)
(L) (16) UsLj = /90 UNj ds (17)

EL G / uy) ds (L)
)

R, =

0
unj = uf) + Fojuyy) un; = )

The numerical solution is embedded in two nested loops. The
internal loop steps along the circular frequencies w; = j-2n/T,
j = 0,1,2,.... The external loop serves to improve the li-
nearized damping parameter:

/ [(ﬁN—UN)z + (ﬁB—vB)z]slz dt

(T)

/ [(’l.J.N—’UN)2 + (’llB—UB)Z] dt

(T)

b(s) = cdgu (18)

Nonlinear Dynamic Correction

The bending deflections and the parameters are split into a
linear and a nonlinear part:

total =
un(s,t)=uon(s,t)+uin(s,t)
ug(s,t)=uon(s,t)+ u1s(s,t)

Fuy()= Fo(t) + F(1)

b(s,t) = b(s) + Ab(s,t)

The unknown nonlinear correction is modally decomposed:

wun =Y ui(s)ni(t) i =Y ui(s)r;(t)

(€)) (6))]
where u;(s) = jth normalized mode shape and Q;

tural circular frequency.
All other functions of s are modally decomposed, following the
general definition

) =S where f; = [ flejus(e)ds

) ()

linear -+nonlinear

= jth na-

After splitting off the known linear solution from Egs. (9) and
(10) and introducing these modal decompositions, the nonli-
near part of Egs. (9) and (10) yields two systems of differential
equations for the 7 ;(t) and 75;(t) which can be uncoupled as
follows:

min;+Bii i +(Qim+ Feayci; )TN =

. (19)
= —FsaycjjTni —ABj; T+ Fik;j

+(Qfm+ Faaycjs)n; =
~Ap;iT5;

The magnitudes Bj;,ABjj,cjj,k; from the parameters and

Tnj,Tj from the linear solution are explained in the list of

symbols.

These two uncoupled equation systems (19) and (20) are solved

with the Newmark method [3]. Their parameter F.qy(t) is zero
if the tensioner is compensating and unknown if it is blocked.

mip;+Bj;iTe; (20)

= —Fiayc;;Th;

For the case of blocked tensioner an expression for the relative
axial deflection Au,(t) between pipe and vessel was developed
from Eq. (11), and at each timestep a binary search takes place
to find the F,4y which makes Au, to zero.
Using the known linear part Fy of F,q, and the above modal
decompositions, this relative axial deflection is
L
Aug=—
w= g4l
= _ z
+Z['ﬂj ;= - (Tnj+7n;)" = 55 (Tej+78;)
(€3]

Fsdy_F0)+

(21)

Note that the Tnj, 7s; mutually depend on F,4,. For a detailed
description of the procedure see [18].

Model Tests and Validation

The calculation methods are validated with model tests. To en-
sure a realistic range of parameters, the model tests maintain
model similarity to typical full scale examples.

The basic equations and their boundary conditions are trans-
formed into a non-dimensional form. As any mechanical dimen-
sion can be composed of length, force and time, lengths are
normalized by the characteristic length H/w, forces are norma-
lized by the characteristic force H and times are normalized
by the characteristic time vmH /w. The parameters of the non-
dimensional formulation, as far as their influence can’t be neglec-
ted, are the characteristic numbers. The model test is mechani-
cally similar to a specific full scale problem if the characteristic

numbers have the same values in model scale as in full scale.
The three most crucial characteristic numbers are

V_;Id_ = non-dimensional depth

EIv  _ & ional fi | rigidi
T = non-dimensional flexural rigidity
w_~WmH = non-dimensional frequency

A different set of characteristic length, force and time yields a
different, but equivalent set of characteristic numbers [6].

Model magnitudes are now marked with an asterisk ()*. To simu-

" late different full scale examples with the same model pipeline,

the three most crucial characteristic numbers are adjusted by
three magnitudes which can easily be varied previously to every
model test: the horizontal force H*, the lay depth d* and the
circular frequency w* of the sinusoidal excitation. The above ex-
pressions for the three characteristic numbers are equated for
full scale and model scale; these three coupled equations are
resolved with respect to H*, d* and w”.

This yields the scales of the three basic dimensions:

d _ EIw* Bt
&~ \(ED)'w

Elw? \'?
(EN)*w*?
w"
w

length scale = A\ =

force scale = Ay =

time scale = A\ = T_* =

AL N0 I .o D 13, 4 B
“\m* (EI)* w “\m* Af

As a fourth characterlstic number the non-dimensional damping

parameter cq sD wrr is kept close to the full scale values by
dimensioning the model pipeline.
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Two typical examples were used for experimental validation:

location Frigg-Karmgy Strait of Messina
see literature [14] [16]

steel pipe ext.diameter 406 mm 508 mm

steel wall thickness 15.9 mm 23.8 mm
concrete coating thickness 63.5 mm 0 mm

subm. weight per length w 1215.7 N/m  843.66 N/m
eff. mass per length m 582 kg/m 501.50 kg/m
flexural rigidity EI 76.7 MNm?  219.09 MNm?
laying depth d 150 m 237 m
horizontal force H 333 kN 279 kN
length scale A; 43.477 69.597

force scale A 14827 16471

time scale A; 6.458 9.110

The model pipeline (Fig. 2) consists of two components. A rec-
tangular stainless steel strip contributes (EI)*, most of w* and
part of m*. It is surrounded by segments of perspex pipe which
contribute the other part of m* (including the trapped water),
D* and the small remainder of w*. The pipe is segmented to
avoid an influence on EI*. This allows to dimension both com-
ponents rather independently from each other in order to suit
the model pipeline to the requirements of model similarity. For
stress measurements, the steel profile is equipped with strain
gauges in distances of about 60 cm.

Model pipeline specifications:

width of steel strip = 20 mm
thickness of steel strip = 2mm
external diameter of segments D* = 30 mm
wall thickness of segments = 3 mm

submerged weight per unit length w* =3.5646 N/m
effective mass per unit length m* =1.7771 kg/m
flexural rigidity (EI)*=2.7467 Nm?

The experiments are carried out in a deep water tank with a
length of 12 m, a width of 1.3 m and a depth of about 5 m. At
one side, the tank is equipped with windows.

All equipment is installed in a large steel frame which is movable
around a bearing at the top end of the tank (Fig. 2). It can
be lifted with an electrical crane to access it above the water
surface.

To simulate the laying vessel motions in the seaway, the upper
end of the pipeline is hinged to a planar motion mechanism. This
mechanism provides a unidirectional harmonic oscillation whose
direction, amplitude and frequency can be varied arbitrarily. It
is equipped with a directional load cell whose two signals can be
geometrically transformed into tension and sheer force.

At the opposite end, the pipeline lays on a model ”seabed”,
which can be fixed horizontally at different depths d* below the
upper end. To simulate soil elasticity, this soil model consists
of a series of U-shaped steel elements which are bridged with a
tensioned steel wire. The pipe, after touch-down, is supported
by these steel wires, their tension being adjusted with screws to
represent a defined subgrade modulus. A series of such bottom
supports are positioned at distances of 20 cm. At the very end
of this soil model, the pipe is attached to a load cell. Its position
can be shifted horizontally to adjust the static horizontal force.
The dynamic response is investigated with two methods:
e long time photographs of small diodes attached to the pipe-

line to register trajectories
e computer based registration of time series from:

- strain gauges located along the pipeline,

- the load cell at the bottom

- the directional load cell at the top

The trajectory photographs are compared with the theory by
linking the theoretical subroutines to a main program which
draws trajectories in exactly the same scale. These results are
presented in Fig. 3, modelling the Messina pipeline.

In Fig. 4, the computer registered time series are evaluated, mo-
delling the Frigg-Karmgy pipeline. They are accompanied by a
theoretical simulation of each model test. The calculated time
series are transformed into A/D converter units and written to
a file in exactly the same format as the measured data. This
allows to process both measured and calculated data with the
same software. At each individual timestep the dynamic ben-
ding stresses are interpolated between the strain gauges with
the parabolic blending method and drawn as stress distribution
along the pipeline. Fig. 4 shows these results comparing model
tests (right) and theory (left) at different frequencies from a slow
variation of the static configuration (top) up to a fast motion
(bottom). The shape of the stress curves at the lowest frequency
(upper diagrams) has one node erroneously suggesting the se-
cond mode shape. However, this variation of the stress along the
pipeline results from the varying positions of the hinged upper
end of the pipeline and the associated steady-state pipe geo-
metries. At higher frequencies, the number of nodes increases,
and the dynamic response is distorted by the nonlinear interac-
tion with the dynamic tension force and by the hydrodynamic
damping,.

The calculated stresses compare well with the measured ones.
Only one of the measured strain gauge signals differs remarkably
from the theory. This strain gauge, located near the touch down
point, was checked and found to work unreliably.

The upper and lower pair of stress diagrams is accompanied by
time series of the dynamic tension forces. They clearly prove
the nonlinear behaviour. For confirming the hypothesis that the
dynamic tension force does not depend on the curve length s
(Kirchhoff’s hypothesis [10]), it is measured at both ends of the
pipeline. The corresponding two diagrams on the right side show
that both load cell signals, indeed, are equal.

Full Scale Examples

Finally, full scale calculations have been performed taking the

Strait-of-Messina pipeline as an example (see above).

The dynamic tension forces in a suspended pipe due to motions

of the stinger and layvessel could become very large if the pipe

is held fixed relative to the vessel. To damp out these potentially
large tension oscillations, tension machines designed for deepwa-
ter will have to ”give”, thus permitting small axial motions of
the pipe whenever the tension passes outside a specified ”dead-
band” range which, for example, may be £10 % of the static
tension. However, when the dynamic loads fall within the dead-
band range, the pipe must be held rigidly to the vessel, except
during pipe payout, as this allows pipe fabrication operations to

progress at a maximum rate [13].

The following examples, shown in Figs. 5-7, illustrate the two

limiting cases

e blocked tensioner: no axial motions, high axial forces due to
the vessel motions (left side of each figure)

e compensating tensioner: no axial forces, significant axial mo-
tions due to the relative movements between pipehead and
vessel (right side of each figure).

In practice, both modes are relevant during laying operations,

as an upper tension limit is dictated by tensioner capacity and

a lower limit by static considerations.
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The figures illustrate how the dynamic response to a planar har-
monical vessel motion depends on various operational parame-
ters. Varying one parameter, four pairs of diagrams are presen-
ted. The left diagram of each pair shows the pipe motions and
- alphanumerically - the varied parameter as well as the range
of the dynamic part of the tension force (blocked tensioner) or
of the axial motions of the pipe head (compensating tensioner).
The right diagram of each pair shows the corresponding total
stress distribution along the upper and the lower fiber of the
pipe as two static curves surrounded by their dynamic enve-
lopes.
In Fig. 5, the period T of a lateral excitation with an ampli-
tude of 1 m has been varied. The dynamic stresses increase with
the frequency. Evidently, this behaviour depends on the ratio
of the excitation frequency to the first natural frequency. As a
consequence a stiff system helps to reduce the dynamic stress
envelope.
Fig. 6 demonstrates that maximum dynamic stress envelopes
occur in shallow water. The lay depth d has been varied, inve-
stigating a lateral excitation with an amplitude of 1 m and a
period of 4 s.
For the same excitation, Fig. 7 shows a variation of the hori-
zontal force H. Increasing the tension force seems to reduce the
dynamic envelopes. Investigations have shown, however, that in
other cases the opposite influence may occur. H has to be decided
upon at the design state. This figure demonstrates that mainly
the static stresses, not the dynamic envelopes, are relevant for
this decision.
All these examples are focussed on the excitation component la-
teral to the pipe. Fig. 8 illustrates the effect of other directions of
excitation with a period of 4 s and 8 s and an amplitude of 1 m.
With a blocked tensioner, the dynamic stress and motion enve-
lopes as well as the dynamic tension force amplitudes have their
maximum at axial excitation. In many cases, as has been proved
for a variety of calculations of other pipelines and operational
parameters, axial excitation yields tension force amplitudes far
beyond any tensioner capacity if the tensioner is blocked. Need-
less to say that the tensioner will ease off if overloaded.

Comparing the two alternatives of blocked or compensating ten-

sioner it is evident that any pipe laying procedure has to cope

with high alternating axial tension forces or relative motions
between pipe and tensioner.

e Alternating axial tension forces are limited by the tensioner
design capacity. Thus, the related stress variations are just
illustrating the adverse effects of tensioner blockage.

¢ In the second case of a tensioner pulling with a defined con-
stant force, the pipeline experiences relative motions which are
resulting from the pipe motions at top superimposed by the
vessel motions with respect to phase.

In both cases, favorable motion characteristics are advantageous

which explains the preference for semisubmersible laying vessels.

Conclusions

The paper presents a unique theory for calculating dynamic mo-
tions and stresses of pipelines during laying operations. Special
attention is given to the nonlinear interaction between bending
oscillations and dynamic tension as well as to linearized pipe-soil
interaction.

The calculation methods have been successfully validated with
model tests. The model tests have been carried out with a so-
phisticated technique, yielding dynamic stress distributions, dy-
namic tension forces and trajectory photographs. They are per-

formed within a realistic range of parameters, based on the spe-
cial model similarity laws of a bending beam oscillating in water.
It has been pointed out that dynamic effects pose severe pro-
blems at rough sea conditions, especially if the laying vessel re-
sponds to short waves with high amplitudes. A stiff system, i.e.
a high first natural frequency, helps to reduce the dynamic re-
sponse by keeping the excitation frequencies low in comparison
to the natural frequencies. This should be taken into account
when deciding upon the horizontal force H.

Blocking of the tensioner results in extremly high axial dynamic
forces which may overload the tensioner. Operating the tensio-
ner with constant tension force is associated with axial motions
between laying vessel and pipeline which has to be considered
in designing the manufacturing procedure. Thus a sophisticated
tensioner operation is recommended.

Sample calculations prove that dynamic effects are significant
at any laying operation. The theoretical method is versatile and
allows for adaption to any specific laying problem.

List of Symbols
b(57 t)

damping parameter; in the unsupported span:
b= %chD\/(iLN—VN)Z +(i—vEB)?

linearized damping parameter

b(s)

CayCd = Morison’s added mass and drag coefficient

Cjj = square of the 1st derivative of the j-th norma-
lized mode shape, integrated over the unsuppor-
ted length

D = largest diameter, diameter of concrete hull

d = vertical distance from seabed to top of stinger
circle (S-method) or to the clamped end (J-
method)

EA = axial rigidity of steel pipe

ErI = flexural rigidity of steel pipe

F,(s,t) = effective tension force = real tension force + dis-
placing cross sectional area times external hy-
drostatic pressure

Fysi(s) = static part of effective tension force

F,ay(t) = dynamic part of effective or real tension force

Fi; = j-th complex Fourier coefficient of the linearized
dynamic tension force Fy(t)

Fy(t) = linear part of dynamic tension force Fiqy(t)

F(t) = nonlinear part of dynamic tension force F,q,(t)

H = static horizontal force

k = on the soil: beam subgrade modulus; in the un-
supported span: zero

L = unsupported length

Mr(s,t) = torque or torsional moment

Mz;(s) = j-th complex Fourier coefficient of M~

m = effective mass per length of pipe incl. hydrodyna-
mic mass (on the soil plus subgrade added mass)

mo = mass per length of the pipe only

pn(s,t) = (14 ca)ozmD*Yn+bvy = wave and current con-

tribution to the lateral hydrodynamic line load in
the static plane (N)
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=(1+ ca)g%wDZOB+bvB = wave and current con-
tribution to the lateral hydrodynamic line load
perpendicular to the static plane (B)

PB(S, t)

pNj(s),pBj(s)= j-th complex Fourier coefficient of pn,ps

q(s, 1)
gnday(s,t),gBay(s,t)= lateral dynamic line loads in the static
plane (N) and perpendicular to it (B).

= generally: line load vector

(s, t) radius vector of pipe axis from static touch down
point; static part r,,, dynamic part u
curve length from static touch down point, up-

wards positive

Tn;(t), Ts;(t)= j-th modal coefficient of the linearized bending
deflections uon,uops, i.e. their product with the
J-th mode shape integrated over the unsupported
span.

t
u;(s)

un(s,t),us(s,t)= dynamic bending deflections in the static
plane (N) and perpendicular to it (B)

= time

= j-th normalized mode shape

un;(s),uBj(s)= j-th complex Fourier coefficient of the li-
nearized bending deflections uon, uop
(0)

upn;i(s) = contribution to uy; from lateral loads and boun-
dary conditions; see uUN; = uggg + F,jug\l,j-

us\ig(s) = contribution to un; from dynamic tension force;
see un; = ug\(}; + F,jug;

us(s,t) = axial dynamic deflection

usr(t) = boundary value of us at upper end of unsuppor-
ted span

Au, = axial relative motion = us; minus axial compo-

nent of vessel motion

uon(s,t),u0B(s,t)= linear part of the dynamic bending deflec-
tions un,up

ui1n(s,t),u1B(s,t)= nonlinear linear part of the dynamic ben-
ding deflections un,up

vn(s,t),vB(s,t)= lateral components of the external flow velo-
city in the static plane (N) and perpendicular to

it (B).

w = submerged weight per length (weight in air minus
buoyancy)

Bij = damping parameter by sqare of j-th normalized
mode shape, integrated over the unsupported
lenght

AB;; = nonlinear part of 3;;

€dy(s,t) = dynamic part of the strain of the pipe axis

Kk(s,t) = |t"| = curvature of pipe axis

Kj = j-th modal coefficient of ¢'(s)

0 = specific mass of sea water = 1025 kg/m?
7ni(t),7B; = j-th modal coefficient of the nonlinear part
uiN, w1 of the bending deflection

w(s) = static inclination angle

l¢'(s)] = static curvature

Q; = j-th natural circular frequency

wj = j - Aw = j-th discrete circular frequency
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