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Scientists study the world as it is;

Engineers create the world that has never been.
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1. INTRODUCTION

These brief notes are intended to provide the student of general
offshore engineering some insight in the hydraulic and oceanographical
engineering aspects of offshore engineering problems. Because of the
limited nature of this class and the varied background of the students
involved, the coverage, here, will be summary; only the most important
topics will be highlighted. Where available, literature references
will be given where those interested can find more extensive informa

tion.
The topics to be treated in the following chapters include:

- Ocean waves and their most important properties.
- Other ocean water movements

Wave forces on slender cylindrical bodies.
- Choice of design wave conditions.
These items are discussed in more detail in the following chapters.



3

2. OCEAN WAVES

2.1 Introduction

Some knowledge of the properties and mechanics of ocean waves is
essential to succesful offshore work. Waves and currents can cause
very significant loads on offshore structures of all types and are
usually experienced as a nuisance by most everyone working offshore.

Only results of theoretical derivations are given in the follow
ing sections and these results are even limited to oifshore ~ondi
tions. A broader overview of such results is available in notes avail
able in coastal engineering - Massie, editor (1976). Kinsman (1965)
presents an excelent and readable discussion of the theoretical
background.

2.2 Wave Characteristics

If we attempt a quantatative description of ocean surface waves
we can do that most conveniently by noting the height and period of
the waves. While these two quantities may seem simple to determine,
oceanographers argue continually about the proper definitions for
wave height and period in an actual wave record. Rather than join in
that discussion, here, we shall define these terms according to com
mon, but not universal practice, using the sketch of water surface
elevation versus time shown in figure 2.1.

The wave height is defined as the vertical elevation difference
between a wave through (low point) and the following wave crest (high
point). This height is usually denoted by H. Often an additional
restriction must be placed on the above definition: The crest must be
above the mean water level and the through must be below this level;
see figure 2.1a.

The wave amplitude is derived from the wave height and is the
height of a wave crest relative to the mean water level. Schematiza
tion of an individual wave by a simple sine wave yields a conclusion
that the wave amplitude is half the wave height.

The wave period is usually defined as the time interval between
two successive upward crossings of the mean water level. This is of
ten more easily determined than, say, a trough to trough period.

Wave heights in excess of 30 meters can exist at sea; wave pe
riod usually range between about 3 and 30 seconds.
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DEFINITIONS FOR HAND T.

2.3 Physical Phenomona

If we examine a record of water surface elevation versus time
for a pattern of regular sinusoidal waves, we see that the elevation
pattern repeats itself with a period, T, equal to the wave period.
The pattern repeats with a circular frequency of

2'lT
W ="1 rad.fsec. (2.01)

Similarly, if we examine the wave pattern at some instant, we
see that the pattern repeats itself at regular interval~ as well.
This interval is called the wave length, À. In a way parallel to
that for the frèquency, w, we can define a wave number, k, as:

2'lTk = r rad.fm. (2.02)
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Continuing our assumption of a sinusoidal wave, we can now

write out an equation for the water surface elevation as a function

of the wave height, length, and period as well as time, t, and loca
tion, x.

n = ~ sin(wt-kx) (2.03)

where: n is the elevation of the water surface at point x and time t.

The speed at which a wave crest passes along the ocean surface is

given by:

(2.04)

when the wave occurs in relatively deep water (depth, h, > À/2). (Re

lationships for other conditions will not be given here.)

It should be obvious from (2.04) that a direct relationship exist

between wave period and wave length in deep water. Indeed:

n 2 2
À = 2~T = 1.56 T (metric units) (2.05)

It can be handy to remember that a sort of ordinary Noth Sea wave has
a period of about 8 seconds with a wave length of about 100 m in deep
water.

A relationship between wave height and wave period (or wave

length) is less easily defined even though some relation must exist.

(The shortest waves at sea are not the highest and often the longest

waves are not the highest either. This latter comment is especially

true if the long waves are a swell radiated from a distant storm as
opposed to locally generated storm waves.)

In deep water, waves will break when their height exceeds about

1/7 of their wave length. This, then, set a limit on the wave height
that is a function of the wave length and hence its period.

2.4 Other Wave Reationships

How does the water move in a wave? If we watch a float in the

deep ocean we see it move up and down as wave crests pass. Also, it

moves forward (in the direction of propagation of the wave) when on

the crest and back when in the trough; its net horizontal movement
is zero during a wave period.

Indeed the horizontal velocity of our float at the water surface
is:

u = ~ sin (wt-kx) (2.06)

and its vertical velocity component is:

w = ~ cos (wt-kx) (2.07)

This is the parametric representation of a particle moving around a

circle of radius ~ with period, T.
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Deeper in the water, this circular motion continues, but the
radii of the circles decrease exponentially with depth. More com
plete versions of equations 2.06 and 2.07 are:

wH ekzu = ~ sin (wt-kx) (2.08)

w = ~ ekz cos (wt-kx) (2.09)

where z is a vertical coórdinate measured upward (positive) from the
water surface. Figure 2.2 sketches the orbital motion under a deep
water wave.

z

Figure 2.2
ORBITAL MOTION UN DER
A DEEP WATER WAVE

This decrease in wave influence below the ocean surface explains
somewhat the relative stability of structures such as submarines and
semi-submersibles in wave action.

Wave also posess energy. This energy includes both kinetic and
potential energy. It is most convenient to express energy in units of
energy per unit wave crest length and unit wave length (in other
words, per unit ocean surface area). In such units:

1 2E = 'S' p 9 H (2.10)

where 9 is the acceleration of gravity and
p is the mass density of water.

This energy is dependent only upon the wave height; it is independent
of the wave period.

As a storm progresses, the energy of its waves must also be propa
gated forward. Close examination of the "front" of such a wave field
will reveal that the individual waves more forward with a celerity, or
speed, c, which is twice as fast as the wave field (group) -moves for
ward as a whole. This latter, slower velocity with which the energy is
propagated is referred to as the wave group velocity; in deep water
its value is:
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(2.11)

In the next section we return to the problem of the "real" ocean
by combining a number of waves.

2.5 Wave Statistics

How can we use the results of the previous section (derived for a
simple sinusoidal wave) to describe a real sea? We can do this most
easily by expressing this real sea as a sum (theoretically infinite)
of sine waves, each with its own amplitude, a,.and phase, ~.:, .

(2.12)

The coordinate x does not appear in (2.12) since we are restricting
ourselves to one location. Equation 2.12 can be compared to (2.03) -
remember that the wave height, H, is twice the amplitude, a.

The total energy of such a set of components is:

1 00 2
"2" I a.
. i=1 '

(2.13)

which differs from equation 2.10 only in that pg does not appear.

Noting that each component in (2.12) has its own (different)
frequency, we can define a function S(w) called an energy density
function such that:

1 a2
"2" i S(wi)dw (2.14)

as shown in figure 2.3.

S(w)

Figure 2.3

CONCEPT OF WAVE SPECTRUM
(no absolute scaLe)1 2

A rea = 2 a i

w· I w
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Such a spectrum is nice, but it is not all that"convenient.
Imagine having to keep a whole series of graphs in order to record
the storm wave history of the North Sea!

Realizing that the total area under the spectrum curve repre
sents an energy, we can characterize this spectrum by some single
wave height having an energy which is related to the spectrum energy
in some way. For convenience, we can define a significant wave
height, Hsig' as:

H. = 4 /r-r-S-(W-)-dW- (2.15)
S1g 0

Lord Rayleigh examined the statistics of the sea surface and found
that if the water surface elevation at any time was described by a nor
mal distribution, then the distance between extremes (wave heights)
were described by a Rayleigh Distribution. For this Rayleigh Distribu
tion, the chance that a wave height, H, is exceeded in a storm
characterized by Hsig is:

H 2
P(H) = e-2(HSi9) (2.16)

which again involves the significant wave height. Table 2.1 lists some
values from equation 2.16. We see from the table that the significant
wave height, Hsig' is exceeded by 13.5% of the waves. Also, it can be
shown that Hsig is also equal to the average of all waves for which
P(H) is less than 1/3. Additionally, and of significant emperical im
portance, the significant wave height corresponds well to the wave
height determined by experienced visual observation._. --- - --------
What does all this mean? It means that we can characterize the
spectrum of each storm by a single value, the significant wave
heightl. Further, we can determine the chance that any given wave"
height occurs using the Rayleigh Distribution and the given sig~
nificant wave height.

We can also carry out some statistical work on the series
of significant wave height values, each characterizing a single
storm. For example, for the southern part of the North Sea, a
linear graph of Hsig versus log frequency of occurrence results.
A few values are given in table 2.2.

In chapter 5, we shall use these statistical relationships
in order to determine wave forces on structures and the chance
that a given force will be exceeded.

In the remainder of this chapter we briefly examine the
other causes of water movement in the oceans which must be con
sidered in the offshore industry.

Jt I~ehave neglected the frequency (period) data.



9

Table 2.1 Properties of Rayleigh Distribution

Probability of H
exceedance P(H) Hsig

10-5 2.40
2x10-5 2.33
5x10-5 2.22

10-4 2.15
2x10-4 2.06
5xlO-4 1.95

10-3 1.86
2x10-3 1.77
5x10-3 1.63

0.01 1.51
0.02 1.40
0.05 1.22
0.10 1.07
0.125 1.02
0.135 1.000
0.20 0.898
0.50 0.587
1.00 0.000

Table 2.2 Significant Wave Heights in Southern North Sea

frequency of Significant Wave
exceedance Height, Hsig

(storms/year) (m)

10 4.2

5 4.6
2 5.2
1 5.7
0.5 6.1
0.2 6.7
0.1 7.1
0.05 7.6
0.02 8.2
0.01 8.7
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3. OTHER OCEM FLOW PHENOMONA

3.1 Tides

Another source of currents in the oceans the tides.

Their influence is most pronounced in areas such as the North Sea

and other rather restricted (from an oceanographic view point)

waters. Tidal currents well away from the coasts - such as in the
mid-Atlantic are generally negligible.

3.2 Ocean Currents

Wind forces and a Coriolis acceleration resulting from the

rotatio~ of the earth on its axis cause circulation currents in

the ocean. These currents are usually found outside the con

tinental shelves in deep water. Extreme velocities in the order

of 1.5 to 2 mis can be found, for example, near Florida, U.S.A.
in the Florida Current - part of the Gulf Stream. The flow in
volved in such currents is enormous - 60x106 m3/s for the Gulf
Stream. Svedrup, Johnson and Fleming (1942) give an excellent
summary of the ocean currents then known. (A few equatorial
currents have been discovered since then).

3.3 Internal Waves

In certain parts of the world the oceans are stratifed;
layers of different density can be found. Internal waves can
then develop and propagate along the interface between layers,
much like those on the surface between water and air.

Because of the small density difference between layers,
the gravitational influence is relatively small on such waves.
To compensate for this, they can be very high - in the order
of 50 meters is rather common. They move slowly, however (2
mis for example) and have somewhat longer periods than surface
waves. (Periods in the order of 20 minutes are common).
Osborne, et al (1977) describe experiences with such waves while
drilling in the Andaman Sea (between Burma and Sumatra). Max
imum currents observed there were a bit more than 0.5 mis at a
depth of about 110 m.

3.4 Tsunamis

Tsunamis, sometimes incorrectly called tidal waves, are
ocean waves generated by geologic action of the sea bed. Actions
such as earthquakes or the explosion of subrnarinevolcanoes have
been known to cause them. Tsunamis, thus, have nothing to do with
tides. The word tsunami comes from Japan where such waves are
all too common.
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Tsunami waves can range up to tens of metèrs high (at
least near the shore where they are usua11y observed) and have
periods ranging from a few minutes up to, say, one half hour.
Usua11y on1y one (or at most a few) such wave is generated by a
given seismic activity.
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4. HYDRODYNAMIC FORCES ON CIRCULAR CYLINDERS

4.1 Introduction

Since the early 1950's an enormous amount of research has been

invested in the determination of the hydrodynamic forces on slender

circular cylinders. Progress seems, at times, to be slowand no sin-
gle method to predict the wave and current forces on structural elements

of, say, a jacket structure is universally accepted. In this chapter,

an attempt will be made to explain the more popular theories. In the

following section, we start by discussing the force components ac-

ting on a unit length of cylinder placed perpendicular to a two-di

mensional flow. Slender, in this discussion implies that the flow

characteristics around the cylinder can be characterized by the flow

conditions at a single point corresponding to the location of the

cylinder axis in an undisturbed flow pattern. As such, this implies

that the cylinder diameter is much smaller than the wave length, À.

4.2 Hydrodynamic Force Components

Consider a cylinder of diameter, D, and unit length placed

with its axis perpendicular to an infinite constant uniform velocity

field. This unit length of cylinder will experience a drag force,

FD' of:

(4.01)

where: D is the diameter of the cylinder,

V is the undisturbed velocity,
p is the mass density of water, and

CD is an experimental coefficient.

This drag force is, thus, proportional to the kinetic energy of the

undisturbed flow, times the projected area obstructing the flow,

times a dimensionless coefficient. Usual values of CD range from
about 0.5 to about 1.5. The drag force acts in the same direction

as the velocity, and is caused, primarily by the pressure difference

existing between the "front" and "back" of the cylinder.

A second force component, the lift force, acts along a line

perpendicular to the flow direction. It can be described by:

(4.02)

where: f is the frequency with which eddies are shed in the

vortex street behind the cylinder, and

CL is an experimental lift coefficient.

The lift force is proportional to the same sorts of quantities as

the drag force, but fluctuates in a sinusoida1 ~Iaywith a frequency

equal to the frequency with which eddies are shed. The lift force

is apparently caused by the alternate eddy formation in the wake of

the cylinder. The lift force is only important, thus, when such

eddy formation is present.
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Theabove two force components are the only ones present in a
uniform steady flow.

If, we now allow the undisturbed flow to oscillate as a func
tion of time a third force component, the inertia force, appears.
This force component is described by:

(4.03)

The inertia force is proportional to the acceleration of the water
times the mass of water displaced by the cylinder, times an experi
mental coefficient, CM' The force is directed in the same way as
the instantaneous acceleration.

Morison, et al (1952) seems to be the first to have suggested
a formula for the wave force acting on a"vertical circular cylinder.
The formula which bears his name is:

F = FD + F1

1 1 2 audF = 7 p ulul CD Ddl + ~ TI D P at CM dl (4.04)

where: dF acts on an element of length dl,and
u is the horizontal component of the velocity in the wave

(equation 2.06). Morison assumed, probably unconsiously, that
velocity and acceleration components parallel to the axis of the
cylinder did not contribute to the hydrodynamic force in the direc
tion perpendicular to the cylinder axis.

Why did Morison neglect the lift force? There are probably two
reasons: First, with a vertical cylinder in waves, the line of ac
tion of the lift force is perpendicular to the line of action of
the other two force components. Secondly, the lift force is directly
coupled on the eddy formation in the wake of the cylinder. Unless a
single eddy extends over the entire length of the cylnder - very un
likely in view of the varying flow conditions under a wave - the re
sulting lift force - integrated over the cylinder length - will be
much less than that predicted by an equation like 4.02. For these
reasons lift forces are often neglected in the determination of
design loads on an offshore structure as a whole, used, for example,
to design the foundation. lift forces may not be neglected, however,
when considering, for example, vibration of an individual structural
element.
Figure 4.1 shows the inertia and drag force components on an element
of a vertical cylinder of 1 m length located at a depth of 10 m in
infinitely deep water. The cylinder diameter is 0.5 mand the wave
height and period are 5 mand 10 seconds, respectively. Values of
CM and CD are chosen (quite arbitrairily for now), to be 1.2 and
0.7 respectively.
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Note that the drag force has a decidedly different character
from the velocity. This comes from the fact that it is proportional
to the square of the velocity. This non-linearity, aquadratic
dependence upon velocity, will lead to many practical problems when
wave forces are to be computed in real random seas. This will be
discussed in more detail later in this chapter and in chapter 5.

Of course, the velocity and acceleration components are 900

out of phase. This implies that the maximum drag force occurs when
the inertia force is zero and visa versa. Note, also, that the
maximum force does not, in general, occur at either of these times.

4.3 Sloping Cylinders

With the advent of the large steel offshore jacket structures,
it has become increasingly important to predict hydrodynamic forces
on cylinders having an arbitrary orientation relative to the waves.
The most common procedure for calculating such lift and drag fot
ces at present is to attribute the transverse force components to
their respective perpendicular components of velocity and accelera
tion. Recent evidence from studies carried out here in Delft indi
cates that the above approach may not be correct. Unfortunately,
testing has not yet progressed far enough to define a better pre
diction technique.

A more conservative but no more correct approach is to deter
mine the force per unit length for the sloping cylinder in the
same way as for a vertical cylinder using horizontal velocity and
acceleration components. This resulting force per unit length is
then applied undimished along the entire length of the sloping
element. Such a procedure is recommended in the Share Pratection
Manual ; it is most likely conservat tve ,

4.4 Parameters and Coefficients

The traditional parameter to which drag force coefficients in
constant currents have been related for decades is the Reynolds
Number, Re. It is defined as a ratio of viscous forces to inertia
forces and is usually expressed as:

Re = VDv (4.05)

where: ~ is the kinematic viscosity of water (usually about
10-6 m2/s). Indeed, a reasonably consistent experimental relationship
exists between drag coefficient and Reynolds Number for constant
currents.
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Such a relationship is less successful in waves, however. Keule
gan and Carpenter (1956) found that for an oscillatory flow, both
the drag and inertia coefficients could be related to the Keulegan
Carpenter Number or Period Parameter:

(4.06)

where: û is the maximum velocity component, and

T is the wave period.

If we assume, further, that the velocity component varies sinusoi
dally as a function of time, then KC can be expressed as:

C 2 CM Orag force amplitude
K = TI LO Inertla force amplitude (4.07)

Thus, the Keulegan Carpenter Number can be seen as a ratio of drag
force to inertia force in waves. Further, since CM is often a bit
larger than CO' the two force components contribute about equally
when KC ~ 12.

Another physical interpretation of KC is the ratio of water
displacement to cylinder diameter.

KC = 2 water displacement amplitude
TI cylinder dlameter (4.08)

When waves are combined with currents, the Keulegan-Carpenter
Number loses significance. Also, as the Keulegan-Carpenter number
increases, drag coefficient values approach those for a correspon
ding Reynolds Number in steady flow. This seems logical in light
of equation 4.07, above. Since the inertia force becomes less im
portant as KC increases, one still often finds graphs relating
Co to Re. - see, for example, volume 11 of the Shore ~otection

ManuaZ.

The current tendency is to relate the coefficient values
to both Reynolds and Keulegan - Carpenter Numbers. Figures 4.2
and 4.3 summarize the data of design interest~

It is well to note that many organizations include data such
as presented in figures 4.2 and 4.3 in their own guides of recom
mended practice.

4.5 Waves Plus Currents

When currents are superimposed on the waves (a tide superim
posed on waves, for example) one must be sure to add the necessary
velocity components vectorially before computing drag forces. The
resulting drag force will be directed perpendicular to the cylinder
axis and be in the plane defined by the resulting velocity vector
at that instant and the cylinder axis.
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Note that the non-linear character of the drag force m~kes it
incol"reet to determine the drag forces from the wave and constant
current separately and then to add these two force components. In
the more corr-ect method outlined above, the velocity components
are first added as vectors before the resulting drag force is com
puted.

4.6 Simplifications

Under certain conditions, the Morison equation (4.04) can be
simplified. Since the non-linear drag term is the most troublesome,
it is helpful to investigate the conditions under which this can
be sîmplified.

If the drag force component is small relative to the inertia
force, then the drag force term in (4.04) can be either neg:ected
or appro~ililàtedby a linear relationship. Remembering, that the
ratio of dra~jforce to inertia force is represented by the
Keulegan-Carpenter Number, we een see that KC must be small if
the draq force is to play an unimportant role in our probl em. From
equation~ 4.07 and 4.06 we see that the drag force component is
l ess +mpor-tant when ve lccity or 't/dveperiod is smal l or when the
cy l tr.der diameter is large. In general, tne draq force term can
oe neglected wi thout significant error whenever the Keuiegan-Car
penter Nurnberis less than about 3. Such low KC values cccur often
with large floating bodies or when more slender bodies are subjec
ted to very shor-t period movement relative to the water. This last
case can ba eK~erienced when an offshore structure is subjected
to an earthquake , for example.

For so~ewhat larger but still small KC values, the drag force
term can be approximated by expressing Vlvl as a Fourier Series
and then re teininq on1y the f irst harmonic. If the velocity can be
written as:

v = a sin (üt (4.09)

ther.VIVi yie1ds a Fourier Series without a constant term and with
exclusively odd harmonics of sin wt. The first term has amp1itude:

8a2 2- 0.8438 asrr - (4.10)

This means that VIVI can be approximated by:

(4.11)

Note that the peak value of the drag force will be somewhat reduced
in the lineat'izedapproximation, The importance of this remark will
become apparent in chapter 5.

If, on the other hand, the Keulegan-Carpenter Number is very
large, the inertia force component becomes relatively unimportant.
Such is the case, for example, for a cylinder in a tidal current
for which the period is relatively very long. Steady current data
can be used ~ith success.
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4.7 Additional Remarks

As we have seen in chapter 2, velocity components under a
wave decrease as we move deeper into the ocean. The most straight
forward practice is to use the computed values of velocity, etc.
at each depth to determine the necessary parameters such as Re
and KC which in turn determine the values of Co and CM to use
at that depth. This is the most popular but not universal practice.

An alternative but apparently less correct approach is to
evaluate the flow parameters and coefficients at the ocean sur
face and use these coefficients as constants valid over the entire
depth.

Figure 4.2 also gives some indication of the uncertainty
involved in the computation of wave forces. Note that the uncer
tainties are greatest for individual structural elements and when
the drag force component is relatively more important.

All of this discussion until now has been concerned with a
smooth cylinder. In reality, marine growth soon makes the members
of offshore structures rough and even larger. Examples of offshore
structural elements whose diameter have been doubled by marine
growth are not hard to find. Often, larger diameters are substi
tuted into the Morison Equation (4.04) when computing forces.
Additionally, the roughness tends to increase the drag coefficient,
CD' somewhat. Minimum CD values of about 0.8 to 1.0 can now be
expected. Even slight roughness can often double CD values.

4.8 Example

Stnce it can be instructive to illustrate a wave force compu
tation, let us compute the hydrodynamic force on a 10 m long ele
ment of a structure. The diameter of the element is 2.5 mand it
is placed in a vertical position and extends from 95 m below the
still water level to 105 m below this level.

The design wave has a height of 20 meters and a period of 15
seconds. A current of 0.5 mis flows in the same direction as the
waves are propagated. Determine the maximum force acting on this
portion of the structure.
We first determine the relevant flow parameters at the

location of the element. Using equation 2.08:

(4.12)
211

H - z
e À

"2 (2)( 11)( -100)
(2)(11) 20 (1.56)(15)Z

= --rs-- """"'2" e

4 -1.790= 311 e 0.70 ~/s (4.12)
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where (2.05) has been used in the third line, and we have

assumed conditions at z = -100 m to be typical.
Since the constant current acts in the same line as û, we

can add it directly. The maximum water velocity will then be:

0.70 + 0.50 = 1.20 mis (4.13)

The Keulegan-Carpenter Number is, now:

KC =}- = (1.2~~P 5) = 7 •.2 (4.14)

This implies that both drag and inertia will be important with
the latter term dominating slightly.

Checking the Reynolds Number:

Re = uo. =
\)

(1.2°i~2.5)
10

(4.15)

we see that this is in the postcritical area.

This allows us to determine Co and CM from figure 4.2:

(4.16)

The total velocity at the location of our elellent·now
varies about the constant current velocity. The maximum velocity
- equation 4.13 - is 1.20 mis; the minimum velocity is:

0.5 - 0.70 = -0.20 mis (4.17)

or expressing the total velocity, V, as a function of time:

V = 0.50 + 0.70 sin(i!t) (4.18)

The acceleration follows from differentiation:

(4.19)
2TT0.29 cos(T5t)

Now, using (4.01) for a 10 m length of cylinder:

FO = (~)(1025)(0.6)(2.5)(10)(0.5+0.7 sin(wt)] •

[l0.5+0.7 Sin(wt~

7688 [0.5+0.7 sin(wt)] [10.5+0.7 Sin(wt)U

(4.20)

(4.21)
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Also, using (4.03)

FI = tn (2.5)2(10)(1025)(1.5)(0.29) cos(wt) (4.22)

21887 cos(wt) (4.23)

where w = 2n/15.
Dur suspicion about the dominance of the inertia force seems con
firned.

One can see by inspection that the maximum sum of FD and Fr
wi ll occur in the interval during which both terms have the same
sign. Choosing the positive interval (which will yield the maxi
mum force in this case), then:

F = FD + FI

= 7688 0.5+0.7 sin(wt) 2 + 21887 cos(wt) (4.24)

T"·· . h dF 0I,'S 1S maX1Jl1Umw en ëf"{7,i"f) =

Thus, at the maximum:

(2)(7688) 0.5+0.7 sin(wt) 0.7 cos(wt) - 21887 sin(wt)=O
(4.25)

or:

7688 + 7534 sin(wt) cos(wt) - 21887 sin(wt) 0 (4.26)

sine t) = 7688 + 7534 sin(wt) cos(wt)
w 21887 (4.27 )

a trial and error solution yields:

(4.28)

Thus using (4.24):

F = 5558 + 18950 = 24508 N. (4.29)

which is our desired answer.

One might like to attack the same problem, but now with
the cylinder placed horizontally parallel to thw Wive crests at
a depth of 100 m. What will be the maximum horizontal force acting
on this cylinder segment?

The answer is: 24528. ~ (4.30)

which by chance is not much different than the answer to the
first problem.
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5. DESIGN WAVE CHOICE

5.1 Introduction

In the previous chapter, we have seen how to predict the hydro

dynamic forces on an element of an offshore structure once the wave

conditions are known. The wave conditions which we need are really a

wave height, H, and a wave period, T. If we are not working in deep

water, the we will need to know the water depth as well; we shall

restrict ourselves to deep water, however.
A quick review of chapter 2 reminds us that the èctual sea can

be described best as a random sort of combination of a large number of
small wave components - a spectrum. If the relationship between wave
height (for example) and hydrodynamic force were linear (it is not,
because of the quadratic drag force), we could transfer the know
wave spectrum to a loading spectrum. One method to determine loadings
is, thus, to trans form a wave spectrum using a 1inearized transfer
function.

Another approach which avoids the approximations involved in the
linearization, above, is to choose a single - or at most a small
number of - design wave and to compute design loadings based upon
this design wave. Now, the wave information can be transformed to
the wave force via the classical Morison Equation.

In the following sections, we examine each of the two above
methods before comparing them.

5.2 Design Wave Method

We may remember that the wave heights within a storm can be
characterized by the significant wave height and described by the
Rayleigh Distribution - see section 2.5. Further, the storm his
tory of a given area can be described by a semi-logarithmic plot
of significant wave height versus frequency of exceedance.

The Rayleigh Distribution was given in chapter 2 as:

H 2
P(H) = e-2(~)

Slg
(2.16) (5.01)

where P(H) is the chance that an individual wave of height H is
exceeded in a storm characterized by Hsig' The data represented by
table 2.2 giving the storm statistics of the southern North Sea can
be plotted on semi-logarithmic paper or the following equation can
be fitted:

103.786-0.669 Hsig (5.02)

where f(Hsig) is a frequency in storms per year. It would be safest,
of course, to design our structure to with stand the maximum wave
load that is possible. This would imply that P(H) in (5.01) would
be zero; This, in turn, implies that H would be infinite; thus, the
maximum wave force is infinite. It is, of course, impossible to
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design a structure to withstand an infinite load. We must be con
tent, then, to accept some finite chance that a design load (wave)
will be exceeded during the lifetime of the structure.

Ideally, we would choose a chance of exceedance and, from that,
compute a design wave height, Hd. Unfortunately, this problem cannot
be solved; we must be content to determine the chance that a given
design wave height, Hd, is exceeded one or more times in the design
life of our structure. The procedure for this problem is described
in more detail by Bijker and Paape in Massie (ed) (1976).

Storms at sea do not last foreverl. The total number of waves
encountered in the storm is, thus, finite. This number of waves, N,
will depend upon the time period over which the storm is assumed to
rage - usually about 6 hours for the North Sea - and upon the aver
age wave period in the storm, Usually, either N or the average wave
period is included in wave statistics.

--~--
Let us consider first a single storm characterized by some.

value of Hsig. This storm will contain N waves. Further, we wish
to determine the chance that a chosen design wave height, Hd, is
exceeded at least once.

Using (5.01), the chance that Hd is exceeded by an single wave
is:

(5.03)

The chance that this wave is not exceeded is, then:

(5.04)

The chance that this wave is not exceeded in a series of N
waves is, then:

(5.05)

and finally, the chance that the design wave
at 1east once in the single storm containing

N
El = 1 - [1 - P(Hd)1

height, Hd, is exceeded
N waves is:

(5.06)

Since the wave of height Hd can occur in many different storms.
We must now couple El' found above, to the storm statistics data. If
we knew the chance that Hsig used to compute El occurred, we could
compute the chance that both the storm characterized by Hsig occurs
and Hd occurs in that storm. Unfortunately, equation 5.02 gives the
chance that Hsig is exceeded rather than occurs.

l It may well seem so, however, if you happeh to be seasick on
board a ship in the storm!
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However, the chance that Hsig falls in an interval between
HSigl and Hsig2:

(5.07)

is equal t~:

(5.08)

Hsig on the left of the two above relations is a value of Hsig

used to characterize the wave height interval between Hsig1 and

H . 2' Assuming that all of the storms in the interval can be ap-
Slg

proximately characterized by Hsig' the change that both the given
storm occups and the design wave is exceeded in that storm is,
somply:

(5.09)

We are not yet done, however, since the design wave can also
occur in another storm outside the interval characterized by our
chosen Hsig' Therefore, we must carry out a computation outlined
above for a whole series of values of Hsig' each characterizing a
different interval of the total storm record. Hd will, of course,
remain constant, but values of N and p(Hsig) will vary. If we use
N' values of Hsig to characterize the total range of storm condi
tions then the N' resulting values of E2 must be combined.

Since each value of E2i for i = 1 to Ni represents the chance
that the design wave is exceeded in a given storm and the storms are
mutually exclusive (only one storm is raging at any one time), then
the chance, E3' that Hd is not exceeded at any time (in any storm)
during the one year is:

(5.10)

N'
1 - I E2i

i=l
(5.11)

N'
where I is the sum of the N' terms.

i=l

If the structure has a lifetime of ~ years, then the chance that
the design wave, Hd' will be exceeded at least once during the life
time of the structure is:

(5.12)

This resulting chance is our objective! By repeating this whole
computation for various values of Hd' we can determine the relation
ship between Hd and the chance that this wave will be exceeded.
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5.3 Example

Compute the chance that a design wave height of 20 meters occurs
at least once in a period of 25 years in the southern North Sea.

Table 5.1 shows the data and computations involved. The charac
terizing values of HSig (col. 4) are first chosen. The values in
column 1 representing the limits of the intervals are then chosen.
Values of f(HSig) follow from equation 5.02 which has been fitted
to data for the southern North Sea. p(Hsig) follows by subtracting
adjacent values in column 2 of table 5.1.

P(Hd) comes from substitution of values of Hsig (col. 4) and
Hd = 20 m into (5.03). Values of El then follow using equation 5.06.

Values of E2 are found by multiplying values found in columns
3 and 7 of the table - equation 5.09. E3 is found using (5.11) for
the N' = 11 intervals. Notice that the values of E2i are maximum
near the middle of the table. At the top of the table, E2 values
are small because the chance that the storm occurs, p(Hsig) is
small. On the other hand, at the bottom of the table, the chance
that a 20 m wave occurs in a given (mild) storm is extremely small.

The final result of the computation is that a wave 20 m high
has a chance of about 3.75% of being encountered in a period of 25
years on the southern North Sea.

5.4 Wave Period Choice

In order to calculate velocities and accelerations in a wave
we need to know the wave period (frequency) as well as the wave
height. What Wave period should we combine with the design wave
height in order to determine velocities and accelerations near our
structure?

Sometimes the wave statistical data available includes sepa
rate wave period data. This can be helpful in determining the de
sign wave period; a significant bit of "engineering judgement"
will be needed, however.

Another, but extremely conservative, alternative will be to
assume that the design wave is nearly breaking. In section 2.3
the limiting condition for breaking was indicated as:

(5.13)

In our example problem, this means that Àd is at least:

Àd ~ (20)(7) = 140 m (5.14)

and, using (2.05)

(5.15)

say, Td 10 s.
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Table 5.1 Design Wave Height Probability Computations Hd = 20 m.

H . f(Hsig) 'H ) Char. N P(Hd) El E2i
s19 PI sig

Hsig

(m) (storm~) (storms) (m) (waves)
year year storm

00 0.00
5.7xlO-6 14 400 0.0169 0.9989 5.69 x 10-6

13.5 5.7x10-6
208x10-5 13 500 0.0088 0.9879 -5205xl0

12.5 2.65xl0-5

9.72xl0-5
-5

12 600 0.0039 0.9021 8.77 x 10

11.5 124xlO-4

454xl0-4 11 700 0.0013 0.6101 -4c.77xl0

10.5 5.77xl0-4
2.12xl0-3 10 800 3.35xl0-4 0.2354 499xl0-4

9.5 2.69x10-3

0.0099 9 900 5.14x10-5 0.0452 -44.47xl0

8.5 0.0126

0.0461 8 1000 3.73x10-6 -3 171xl0-43.72xl0 '

7.5 0.0587
8. 12xlQ-8 -~ 175x10-50.2151 7 1000 8.12x10 ~

r: 0' 0.27380.;)

1.004 6 2000 2.23x10-10 4.0xl0-7 4D2xl0-7

5.5 l.28

4.68 5 2500 1.27x1Ö14 0 0

4.5 5.96

21.87 4 3000 111 0 0 0

3.5 . 27.83

E3 = 0.9985

P(H > Hd) ~ 0.0375 = 3.75%

Dur chosen wave, therefore, has the following properties:

Height 20 m (chosen)

(computed)

(semi-computed)

Chance of Occurrance 3.75%

,Period 10 s

This wave would then be used in the Morison Equation to determine
the design 10ads.
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5.5 Spectrum Transformation Method

A second (and independent) approach to the problem of deter
mining the loads on a structure is to transform the spectrum of
waves (such as shown in figure 2.3) to a spectrum of wave forces.
This can be done only if the Morison Equation is expressed in
1inearized form. Only then are two necessary conditions satisfied:
a. The wave force is directly proportional to the wave height,

and
b. The frequency of the wave force is the same as the frequency

of the wave.
The transfer function used to determine the spectrum of wave
forces from the wave spectrum can be determined as a function of
frequency simply by determining the wave force exerted on the
desired element as a function of frequency using a linearized Mo
rison Equation for a constant wave height of 1 meter.

The wave spectrum is then transformed to a force spectrum
simply by multiplying the wave height spectrum value for a given
frequency by the transfer function value. The resulting force
spectrum can then be used in further design analysis.

5.6 Comparison of The Methods

The two methods of determining the design loads on an off
shore structure just presented in the previous sections are not,
in general, equivalent. Only when the drag force plays an in
significant role in the total force on a structural element will
there be agreement between the methods. It might be better to
say that the results from the two methods would not, then, be in
conflict; after all, the two methods do yield rather different
information. Even so, however, some comparison is possible.

Consider, for example, that we have a record of waves mea
sured during some period at sea. We could determine the spec
trum from this record and determine a transfer function for wave
height to wave force as mentioned in the previous section.

An alternate procedure is to determine the wave height and
associated wave period data from the wave record needed to use
the Morison Equation directly. Such a procedure would yield a
sort of record of wave force versus time which could be caused
by the given wave record. Of course, we can then easily deter
mine the spectrum of the force - time record. The important
question is: "How do the two resulting force spectra compare?" The
steps outlined above are shown schematically in figure 5.1.

Linnekamp (1976) carried out such a comparison. (It involves
a lot of work~) He found that the spectrum transformation method
agreed well with the more complicated Morison Equation approach
for forces sma11er than about the "Significant Wave Force" - the
value exceeded by about 13.5% of the force peaks in the record.

For the more extreme peak loading~ however, he found that
the spectrum transformation method yielded force values which
were too low when compared to the design wave method.
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Figure 5.1 Representation of Alternate Methods

Therefore, we might make the following conclusions:
a. When the drag force plays no significant role in the force de

termination (Keulegan-Carpenter Number < 3) both methods are
identical. The spectrum transformation method is then the bet
ter one because of its simplicity.

b. When the drag us important and we are interested in maximum

forces which seldom occur (These could lead, for example, to
a total failure of the structure.) we must use a design wave
approach in order to get an accurate force prediction.

c. If, on the other hand, we are interested in loads which occur
many times, (needed for material fatique studies for example)
then a spectrum method appears to yield adequate results.



33

REFERENCES

The following list includes more complete bibliographic
data on most (and hopefully all) of the references li~ted in
the text.

Anonymous (1973): Shore Protection Manual: U.S.
Army Coastal Engineering Research Center: U.S.
Government Printing Office, Washington D.C.

-- (1976): A Critical Eoal.uation of the Data on rlav/3Force
Coefficients: The British Ship Research Association Con
tract Report Ho , \~ 278: Department of Energy Report No.
OT/R/7611: August.

Keulegan, G.H.; Carpenter, L.H. (1958): Forces on Cylinders and
Plates in an Oscillating Fluid: Journal of Research of the
National Bureau of Standards: volume 60, number 5, May.

Kinsman, Blair (1965): Wind Waves, Their Generation and Propaga

tion on the Ocean Surface: Prentice-Hall Inc., Englewood
Cliffs, N.J., U.S.A.

Linnekamp, J. (1977): Hydrodynamic Forces on a Vertical Cylinder

resulting from Irregular Waves: Student Thesis, Coastal Engi
neering Group, Department of Civil Engineering, Delft Universi
ty of Technology, Delft, The Netherlands.
In Dutch, original title: Hydrodynamische krachten tengevolge
van Onregelmatige Golven op een Verticala Paal.

Massie, W.W. (ed) (1976): Coastal Engineering - voZume I, Intro
duction: Coastal Engineering Group, Department of Civil Engi
neering, Delft University of Technology, Delft, The Netherlands.

Morison, J.R. (1950): Design of Piling: proceedings of the First

Conference on CoastaZ Engineering: Long Beach, California,
U.S.A.: Chapter 28, pp 254-258: October.

Osborne, Alfred R.; Brown, J.R. (1977): The Influence of Interna
tional Waves on Deepwater Drilling Operations: Proceedings

Ninth Offshore Technology Conference: Volume I, paper 2797:
May.

Saunders, W.R. (1956): Hydrodynamics in Ship Design: The Society
of Naval Architects and Marine Engineers, Ne Y k N Yw or, .. ,
U.S.A.

Svedrup, H.U.; Johnson; Fleming, R.H. (1942): The Oceans, Their

Physics, Chemistry, and General Biology: Prentice-Hall Inc.,
Englewood Cliffs, N.J., U.S.A.





CORR~CTIONS AND ADDITIONS TO

HYDRODYNNfIC ASPECTS OF FIXED

OFFSHORE STRUCTURES

compiled by \.J. H. ~1assie

Coastal Engineering Group

Department of Civil Engineering

Hork Group Offshore Technology

Delft University of Technology

Delft

The iletherLand s December 1979



. I --

Corrections and addi t i.ons to Hydrodynamic Asnec t s of Fixed Jffshore

Str~ctures - revised edition April 1979 by W.U. ~assie

Page'

i

2

3-7

8-9

13

22

23

24

25

26

27

Correct ion or re!i1ark

This table of contents is no long~r complete.

Replace chapter I uith the revised text included here

Replace ~lith chao ter A, 'Sed inen t Transport at Sea'", included

here ..

This information wilI be nresented i n a different sequence

in class

Add extra note near the bOttOTJ of page 8 and replace table 2.2•.

See page included here

Add iten (inc1uded) on Lift Forces at bottom of the vage

Correct equation 4.14:
ûT=-=~·'D·; •••

Correct equation 4.24:

;••• = 7683 [O.5 + O.7Sin(wt)]2 ••.

correct equation 4.25:

.•. (7638) G.5 + O. 7S~n(wt)J J.7 •••

Replace wi th text on Uind Loads (inc1uded)

Delete equation 5.02 and thc sentence including ~~~ equation

Line 9 of t.ext , add ; as corrected in "1ay 1979

second line above footnote, change "equat ion 5.02' to: table 2.2

Correct equation 5.07:

· .• = p(lI . I .••s~g
correct equation 5.08:

- T)(T- ) - ')('1 )
• •• - .L .i . 1 1: 1 • ?s i g s i gz

correct the 6th line after equation 5.09~

• •• ,~ and p( t ~ • ) •••
s~g

rcplace the two lines above equation 5.1')and equations 5.1t)and

5.11 by .

the chance, E3' that Hel 1.-8 exceeded at least once in thc storm

period is;

(5.10)

(5.11)
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27 replace the last 7 lines (including eq. 5.12) with:

The chance that this wave height 1S not exceeded in the single

storm period is, of course,

I-E3
(5.lla)

and the chance that lid is not exceeded a.n a structure lifetine

of R., yaa'r s cont.a ining "t~ storms is:
(I-E )::-u,

3
(5. Ilo)

Finally, the chance the ~ld 1.8 exceeded at least once dur ing the

lifetime is:

29

33

P!(Hd) = I .- (I-E3)"~i

change 6th line of section 5.3 text to read~

Values of P(H . ) follow from table 2.2 representing
", S1.g .: ", ' ,':

- Drop first ~wrd in the fo l l.ovi.ng Li.ne ,
In the 13th line: •.. NI = 13 .•.

Rep l ace entire page ~..rith new tahle and text (included).

Add the fo l l.owi ng ref erence :

Yamamoto, T.; Korri.ng, H.L.~ Sel l.me i j er , H.; Hijum, E. (1978):

(5.12)

28

On the Response of a Poro-E'l as t i.c Bed to \Jater Uaves:

Journal. of Elicid Hechanioe: vol. 87, op. 193-206.
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I Introduction

Th~se brief notes are intended to provide the student of general offshore

engineering some insight in the civil hydraulic engineering aspects of

offshore engineering uroblems. TIecauseof the limited nature of this class

and the varied student backgrotrnd,coverage here wiLl.be summary with
emphas i.son problem understandi.ngrather than theoretical details. :Jore

extensive data on many of the touics can be found in the referenc2s listed.

The subject material in this portion does not stand alone. Use will be made

here of information prescnted in the classes on Physical Oceanography and.in

rhe review of Fluid \1echanics. Further a certain coupLing Hith the Soil

t1echanics aspects is also presented, The treatment of waves reviews t.he

Physical Oceanography of surface uaves and works toward hoth Civil Engineering

and Naval Architecture (seakeeping) applications.

The form of these notes nay seem a bit cumbersome. This results irom the

constantly changing list of tonics ta be treated and rauiJ develonments in

this specific branch.

These notes should be read using these pages as a cuide. Thc order of

presentation wilI be effectively that that results from waking t.hecorrec

tions and ndditions listed here in the original hook.

Because of its special significance for the offshore industry. the statistics

of design conditions - here applied to ocean waves ~ wi lI be handled sonewhat

more deeply than other topics. see chapter 5.
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A. Sediment Transnart at Sea

A.I. Introduction

Sen bottoD material - sand or finer soil particles - is often transpor

ted alang wi th ocean currents driven , for examnle , by tides or waves.

Consideration of the equilibrium of a single bed naterial particle restin~

on the sea bed shows that friction between thc particle and the rest of the

bed.holds it in position until the Jriving force (from the water flowing

above it) exceeds a certain critical value. Since this driving force (fric

tion between the mov ing water and the bed) is proportional to the square of

the current velocity, it appears that the current velocity must exceed a

certain critical velocity before bed material \"illbe brought into suspension

and ,movenent wiH be initiated. lJaves.causing in principle only an

oscillatory water ~otion near the saa bed. can also bring material into

suspension, but the laek of Cl resultant Hater TIlovernentorevents transport.

The various possible conbinations of waves and currents can be evaluated

as to sediment transport via the f oLl.owi.ngtwo ques t ions:

Is the raaximum velocity ever grcater than the critical value? and Is

there aresul tant wat er movement? Only if both answers are yes wiLl,there be

an actual bed material transport.

The presenee of bed ~aterial transport 1S not neeessarily detrimental

to the sea bed or to a strueture. Indeed. ns lons as just as mueh bed material

is transported into a 8iven rCciionas is transported out of that region the

bed refilainsin a state of dynanic equilièriurïl~na net deposition or erosion

takes place. Erosion results only if the sedi.nenttransport canaci ty increases

from one place to another : denosition resuIts from a derease.

A.2. Influence of Structures

Given a stable sea bed which is in equiLibriurn, vrha t is now the effect of

placing an obstaele sueh as a pipeline or offshore structure on the ses bed?

These will be diseuss01 individually beginning with a large eircular offshore

gravity structure places on a sanuy battom.

Figure A. I shows a plan view of the sea near the gravity strucrure,

Some streamlillesare sketched qualitatively. ~ememheringrfrom fluid.mechanies

that cantinuity requires that all of the water flowing in seetion A (between
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two streamlines) also oasses throug~ Band C and sinc~ the stream

nat.h is nar rowe'r at :.. the v,~lQcitl rhe r e wi l l oe

hi",her than at ,I\.. Since the velocity is hiJ._,her, so , a180, w i l L he the

sed i.uent transno r t c anac i,ty at :J as corroar ed to at ti. :'nc C . pr oviIed, of

course. that the velücity at J 18 Jrcater th<ln the critical value.

Arrol i cat ion of trra t which 'IJe know about erosion . f rcn above - to th is

prob Lem leads to only one conc l us ion , Lf se.Hrrent uovas at all) there wi l I

he erosion of material be tween ,,\ and :3 <ln': dcpcs i t ion of that same mater î a'l

be txreen 13 acn C. In pr act i ce , the be.l changes wi l I l)e uo re or Les s concentrated

near ti where a ho l,e wi I I deve Lon , the deo os it ion ,'lill 1)e spre ad over a wi de.r

area more downs tr eam, The -Jeene s t nart of the ho I e wi Ll be ne ar the structure.

Tbe effects oi this scour hóle on the foun~ation will be rliscussel more

iully in the classes on Eoundat i.on ~n0incerin::.

The dis cus s ion above can be reoeated f o r the l~.:.; of a jacket: s tructure.

lJecause such a le6 is of iauch szia l l er d i ariet.e r tlran a gr av ity structure the
", . .

scour hole will also be slJalle~ but nroJa~ly óf larger relative size.

\-Jhat can b~ cione to nrcvcnt SUC:lscour? ')ne so Iut Lon is to cover the sea

be d near the s truct ure \"it~l a pro tect i.ve layer of less erod abl e mat er i.al

-- coarse bravel or s tone , for exarm l e , }rohlems can still ar r i se , but now at

the eit;cs of the pro tect ivc l aye r , I'his wi l l beC0:-12 nare chnous a bit later

in th is chan ter •

A.3. Exnosel Pinclines

Cons ide r , n0\7, 11 pioe l i.ne l.1.yin::::on the ho t toru, '\ny r ea l is t i,c person will

not even dare to 110ne that th is rrine w iTl ~)e rn contact ~!ith the bo tto:n over

its ent i re Length , sorae par ts wi Tl havc settled in to the bo t tori , otne r

sections HilI f ortr a free span just abcve the r~ottOT..i~

).'11epresence of the bot tou wi H have ;'\ ;;l.qrkeJ inf Iu.snce on the f Lov

oattern near the nioe , The exact nature of the LnfLunece tJill denend unon Dany

factors: the orpe an':; bo ttom r oughne s s , the oine diarae t er • and the orioinal

clearance b(!t~,J'ecnthe pi.pe and the bo t tou , In i>~neral. the f ol l.owing can be

expected.

The pipe ohstruction vill C8'Jse alocal incrcase in the avera",c velocity

between the pi.ne and the l)ottOl1~ this , a.n turn, er o Ics the bot tom mat er ial

50 that a tr ench f orus unde r the m.ne , If the n i.ne elevation is f ixe.l , th is

trench ~leerens until the sedi.ricnt; t r ans nor t canac i ty r e.aains constant al eng

the entire at r eau nat h ext end i.ng f ron vreLl ups t r ea;n of the oi.pe to weLl

dovns tre au of it. 'Jhat happens t.o the ernded naterial?
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Just as with the offshore structure, .this nat er i.alv.i s d.euositen rlmmstream

frou the pipeline.

Duels initial reaction to the fact that the erosion unner a uipeline'

section re aches an equ i l i.b r i.un s tat e iai.gb t; \"1e11be one of indifference •

.1A section of nLpe l i.ue óets a hole unde r it. So ~lhat?n Exanri.na tion of a

Leng thwi.se profile .- fi.;ure A2 - reveals t~;1O di ff i.cul t i.es .

1. Erosion 1.ri11 continue near the eud-no int s of the span uak i.n., the span

perpetually lanGer, anè

2. The pipeLi.ne tlÏll inevitably sag be twcen the suono r ts 9 decreasing the

bottou clearance and st i.uul at i.ng add it ional erosion.

0bviouslY. neither lJrocess1f can go on forcv~r. If the span becorues'long

enough , .the p i.ne wi Tl break of its own \i7ei;;ht whi l.e additional erosion

deeneniing under a piueline of ten halts af ter the -ri.ne itself has Large Ly

sagged into its eros ion t.rrmch ,

One solution to this who l d n r obLera coul d he to bury the entire pi.peLine ,

this solutidlu_is exauined in the following section.

A.4. Pi1)e1ine 3uria1

nne obvious-1ooking solution to erosion proh1ems near pipelines is to

bury the pi.peLine comnLeteLy f r on the start. Three i.nr'Lv idua l sub+o rob Leus

arrise with this 3pproacll, however. these are Jiscusse~ seuarately in the

remainJer of this section.

Pineline Trenchin~

The first sten in ~:,'~ttin~ a n ine l inc unde rrround on the se a be,l. is to

make a trench in t..hich to Lay it. In sha l Loo water (less than , say 30 'IJ);

rather neat t.rcnche s can be Jre'lge'l us ing rather convcntional equi oment ,

In deener wat er clrèd.ginG be comes f i r s t inaccurate -- resu'l t i.ng in a .,idé

(expensive!) trench - Ilnd later imnossihle •

. In l,!ater too de en f or .lr edgi.ng i t hAS been -rrono se-I t;o first 1ay toe

pipe on the sea "beJ an~ then to 1iquify tl-te soil unJer the nine usin3 a

j ett i.ng raach i.ne towe.l a l ong t+ie n ine l i.ne , Such a nach.i ne a1so lias its

nractical prfJblens; The "ipe1ine cannot be bent too'shar-r,ly during the

urocess of s inki.n.; it in t1le 1)e3 and sone so iLd (stift c l ays fo r axanml.e)

,.
* Artlitional> equa I Lv t r oubl esmaa, nrocesses wil1 he cons idered aft er

hydrodynami c forces have heen t r eat.ed ,
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are unsui te I to such j ett ing onerations. ti. nare recent Dutch deve Ioooient

has been a snecially ·lesi8ned nLowvhi61, guidad by a DÎpe Lay in., 'on rhe

bot tom, is towe.l by a t.ugboat , The nrob Len w i t.h "ine },en·iin~ is still

present but the DIm'1can he usad in nare var ie' soi l d , _\ disadvant.ace of

the pLow is that it leaves the nine lay i.nx in an open vee+shaner' trench •

Al so , the depth of the trench (size of the nl ow) is sone"r1-tat Livrited hy the

ava i l abLe tugboat nul Li.ng force. Ln.Ie e.L, such nLows have only been ,~esi~nej

since the introduction of the .SUDer tugs such as the 'Srai.t;Rotterdam '"

Pipeline covcrin0

Once a nineline is Laying in a trench the next .,rob 1er'. is to cover it.

(Un.le r certain cond i ti.ons , \le taay wi sh to cover a p i.neLine laying on the

sea berl surf aco , ) Generally new so i I naterial will have to be brought into

accomol i sh this cove r îng , Uhat are tho rrrobLeris as soc iat er' '(,rith the p-Lacement;

of th is covering?

E'ir sr , we uus t be sure that the nat er iaI actually Lands anr:1coraes..to rest

where it is want e.l , This i.iay sound s i l.l y , but SO]'1etinescarefully.~umT)ed.

uat er i.aI seeuis to di saonear uithout .'1 t r ace l One vay to Le 1:10resure of t.he

placenent is to convey the cover naterial to a point just aGove the nineline

by durming it rh rough a vertical moe .

Second'l y , üe nust· be surc that the "irye rana ins in nl ace , ;\. ;:lÏxture of

soil nar t i.cl.es land wat er in which the so i I nar t icl es are loose from one

ano the r behave.s as a liquiJ lJith the snec if ic T'Jei3~t of the mixt ur'e , If th is

snec i.f ic ,;.reight is [;reater than t+ic net soec if i.c vrü"ht of thp. (8/l.,ty!)

nineLi.ne, the latter vriI I float on the u ixtu rc , The result is a neatly f i I l ed

trench \olith thc niT)eline restin3 on ton of t lie ':-:'::>.ckfillnaterial!

Stabilitv of:Covering

.T11ethird probleu I. is to he sur o that the cove r in= raater ial an-I the

surroundings rena in in nl ace , This re I at es hack te) our knowl edge of sedi.merrt

transnort. Stability iunlies th at no èrosion or d(!nosition is to take nlace

anywhere in thc vicinity. This , in turn, requires that the se·-1.ÎLu:mttransnort

renain constant al ong a s trcanl.i.ne nas s ing over the (~isturhed bed area.

The ryipeline é0Verinij naterÏ:al Dust. theref')rp., have effectively thc same

characteristics as the sur roun.I ing undis tu rb ed bed. 'Iot only nus t the fill

taaterial r'emain in pl ace , it DUSt al so not cause a f l ov rlisturb.ance which

could lead to erosion (lOlmstrean f ror: the nine covering mat.e r ial , . .....
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A.S. Influence of :Taves

It has been as sumad for s ircnl Lci ty that the erosion and denosition

nheno.nona desc r i.bed so far in this chant er .have been cause.l by steady

unidirectional currents. IJhat hanoens if lV'inrl generated ~,1ater surface waves

are also nresent? (TJle discussion here will be kept qualitative since

exact dat a on wave ac ti.on is nresente 1 only later.).

If the water is not extrmaely Jeen (~rcater t~an. say 100 to 200 c)

the ,~urfÇlc,e,.waves will eause water nressure variations and water moveneut

near the sea bed. ~oth of tl-}ese nhenooona are cyclic with period equal to the
..'. " .' .~

. ~:.7ave nëri;d .
. ,...~', "

. " ~",' .... '
'."~'- : .

The oscillatory water velocity near the sea bed caused by the waves can

he autlêd"T;;é'~oria11y to the constant cur rerit . Bot ton na ter i.al wi11 be brought

Lnto susnension whenever this re sul t ing tiue-tlenendent eurrent velocity is

greatër ~th.:ii:ithe critical velocity as exp Lained earlier in th i s chan te'r ,

Lt :is' even noss i.hl,e that a current which alone would cause no bot tom taat er ial
. '.:

movenent combined ~.;rithan 'equally weak wave act ion uill cause, together, a

resulting ~ed material transport.

The {rtfluence',of rhe water nressure fluctuations is mor e subn.ka .and has

only coine to attent ion qui te . reccnt l y - Yananoto et al (1978). The nr essur e

fluctuations in the sea near the se a h~j are nroo aga te " down into the

nore water in the sea bed. These nnre water Dressure fluetuations can cause

1088 of stability of the soil rnass for short "'lerioJs of tine (less than one

surface wave nerioJ). Thus. a buriel nipcline, for cxa~le. ean find itself

sur rounded hy 'h igh ~ensity liquid ~ for reneateJ short intervals so th at

nipe movements l-lithin the sea bed becone nossible.

:lore of thc soi I mechan i.cs background of th is nhenomona is gi.ven in

-the classes of Prof. van ~Jecle.

.' ':""
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Corrections on ryaiv,es8 and ')

Add the following text at the end of 7th line ahove the footnote~

In that tab l e , twn f r equenc ie s ar e ;iven. The first is an absolute

f r equency , PCI • ) ._ the chance that a s torri at least as severe as is Lnd i+
S10

cat ed by the adj acent :1. value is occur r ing at any arbitrary instant.
S1,-':

This frequency, just as any truc orob ab iLî ty , is a lways less than I.

The secend frequency l i s ted , F(Y . ) is na Longe r a true statistical
S1;':'

frequency hut i.n.If.cat es aonroxiraa tc Ly h:Jw nany StOrL1Swill exceed rhe given

intensity per year.

Repl ace the (~ata in table 2.2 tY'Ï th :

Significant llYave :'Jur1her of wave s Frequency of

Hei3ht. as i.g ryer storm hl PCr . )
) S16

(m) c-) (..)
13.5 400 2.233xIO-8

~,_3
12.5 500 2.283x10

550
-·7

11.5 1.070xll)

600
-·7

10.5 4.556x11

600
-6

9.5 1.957x1O

8.5 800
--6

8.252x1O

7.5 1000
-53.S05x1O

6.5 1.000
-4

I. 802xl ()

5.5 200Q
-4

8.F;Cl9xI0

4.5 200f) ···33.30!3xll)

3.5 25QQ
-2

1.803x1O

2.5 3000 8.082x1O
··2

3500

:::!:xceeJance

F(B . )
S1[:;

(storms/year)

1/100000

1/30000

1/6/.00

1/1500

1/3.50

1/83

1/18

1/3.8

1.27

5.56

26.32

118
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lUdendum Page 13 ._lift forces

Vibrations '1laya si.cnificant role in the develo!)T'lentof imnortant lift

forces. A ri3itlcylinier ",i11exnerience vor tex shedd i.ng which is nore or

less randomly distrihuted alon8 t~lecylinder length; the resultin3 integrated

lift force will be sMall.

If, on the other hand, the cylinder is not rigi-lly fixed, but is mov ing

nerhans even slightly back and forth nernend icular to the flow direction ,

then this oscillatory uot ion tYÏll stimulate the deveLopment of a wake vortex

in the .aos t sheLtered location. Since relatively long nortions of the cylinder

wi11 be osci lhatLng in the sane nhase , the generation of long vortices extending

over a considerahle cylinder lengt~ is nOllstimulated; this increases the

nagnitude of the lift force inteerateJ over the cylin~er lencth. If the fre

quency of vortex sheddin3. f, is nuc~ rlifferent fro~ the natural frequency

of the transverse vihration/then nothing very svectacular hannens. (Be sure

to check for a fatique failure, though.) Uhen , on the other hand, f and the

natural frequeney of the transverse oscillation arp.nearly alike, a

"Lock ing+Ln" takes nlace - the vortex frequency shifts to agree with the

natural frequencv - and a foreed resonant vihration results.
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Addendum. Chapter 4 {,JindLoads

Wind loads can be treated in muah the sane way as steady current forces.

The îmnortant force connonent s will be drag and lift with the forner bei.ng

the most Imnortant , Inertia farces - conceivahle as aresultof wind gust s -

are universally neglected.

Drag forces can be rrre di.ct.e.l wi th a f.on,ula anal ogous to (4.01) ~

FO = (i v2)(A)(CD) (4a)

where A is the projected area of the obstruction. Note that ~ above , is now

the density of air - possibly containing water droplets (spray); common values

range upward from about 1-2 kg/m3•

A si3nificant complicatin3 factor in the computation of wind loads is the

choice of the proper velocity for substitution in (4a). Friction along the

earth's (ocean) surface will cause a velocity profile to develop~ wind velo

cities become a function of elevation so that a design wind speed (for use in

4a, above) will be higher for the top of a crane structure than for the exposed

truss work of the main jacket structure. This wind velocity nrofile can extend

up to a height of, say, 150 meters. Wind speeds reported by meteorologists are

usually ueasured at a standard elevation of lOm above the earth' s surface.

Values of the drag coefficient are also usually different from those

listed in these notes. Values are too numerous to give details here. however.
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New table data and text page 29.

H . P(rl . ) P(1i • ) char. HSi5
~I P(R ) EI E2 iS1g 81g Hg d

(m) (-) (_. ) (m) (waves/storm) (-) (-) (-)

00 0 -9 1.688xIO-2 -I -9
-9 6.849xl0 14 400 9.989xl0 6.841xl0

13.5 6.849x1O -8 -3 -1 -8
-8 1.59Bx1O 13 500 8.794x1O 9.879x10 1.579x10

12.5 2.283x1O -8 -3 -I -8
-7 8.417x10 12 550 3.866x10 8.812x10 7.417x1O

11.5 1.070xl0 -7 -3 -I -7
-7 3.486xIa 11 600 1.345x10 5.540x10 1.931x1O

10.5 4.556x10 -6 -4 -I -7
-6 1.501x10 10 600 3.355xl0 1.823x10 2.738xll)

9.5 1.957xlf) -6 -5 -2 -7
-6 6.295xlO 9 700 5.137xlI) 3.532xlO 2.223x10

8.5 8.252x10 -5 -6 -3 -8
-5 2.980x10 :.3 900 3.137x1O 3.348x1O 9.978x10

7.5 3.805x10 -4 -8 -5 -8
-4 1.422x1O 7 1000 8.II9xlI) 8.120x1O I.I54xIO

6.5 1.802x10 -4 -10 -7 2.759xI0-IO-4 6.897x10 6 2000 2.234xJQ 4.000x10
5.5 8.699x10 -3 la-I()2.933x1O 5 200n < :::: 0 = 0-34.5 3.308xl() -2 10-201.422x10 4 2500 < :::: 0 = I)-2
3.5 1.803xl0 -2 10-306.279x1J 3 3000 < = 0 = 0-22.5 8.082x10 '-1 10-809.192xI() 2 3000 < = 0 = I)

= 0

I'"1.000 L -7""8.976x10

Dur chosen wave, then, has the following nroperties:

Height 20 m (chosen)

(computed)Chance of Exceedance 3.23%

Period II) s (semi+comput ed)
This wave would be used in the 'lorisonEquation to determine design

loads. The structure designed for these loads would have 3.23% chance that

it would fail during its lifetime.


