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Abstract Most of the Codes of Practice (API, BSI, DnV, NPD) uses Morison's equation to estimate
hydrodynamic loads on fixed and moving offshore structures. The significant difference in the
prediction of the loads mainly arises from the assumption of the values of hydrodynamic coefficients.
In this paper by analysing a full scale set of data in large KC's numbers collected from Delta Wave
Flume in the Netherlands the effects of random waves (JONSWAP spectrum) and uniform current
over the artificially rough cylinder have been investigated. The prediction of water particle kinematics
has been made from the surface elevation measurements using Stokes fifth order wave theory. By
using the Weighted Least Squares technique the hydrodynamic coefficients have been estimated. A
comparison between measured force and predicted force shows that although the accuracy of
prediction over the whole data is about 90%, the errors on the local peaks are significant (24%) the
case which is of interest in the ultimate limit state involving a single extreme wave.
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 ﻣﻌﺎﺩﻟﻪ ﻣﻮﺭﻳﺴﻮﻥ ﺭﺍ ﺑﺮﺍﻱ ﺗﺨﻤﻴﻦ ﻧﻴﺮﻭﻫﺎﻱ ﻫﻴﺪﺭﻭﺩﻳﻨﺎﻣﻴﻜﻲ ﻭﺍﺭﺩ ﺑﺮAPI, BSI, DnV, NPD ﭼﻜﻴﺪﻩ ﺍﻏﻠﺐ ﺁﺋﻴﻦ ﻧﺎﻣﻪ ﻫﺎ ﻧﻈﻴﺮ
 ﺗﻔﺎﻭﺗﻬﺎﻱ ﻋﻤﺪﻩ ﺍﻱ ﻛﻪ ﺩﺭ ﺑﻜﺎﺭﮔﻴﺮﻱ ﻫﺮ ﻛﺪﺍﻡ ﺍﺯ ﺁﺋﻴﻦ ﻧﺎﻣﻪ ﻫﺎ ﻣﺸﺎﻫﺪﻩ ﻣﻲ.ﺳﺎﺯﻩ ﻫﺎﻱ ﺛﺎﺑﺖ ﻭ ﻣﺘﺤﺮﻙ ﺩﺭﻳﺎﻳﻲ ﺗﻮﺻﻴﻪ ﻣﻲ ﻧﻤﺎﻳﻨﺪ
 ﺩﺭ ﺍﻳﻦ ﻣﻘﺎﻟﻪ ﺩﺍﺩﻩ ﻫﺎﻱ ﺁﺯﻣﺎﻳﺸﻲ ﺑﺎ ﻣﻘﻴﺎﺱ ﻭﺍﻗﻌﻲ. ﻋﻤﺪﺗﺎ ﻧﺎﺷﻲ ﺍﺯ ﻧﺤﻮﻩ ﻣﺤﺎﺳﺒﻪ ﻭ ﺗﺨﻤﻴﻦ ﺿﺮﺍﻳﺐ ﻫﻴﺪﺭﻭﺩﻳﻨﺎﻣﻴﻜﻲ ﺍﺳﺖ،ﺷﻮﺩ
 ﻫﺎﻱ ﺑﺰﺭﮒ ﺭﻭﻱ ﺳﻴﻠﻨﺪﺭﻫﺎﻳﻲ ﺑﺎ ﺳﻄﺢ ﺯﺑﺮ ﺗﺤﺖ ﺗﺎﺛﻴﺮ ﺍﻣﻮﺍﺝ ﺗﺼﺎﺩﻓﻲ )ﻃﻴﻒ ﺟﺎﻧﺴﻮﭖ( ﻭ ﺟﺮﻳﺎﻥ ﭘﺎﻳﺎ ﻛﻪ ﺩﺭ ﻛﺎﻧﺎﻝKC ﺩﺭ
 ﺳﻴﻨﻤﺎﺗﻴﻚ ﺫﺭﺍﺕ ﺁﺏ ﺑﺎ ﺍﺳﺘﻔﺎﺩﻩ ﺍﺯ ﺗﺌﻮﺭﻱ. ﻣﻮﺭﺩ ﺗﺠﺰﻳﻪ ﻭ ﺗﺤﻠﻴﻞ ﻗﺮﺍﺭ ﮔﺮﻓﺘﻪ ﺍﺳﺖ،ﻫﻴﺪﺭﻭﻟﻴﻜﻲ ﺩﻟﺘﺎ ﻭﺍﻗﻊ ﺩﺭ ﻫﻠﻨﺪ ﺍﻧﺠﺎﻡ ﺷﺪﻩ
 ﺿﺮﺍﻳﺐ ﻫﻴﺪﺭﻭﻟﻴﻜﻲ،ﻣﻮﺝ ﺍﺳﺘﻮﻛﺲ ﺍﺯ ﺍﻧﺪﺍﺯﻩ ﮔﻴﺮﻱ ﺳﻄﺢ ﺁﺏ ﺗﺨﻤﻴﻦ ﺯﺩﻩ ﺷﺪﻩ ﻭ ﺳﭙﺲ ﺑﻪ ﺭﻭﺵ ﻛﻤﺘﺮﻳﻦ ﻣﺮﺑﻌﺎﺕ ﻭﺯﻧﻲ
 ﻣﻘﺎﻳﺴﻪ ﺑﻴﻦ ﻧﻴﺮﻭﻫﺎﻱ ﺍﻧﺪﺍﺯﻩ ﮔﻴﺮﻱ ﺷﺪﻩ ﻭ ﺗﺨﻤﻴﻦ ﺯﺩﻩ ﺷﺪﻩ ﻧﺸﺎﻥ ﻣﻲ ﺩﻫﺪ ﻛﻪ ﺍﮔﺮ ﭼﻪ ﺩﻗﺖ ﺗﺨﻤﻴﻦ ﻛﻞ.ﻣﺤﺎﺳﺒﻪ ﮔﺮﺩﻳﺪﻩ ﺍﺳﺖ
 ﻭﻟﻲ ﺧﻄﺎﻱ ﻧﻘﺎﻁ ﭘﻴﻚ ﻛﻪ ﻣﻮﺭﺩ ﺗﻮﺟﻪ ﺩﺭ ﻃﺮﺍﺣﻲ ﺑﻪ ﺭﻭﺵ ﺣﺪﻱ ﺑﻮﺩﻩ ﻭ ﺑﺰﺭﮔﺘﺮﻳﻦ ﺗﻚ ﻣﻮﺝ ﺭﺍ، ﺍﺳﺖ% 90 ﺩﺍﺩﻩ ﻫﺎ ﺣﺪﻭﺩ
.( ﺍﺳﺖ% 24  ﻣﻘﺪﺍﺭﻱ ﻗﺎﺑﻞ ﺗﻮﺟﻪ )ﺣﺪﻭﺩ،ﻣﻼﻙ ﻗﺮﺍﺭ ﻣﻲ ﺩﻫﺪ

INTRODUCTION
There has been a considerable volume of
experimental research undertaken to estimate the
force coefficients in Morison's equation [1], which
parallels the growth in the number of tubular
jacket structures used for offshore oil and gas
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recovery. Much of the early work was undertaken
at small scale and consequently low Reynold's
Number (Re), in the so-called "sub-critical" range.
However wave flows around offshore structures in
most conditions of interest are in the "post-critical"
regime and the results from these small-scale
experiments are not directly applicable. Increasing
Vol. 14, No. 1, February 2001 - 25

the scale of laboratory experiments is one way to
achieve post-critical flow conditions, however this
requires very large scale facilities and such flow
conditions have only been achieved at low
Keulegan-Carpenter Numbers (KC's) for smooth
circular cylinders, i.e. relatively large cylinder
diameters compared to the amplitude of the
oscillatory flow. Fortunately the surface condition
of tubular offshore is rarely completely smooth
and adding surface roughness reduces the Re of
the "critical" region and allows post-critical flow
conditions to be achieved for a wide range of KC's
in large facilities.
The 3-dimensional random waves found
offshore can be reproduced in multi-directional
wave basins in the laboratory but this is usually on
too small a scale to achieve post-critical flow
conditions for large a wide range of KC for
circular cylinders unless the relative roughness
coefficient (k = average roughness height /
cylinder diameter) is very large. To achieve the
required Re experiments have been undertaken in
various flow conditions using various techniques
including:
• steady flow obtained using a cylinder
suspended beneath a carriage in a towing tank,
oscillating water in a large U-tube past a fixed
cylinder [2]
• mounting cylinder on a linearly oscillating
underwater carriage[3]
• moving cylinders using a bi-directional carriage
[4] , [5]
• regular and random long-crested waves in a 2dimensional wave flume, e.g. [6].
The last provides the most realistic
representation of offshore conditions currently
available in the laboratory and the experiments
described and discussed in this paper were
undertaken in a large 2-D wave flume.
Offshore the wave particle kinematics may be
augmented by current. In the laboratory this can be
simulated either by circulating the water in the
wave flume or by attaching the test cylinder to a
26 - Vol. 14, No. 1, February 2001

moving carriage. The former is not very practical
at large scale and in the experiments described in
this paper the later approach has been used. Such
an approach means of course the current direction
must be collinear with the wave direction or
directly opposed to it and hence will not represent
many of the conditions likely to be experienced
offshore.
In the laboratory it is possible to measure the
wave particle velocity beside the cylinder. These
measurements can be differentiated with respect to
time to find the corresponding wave particle
acceleration. It is these measurements, together
with the measured force on the cylinder which are
generally used when estimated the drag and inertia
coefficients (Cd and Cm) for Morison's equation.
However such measurements are not available for
offshore wave fields and only estimates of wave
height and corresponding period will be available.
Thus the particle kinematics for offshore
conditions must be estimated using some wave
theory. Such estimates may have both a random
error and a bias according to the wave theory used.
Now in the experiments described in this paper
both the wave surface elevation and wave particle
velocity have been measured. Thus it has been
possible to compare measured particle kinematics
and those predicted by various wave theories. In
addition it has been possible to estimate Cd and
Cm using both measured and predicted values.
In order to estimate predictive accuracy a
measure is needed of how well the predicted force
maps onto the independently measured force. In
this paper the root mean square error in the
prediction of the maximum and minimum
(maximum negative) force normalised by the
measured force is used as one measure of
predictive accuracy. To avoid the influence of
irrelevant small waves only the fit to waves of
above average height are considered. The
normalised mean bias in this fit is used as the other
measure of predictive accuracy.
On this basis it has been possible to give some
International Journal of Engineering

measure of the uncertainty and bias involved in
using Morison's equation for the prediction of inline forces which should be helpful in structural
reliability calculations and structural assessments.
The next section of the paper describes the
experiments that were undertaken as part of an
EC/MTD funded project in the Delft Hydraulics
Laboratories (DHL) long wave flume at DeVoorst
in Holland. The third section describes the
Weighted Least Squares Method for the prediction
of force coefficients from experiment data. The
fourth section deals with the prediction of wave
particle kinematics. The fifth section describes
assessing predictive accuracy. Finally some
conclusions are drawn.

DESCRIPTION OF THE EXPERIMENTS
During September and October 1993 a series of
experiments were made to examine the wave
loading on two large scale circular cylinders in the
Delft Hydraulic Laboratory’s Delta wave flume in
the Netherlands (DHL). This flume is 230m long,
5m wide, 7m deep and during all tests was filled
with water to a depth of about 5m. The waves were

wavemaker

8m × 6m

carriage

generated by a programmable, hydraulically driven,
piston type wave maker and their energy was
dissipated at the other end of the flume through the
use of a 1:6 sloping, concrete beach. This facility is
capable of generating regular and random waves
with a range of periods of about 3 to 10 seconds
and wave heights up to about 2m over most of the
range of periods.
For the random wave experiments the
JONSWAP, [7] and [8] spectrum was used and the
results presented in this paper are for experiments
in long crested random waves with a significant
wave height of 1.5m and a peak period of 5.9
second. For simulating the effects of current and
combined wave/current flows the flume is equipped
with a 8m by 6m towing carriage that runs on a set
of rails on the top of the flume walls and can attain
a steady velocity of 1m/s, with the maximum
towing distance dependent upon the test set up. In
this experiment the carriage speeds were ± 1m/s
and ± 0.5m/s and the towing distance was
approximately 110m. Figure 1 shows a schematic
longitudinal section of the flume with a cylinder
mounted on the moving carriage, a fixed cylinder,
the beach and the wave-maker.
The two vertical cylinders used for the

fixed pile & bridge

MWL

beach
(a)

30m

≈ 110m towing distance

stiff bridge
(b)

164m

16m

12m 18m 16m

Figure 1. Schematic fixed and mobile cylinders in the large wave flume
(a) longitudinal section, (b) plan of flume (not to scale).
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TABLE 1. Details of All Experiments Analysed (R is Dean reliability ratio [10]).

RUN

Data

Current

Pile

Data

Wave

No

name

(m/sec)

Dia. (mm)

No

No

min

mean

max

min

mean

max

Run1

v5fr01i

0

513

55040

291

0.03

0.74

1.46

0.2

5.5

17.5

Run2

v5cr22i

1

513

22536

130

0.72

3.79

15.5

1.92

13.5

25.3

Run3

v5cr22i

-1

513

22560

102

3.22

5.66

24.8

1.43

17.4

32.3

Run4

v2f01i

0

216

54980

286

0.08

1.72

3.21

0.4

12.8

37.9

Run5

v2cr03i

0.5

216

26766

152

0.99

3.63

6.0

0.75

21.8

45.9

run6

v2cr03i

-0.5

216

26953

141

0.63

5.18

10.5

1.92

22.9

57

experiments described in this paper had base
diameters of 0.21 m (small) and 0.5 m (large)
and were mounted in turn on the towing carriage
and at fixed location in the flume. Both cylinders
were manufactured from stainless steel and were
covered with the roughness pattern that was
originally developed by Wolfram [9]. This
roughness consists of a pseudo-random
arrangement of three different sizes of right square
pyramids which in each case have heights of the
same dimensions as the base. The roughness
elements were cast in fibreglass in the form of
semi-circular shells which were strapped to the
cylinder giving an effective roughness ratio (k/D)
of 0.038 and corresponding effective diameters for
the large and small rough cylinders of 0.513m and
0.216m respectively.
The details of the six experiment runs
considered here are given in Table 1 from which it
can be seen that there were experiments with both
the small and large cylinders stationary, with a
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R

KC

current in the wave direction and a current
opposing the wave direction. The currents were
achieved by translating the cylinder on the moving
carriage away from the wavemaker and towards
the wavemaker respectively. Several translations
needed to be patched together to produce a
complete run of about 10 minute.
WEIGHTED LEAST SQUARES METHOD
A weighted least square analysis can be applied to
the data, [10]. Using such an approach the author
has found a noticeable reduction is achieved in the
error between fitted and measured values at the
peaks of the force time series for waves with
heights of more than the root-mean-square wave
height ( H > Hrms ) . This approach may have a
significant affect when extreme value and peak to
peak range of Morison force are required. This is
the case for estimating extreme collapse loading
and fatigue loading respectively of offshore jacket
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Figure 2. The error between the peaks of the measured and predicted force.

respectively. Frequently the acceleration is not
measured directly but computed from velocity
measurements. In other cases both are
computed
from wave surface elevation . The terms

structures. The weighted least square formulation
is:

e f f mk = f mk ( f m − f e ) = f mk [ f m −
( 0 . 5 ρ DC
E =

1
N

D

u | u | + 0 . 25 ρπ D 2 C M u& )]

∑(f

∂E
=0
∂C D

2
m

ef , fe , E , N

1
f m2 k e 2f (1)
∑
N
∂E
=0
∂C M

) k e 2f =

and

estimated
force, the estimated force, mean square error and
number of data from which the coefficients are
evaluated respectively. The parameter k (an
arbitrary positive number) is considered as a
constant which can be selected to minimise the
error in the critical peak force areas (Figure 2).
The coefficients are then obtained as below:

where f m , u , u& are the time series of measured
force, water particle velocity and acceleration

CD =
CM =

∑f

2k

fu| u|∑ f

0.5ρ D( ∑ f

∑

f

2k

2k

u

2k
4

fu& ∑ f

u& 2 − ∑ f

∑f

0.25ρ π D 2 ( ∑ f

2k

fu& ∑ f

u& − ( ∑ f
2

u4 − ∑ f

2k
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Figure 3. Comparison between measured and predicted (a) surface elevation
(b) horizontal velocity and (c) acceleration by Stokes 5th theory (Run2).

It has been found that the constant k can be
optimised in an iterative manner to give a
minimum predictive error in the peak force
regions. In this paper k = 2 has been selected.

ESTIMATING WAVE PARTICLE
KINEMATICS FROM WAVE SURFACE
MEASUREMENTS
The computation of water particle kinematics is
one of the most important tasks in the
determination of force on slender offshore
structures where Morison's equation is used.
Stokes' theory is widely used in the design and
analysis of offshore structures, and in this paper
fifth-order Stokes theory is considered (Figure 3).
For fifth-order Stokes theory, the Skjelbreia and
Hendrickson [11] method has been compared with
the Fenton method [12]. In addition to the
documented error in the Skjelbreia and
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Hendrickson method [13], the theory does not
explicitly include the effects of current when it
exists with the waves. In this study because the
current exists in most of the experiments, Fenton's
method has been used to predict the wave
kinematics from surface elevation. The details of
the description and formulation of this method are
given by [14] and are not repeated here.
Each random wave in a record has been
replaced with a single deterministic wave, then the
corresponding velocity and acceleration time
series have been obtained through wave by wave
analysis using wave theory in turn. This predicted
kinematics has been compared with the measured ones.

In the De Voorst wave flume the beach is not
perfect and the coefficient of wave reflection is
about 0.1 over most of the range of frequencies
used in the experiments described here. A
correction can be made to allow for the effects of
reflected waves when computing particle
kinematics from wave surface elevation. In two-
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dimensional wave flumes, there are several
reflection analysis methods that can be used in
regular and irregular wave regimes e.g. [15], [16],
[17] and [18].
Guza [19] developed a time domain method to
decompose the long waves into seaward and
shoreward propagating components by using a
pressure gage and current meter located on the
same vertical line in the water column. The detail
of this method is given by Hughes [20] and in this
paper that method has used for the decomposition
of surface elevation time series into the incident
and reflected wave train. It can be shown that the
incident and reflected wave train ( η i and η r ) are
given

η i (t ) =

1
d
[η( t ) + u( t ) ]
2
g

(3)

η r (t ) =

1
d
[η ( t ) − u( t )
]
2
g

(4)

where g is acceleration due to gravity, d is still
water depth and u(t) is the horizontal velocity time
series. By using the Stokes' fifth order theory
(Fenton method) and using the incident and
reflected wave time series the horizontal wave
particle kinematics are estimated.
ASSESSING PREDICTIVE ACCURACY
In a statistical sense a good estimator should be
unbiased and of minimum variance. This is equally
important when estimating the forces on offshore
structures and in this paper two corresponding
parameters are used to assess how well a predicted
force time series compares with the corresponding
measured force time series. These parameters are
the mean normalised error (MNE) and root mean
square error (RMSE) are given by:

MNE =

100 N ( f m ) i − ( f e ) i
∑ (f )
N i =1
m i
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(5)

1
RMSE = 100
N

 ( f m )i − ( f e ) i 
∑


( f m )i
i =1 

N

2

(6)

where f m is maximum of absolute value of
measured force , f e is the same as f m but for
predicted force and N is the number of waves of
above average height.
The parameters above can be unduly influenced
when f m is small and the absolute error is large
so it is desirable not to consider small waves and
their corresponding forces when predicting the
measured time series. For jacket type offshore
structures the ultimate wave loading involves very
high KC and most of the fatigue damage occurs in
waves of at least moderate KC (typically above
about 7-10). Therefore it was decided to see how
well the measured force due to waves of above
average height could be predicted.

CONCLUSIONS
It is clear that the method used to analyse
experiment data in terms of Morison equation has
a significant affect on both the force coefficients
obtained and their predictive accuracy (see e.g.
[10]). It is found that on average the wave by wave
Weighted Least Squares method gives both the
lowest bias (-0.28%) and root mean square error
(10.86%) as can be seen in Table 2. When particle
kinematics are not available and have to be
inferred from surface elevation the errors increase.
The additional error associated with particle
kinematics prediction is not significantly reduced
when account is taken of reflected waves using
linear correction. The average bias and RMSE in
predicted force, for all experiment runs, were
11.77% and 23.77% respectively, indicating that if
at all possible water particle kinematics should be
measured directly. The force coefficients obtained
by the Weighted Least Squares Method for all
experiment runs varied significantly but there was a
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TABLE 2. Accuracy of Prediction of Water Particle Velocity, Acceleration and
Hydrodynamics Coefficients, and Morison Force in the Random Waves.

Run

WLSM

(2)

%

u

error

%

u&

error

force

error

No
Run1

Cd

Cm

1.73

2.18

MNE
-1.60

RMSE
11.18

MNE
8.53

RMSE
18.45

MNE
9.67

RMSE
18.21

MNE
17.18

RMSE
23.45

Run 2

1.47

1.93

4.58

9.00

-0.45

8.36

12.57

20.82

-4.65

18.31

Run3

1.45

1.82

0.62

7.28

7.77

10.70

14.06

21.72

15.34

19.50

Run4

1.74

2.31

-2.68

15.36

6.14

19.34

12.76

19.52

13.64

26.85

Run5

1.44

2.10

-2.66

12.08

4.89

16.27

24.01

29.31

7.34

29.18

Run6
Mean

1.21
1.52

1.90
2.04

0.06
-0.28

10.27
10.86

13.52
6.73

15.76
14.81

15.44
14.75

23.87
22.24

26.90
12.63

29.63
24.49

TABLE 3. Accuracy of Prediction of Water Particle Velocity, Acceleration and
Hydrodynamics Coefficients, and Morison Force in the Random Waves for Whole Data.

Run

WLSM

RMSE

%

u&

No
Run1

Cd

Cm

1.73

2.18

RMSE
4.44

u
8.98

6.03

force
6.25

Run2

1.47

1.93

4.36

1.67

7.88

1.65

Run3

1.45

1.82

1.37

9.76

2.91

20.07

Run4

1.74

2.31

5.35

6.23

6.13

5.10

Run5

1.44

2.10

1.39

2.23

8.02

12.52

Run6
Mean

1.21
1.52

1.90
2.04

0.13
2.84

8.45
6.22

9.40
6.73

16.28
10.31

Figure 4. Comparison between measured force and predicted one using
WLSM (2) for Cd and Cm (Run 2, Stokes 5th theory).
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clear trend which showed that the addition of
current significantly decreased the drag coefficient
and to a lesser extent the inertia coefficient. For
KC values above around 10 use of single mean
drag and inertia coefficients (about 1.7 and 2.2
respectively) for heavily marine roughened
cylinders in waves without current seems
satisfactory. When current is present both
coefficients should be significantly less.
It has been shown through the experiments that
using Morison's equation for the prediction of
maximum forces when random waves are applied
to vertical rough cylinders is accomplished with
error of about 24% of which most contribution is
related to the prediction of particle kinematics and
less from estimation of Cd and Cm (Figure 4).
However this is less than 10% when the error is
averaged over the whole force time histories rather
than considering the error at the locations of
maxima on the measured force time histories (see
Tables 2 and 3).
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