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ABSTRACT

In 2 previous paper, a method to Znearize the drag force was introduced. This linearization is
necessary, if the solution is to be cz-7ied out in the frequcncy domain. In this paper the effect of this
linearization process, beside some c:xer factors,™dn the 'deck displacement, is studied. Some of the

most important factors include deck =

mass, current, soil properties, surface fluctuatior, and relative

motion between the structure and e surrounding water. The relative importance of the above
mentioned factors, there effect on 2 structure response, seems to depend on one another.

INTRODUCTION

The finite element method is used itz model the
structure and to construct the mass z=< stiffness
matrices. The structure damping matrnix is taken
proportioral to the stiffness matrix. "Also, we
consider the hydrodynamic damping.

The response of any structure may bz czlculated
using either a quasi static or dynamic azzlysis. Both
approaches may be based on using deterministic or
non deterministic methods of analysis.

The mathematical analysis of the platform result in
a system of equations governing th: siructure
motion. These equations are solved numerically in
time and frequency domalin to ccmpute (32 structure
response.

The statistics of the response for various cases is
discussed. The structure response have shown
deviation from Gaussian distribution iz spite that
surface elevation is normally distributed.

EQUATION OF MOTION

The general equation of motion for 2ny linear
elastic structure, assuming viscus damping, is given
by

(MU +[C]U+[K)U=F (1

where

[M],[C] and [K] the mass, dampmg d stiffness

matrices, respectively U, U, and U the
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displacement, velocity, and accclcra'lon vectors,
respectively. F the force vector.

In offshore engineering it is a common practice to
use a lumped mass matrix to represent the "in air °

mass matrix. In this work we use an "in air”
damping matrix with the form
2¢e,
[C] = —[K] (2)
o, '

where

€, is the damping ratio of the first mode shape
©; 1s the natural frcquency of the first mode
shape.
If we linearize the drag force then the mass matrix
{M], the damping matrix [C] and the force vector F
are modified to take the form

[Mr] = (M]+ ZP(C -1)[V] (M]+[M,1(3)

I=]
where

[M,] is the add mass matrix
Cy s the inertia coefficient
P is the mass density of the water and [V]] is
given by [V] = 0.25 D?|[Ny]; where |; is the
length of member i and D; is the diameter of
member i. ‘
And
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where [N]={/]1.85,and S=S, I+ S, J + 5, Kisa
unit vector along the member axis; and Sy, S, S, are
the direction cosines of the member axis. Finally, m
is the number of members in the structure.

The damping Matrix after linearization takes the
form:

m
[Cl=[C1+ Y pCp<|[Nplu;[>[A4]  (4)
il
where
Cp is the drag coefficient
u; is a vecior of order 12 representing the velocity
components at the 2 nodal points of member i
and <] [N;;}u,-] > is the expected tuime average of the
vclocil'y-component normal to member i,
and

(Ad= D; [, [Ng)

The linearized force vector is given by

F = (FJd+[Fplu (5)
w.herc
(Fy1= S p Gl Vi) (6)
=l
and

C(Fpl= Y 5pCh<|Wplu; | > 14) ()
: i=]

4 and u are the acceleration and velocity vectors-off
the fluld particles at the structure nodal points.

If we use the drag force in its original form, then
the mass and damping matrices are reduced to the
first terms given by equations (3) and (4) and the
force vector is given by

m
F = E'F,.
i=1
wnere
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Fi=05pC, | (Ng)u,-U} (N1 u;- Ux}
+0.25pC [Nz, - 0.25p(Cy - 1) N1 U,

where u;, U, u; and U, are vectors of order 12

representing the fluid particles velocity,the structure
velocity, the fluid particles accelerztion, and the
structure acceleration at the 2 nodal points of’
member {, respectively.

FOUNDATION SYSTEM

For the purposes of cfynami'c response analysis, it
is important to model the entire platform and its
supporting foundation. The entire structure may be
separated into a structure subsystem and foundation
subsystem. The two subsystems are then connected
together at the foundation-structure interface
(bottom degrees of freedom).

The degrees of freedom at the bottom for a steel
structure consist of the sum of the degrees of
freedom at the nodes located at the end of all the
legs. The loads are transmitted to the foundation
through the interface nodal points, hence the
influence of the foundation on the response of the
structure can be determined using the complex
stiffness matrix of the bottom degrees of freedom.

To obtain the complex stiffness matrix, a steady
state dynamic analysis is carried out. The ,frequency
dependent,coefficients of this matrix relate the
steady state harmonic forces acting at the interface
degrees of freedom, with frequency (o) to the
resulting steady state harmonic displacement. '

Assuming that the stiffness and damping matrices
of the structure subsystem are represented by

Ku K.rb cu C.rb
Ky« 0 Tloers
KJb Kbb C.:b bb

where [K,,] and [C] are the stiffness and damping
matrices assoclated with all the degrees of freedom,
with the base degrees of freedom associated with the
nodal points at the structure function interface
excluded, and [Kj,].and [Cps) are the stiffness and
damping matrices associated with the bottom degrecs'
of freedom, then the stiff ness and damping matrices
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of the total structure which consists of structure and
foundation systems are given by

K.u KJb ] C.u C:b
[K T] = '

! , [CT] =l
K}; Ky *Kb/b(“’) C}z; Cbb"ct{b(“’)

It may be clear that [Cb/b((o)] and [Kb/b(w)] depend
mainly on the soil properties which can not be
determined exactly, so it seems reasonable to use
approximate methods to find out [C{b(w)] and
(K], (o).

The methods introduced by Novak are used in this
work to calculate the above mentioned matrices [9],

(10], [11]. -
PARAMETRIC STUDY

The effect of the following parameters on the
respense of the tower are studied under different
values of the drag and inertia coefficients and wave
energy.

Also, the effect of the soil characteristics on the
structure response are studied. The parameters are
(a) fluctuation in water surface due to the passage of
waves, (b) structure motion relative to the flow, and
(c) non linear form of the drag force.
Throughout the analysis, only long crested waves
are considered. The direcion of the wave
propagation is assumed parallel to the short side of -
the frame. The effect of lift force (transverse force)
is neglected. Finally, it is assumed that, the sea state

may be described by a P-M spectrum, given by

S () = (ag?/a’) e 8 E/e™)’
where

g gravity acceleration

W wind speed at 20 m above mean water level -

w wave frequency in radian per second

a = 0.0081, g =0.74. :

To study the effect of the factors a, b, and ¢
mentioned above, several computer programs were
developed. '

Each leg of the frame is supported by a single pile.
Two views of the space frame used in this study are
shown in Figure (1). :
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Figure 1. Short and Long Sides of the Space Frame and Details of the Pile Foundation.
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EFFECT OF SURFACE FLUCTUATION AND
RELATIVE MOTION ON THE RESPONSE

To study the effect of variation in surface
elevation due to the passage of the wave, the frame
was subjected to three wave trains with wind speeds
10, 135, and 20 m/sec.; For each of these cases three
values of drag coefficients (0.6, 1.0, 1.4), and three
values of the inertid coefficients (1.2, 1.6, 2.0) were
used.~That means a-total of 9 runs for each wind
speed. For each wind speed the program was run for
the three different cases; case a) where the effect of
both. the varation in surface elevation and the
relation motion where taken into account, case b)
where the varnation in surface elevation was taken
into account, but the effect of relative motion was
neglected and case ¢) where the variation in surface
elevation was neglected, and the effect of relative
motion was taken into account.

The program was run using the same surface
elevation and the results are shown in Figures (2-a)
through (4-c). From Figures (2-a) through (2-¢), it
may’bc concluded that; in case of low wind speed,
which means low wave height, neither the relative
motion nor the varation in surface elevation has a
significant effect on the response, for the wide range
of drag and inertia coefficients used in the analysis.
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¥igure 2-a. Effect of surface fluctuation and relative
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" Figure 2-b. Effect of surface fluctuation and relative
motion on deck displacement at wind speed 10m/sec
for deck mass 12000 ton (Cp =1.00).
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Figure 2-c. Effect of surface fluctuation and relative
motion on deck displacement at wind speed 10m/se
for deck mass 12000 ton (Cp = 1.40).
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Figure 3-a. Effect of surface fluctuation and relative
motion on deck displacement at wind speed 15m/sec

for deck mass 12000 ton (Cp = 0.60).
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From figures (3-a) through (3-c), it may be
concluded that, the effect of variation in surface
elevation is more important than the effect .of
relative motion, which has, a minimal effect for the
cases shown. However, fora compliant structure the
effect of surface clevation and the relative meotion
may have significant effect on the response of the
structure. This is shown when studying the effect of
soil characteristics on the responses, since taking the
effect of soil into account makes the structure more
flexible. From Figures (4-2) through (4-c), it may be
concluded that the effect of both surface fluctuation
and relative motion arg important. The importance
of relative motion is due to increasing the total
force, while the importance of surfage fluctuation is
due to increasing the share of the drag force.

From Figures (2-a) through (4-c), it may be
concluded that, at low wind speed the structure
behaves as an inertia dominant structure, while at
high wind speed it behaves as drag dominant one.

Also, from: Figures (2-a) through (4-c), it is clear
that, using linearized drag force in predicting.the
response, leads to accurate results in case of inertia
dominant structures, and in case of structure where
both the drag and inertia forces are nearly equal. In
case of drag dominant structures, determining the
displacements using the linearized drag force leads
to 2n under estimation of the displacements. This
may be attributed to the large difference in forces
calculated by the two methods, as shown in Table 1.

Table 1.’
Wind speed 10 m/sec.

Retulart weerve force 0n | Linearized drag kovce | Non Inear drag lorce
frat submar gad leval
Maea fory 0260 0.193
Standerd Owviation (ory 13.000 14.630
Skparars 1.420 ¢ 0! a130 " 10°
Kuriedn 2587 . 2748
Maxsnm fony 47220 64720
hiinsnoam (tory -“2.7% - ~48.130

Wind speed 15 m/sec

Retidart wree force on | Linsariced drag torce | Non Inear diag korce
fret sudmar ad el .
Moar (von) 28%0 2085
Standard Camistion (tony 42,300 37,430
Shiomraan az7rs 0.414
Koriea 2703 2870
et (o) 153,000 173.000
Mo sm Wy =100.000 ~108.000
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Wind speed 20 m/scc.

Recutant wave force on | Linearized drag forca | Non knear drag lorce
fest submerged wvol
[ Mean (ton) 13.104 10700
Slandard Owvission (o) 488,600 50.800
Skevwnose ©0.508 1.070
Kurtosis 2,760 5.250
Masinum (ton) 323.000 455.000
Micimum (ton) -186.000 -108.000
-
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Figure 5. Cumulative distribution of deck

displacement for wind speed 20 m/sec, Cp = 1.00
and Cy = 2.0.
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Figure 6.

Figures (5) and (6) show the distribution of the
deck displacement for. the case of wind speed
20m/sec, deck mass 12000 ton. In Figure (5) the
cffect of surface fluctuation is taken into account,
while in Figure (6) the effect of surface fluctuation
is neglected. For the case studied the surface
fluctuation is shown to have no effect on the
distribution of the deck displacement, although, it
affects its standard deviation.
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Figure 9. Variation of shear modulus (G) with depth.

EFFECT OF DECK MASS ON THE RESPONSE
To study the effect of the deck mass, the frame

was subjected to three wave trains with wind speeds

10, 15, and 20 m/sec the drag and inertia
coefficients were kept constants 1 and 2 respectively

. . while the deck mass was selected to be 6000, 12000,

and 18000 ton, for each wave train. The results of
the analysis are shown in Figure (7). From the
figure, it is clear that, there is no direct relation
between the deck mass and the response. The deck
mass affects the response through the variation of
the natural frequency of the frame. That is, if the
variation in the deck mass cause the natural
frequency of the frame to be shifted so that, it
comes closer to the peak frequency of the surface
elevation spectrum, then resonance may occur.
Although, increasing wind speed, increases the
energy content of the wave and consequently the
force experienced by the structure, it may cause the
frequency of the applied force to be shifted away
from the natural frequency of the structure, and
hence reduces the structure.response.

- L. —
—

EFFECT OF CURRENT ON .THE RESPONSE

To study the effect of current on the response.
The frame was subjected to three wave trains
corresponding to wind speeds, 10, 15 and 20 m/sec,
respectively. The deck mass was 12000 ton, the drag
and inertia coefficients were chosen to be 1 and 2,
respectively. With each wave train, currents with
vertical distribution, that varies linearly with the
depth are considered, such. that current at 30 m

A 500

above bottom was 1 m/sec and at 20 m above bottom
were 80% of current vaiues at 30 m above bottom
and currents at 10 m above bottom were 60% of
current values at 30 m atove bottom. The result of
the analysis is shown in Figure (8). '

Since the effect of current is associated with the
drag force effect, and sizce the frame under study
behave as an inertia dominant structure at low wind
speed, and as a drag dominant structure at high wind
speed, then it is expected that, at low wind speed the
current has no effect on the response.

At high wind speed a current in the direction of
wave propagation has 2.pronounced effect on the
response. If variation in surface elevation is taken’
into account, and a currexnt opposing the direction of
wave propagation has less effect. If the variation in
surface elevation is negiected, then it is expected
that, the effect of the oppo<1ng current will be
pronounced.

EFFECT OF SOIL CHARACTERISTICS ON THE
RESPONSE

The stiffness of the pilss, upon which the platform
rests, affects, greatly the response of the platform.
The stiffness of the pile, in turn, is a function of the
soil characteristics. Ths soil characteristics that
affect the pile stiffness iaclude; Poisson's ratio, soil
material damping, soil shear modulus, and the
method of variation of shear modulus with depth.
Two types of variaticz in shear modulus are
considered. In the first case the shear modulus is
assumed to be uniformls distributed. In the second
case the shear modulus is assumed to vary linearly
with depth, as shown in Figure (9).

Another important facior that affects the stiffness
of the pile is the separatian between pile and the soil
near mud line. The soil pile separation at the sea
floor is caused by the cyclic movement of the
structure, and scouring czused by currents. The soil
up to a depth equal to twice the outer diameter of
the pile is assumed to czuse no resistance to the pile
movement. The shear rodulus is assumed to vary
linearly with depth as stown in figure (9).

Hereafter, the effect of two factors are studied;

" variation in shear modi=:s with depth, cases A and

B (Figure ¢) and sepezrzion between pile and soil
case C, Figure (9). Table (2) summaries the
properties of soil used iz this study. '

Alexandria Engineering Journal, Vol. 31, No. 4, October 122



4SX-U\RAKI, SHAMA and ELWANI: Respoase of Space Frame Structures Due to Wave Forces

Table 2. Properties of Soil Used in the Analysis

Average shear modulus (ton/m?) | 1630
Maximum shear modulus (ton /m?) 3260 |

Mass (t/m> 1.82

Poisson's ratio 0.50

Material damping 0.10

Soil case C
[ Deck mass | Natural frequency ﬂ
(ton) First }Second| Third
6000 076 | 491 | 11.94
12000 0.59 | 4.64 | 11.84
16000 0.49 | 4.54 | 10.86

At wind speed 10 m/sec the highest wave component..- -
included in the analysis has frequency 1.68 rad/scc,
the pile damping in his case is nearly zero. Table (3)
gives the value of pile stiffness used in the analysis.

Table 3. Stiffness of the pile foundation system

used in the analysis

Table (5) shows the statistics of the deck

‘displacement for wind speeds 10, 15, and 20 m/sec

respectively, foundation systems with the properties
introduced in A, B, and C above are chosen for the
analysis. The deck mass is taken to be 12000 ton
with the drag and inertia coefficients 1, and.?2
respectively. '

Table 5. Effect of soil properties on the statistics of

" deck displacement, for wind speed 10 m/sec, 15

m/sec, and 20 m/sec.-Deck mass is 12000 ton C, and
Cym are 1 and 2 respectively.

Cases Horizoatal | Rocking | Coupling
A: Uniform shear modulus | 2.29 EA 1.29 ES | -3.76 EA
B: Lincarly varying shear S E3 | 933E4| -182 E4
modulus
C: lincarly varying shear 363 E3 | 84SEA | -1.44 E4
modulus with gapping’

Table (4) gives the natural frequencies of the frame
with deck masses 6000, 12000, and 18000 ton for the
three cases A, B, and C of the soil described above.

Table 4. Natura! Frequencies of the plane frame
with soil represented by Cases A, B, and C (rad/sec).

Soil Case A
Deck mass | Natural frequency ’
(o) FFirst [Second| Third
6000 1.33 | 6.08 |12.81
12000 1.00 | 5.87 }12.71
16000 0.83 | 5.80 | 10.86
_ Soil case B
Deck mass Natural frequency
(ton) - =
First | Second | Third
6000 0.91 5.10 12.06
12000 0.70 4.85 11.96
16000 0.59 4.75 10.86

Wind speed 10 m/sec.
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Deock mass daplacement Fixad base Bolcase A |Sodcase | Solcase C
mean {m) 5e2¢€-8 201 ES 1.55 E-% 1% e8
Standard deviation 1.88 €3 1.87 €2 121 €2 243 E-2
Skewness .55 E3 830 E4 20 E3 1.89 E-2
Kuroei 254 .9 2.32 1.62
Maxkmum (m) 5.32 E3 €07 E-2 ARE2 .| BRE2
hiedmum (m) -5.50 E-3 4.0 E-2 300 E2 [TTVER
Zaro porind 5.45 ax a.53 10,40
Croesing (s

Wind speed 15 m/sec.

Duck mass displacement Fixed base Sol case A Soicase B| Soicase C
moun (m) 582 €5 0.09 €5 300 ES | 241 E4
Sandasd deviation 2.80 €3 200 E-2 0.174 0.175
Skewmeas 1.18 €2 7.67 €4 1.10E3 | B3ISE4
Kurtos 300 2.10 1.85 213
Macmum (m) | 1.10 €3 408 E-2 0.38 0.2
Minimum (m) -1.03 €3 £.08 €2 0.38 0.2
Zaco peciod w47 es2 9.09 10.70
Croasing (vec)

Wind speed 20 m/sec. ’

Ouck mass Cuplacoment | Foed bose Solcasa A [Soicase B| Soicase C

mean {m) 325 €4 €14 E4 1.43 €3 1.97 €3

| Standard deviation 811 E4 227 €2 a1 0.205
Skamarross 139 €2 7.48 €2 4. E2 |-1.13E3
Kurtosls e 3.49 2.81 2
Maximum (m) 480 E2 838 €2 0.x2 a7t
Minimum () £.03 E-2 .10 0.33 0.70 €-2
Zaxo paciod 5.50 7.47 .50 10.89
Crossng (o)
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In all the cases tested, it is found that reducing the
stiffness of the pile results in increasing the deck
displacement of the platform. Except for the cases
A and B with wind speed 10 m/sec.

This may be explained as follow. The first natural
frequency of the frame for cases A and B are 1 and
0.7 rad/sec respectively. The peak frequency of the
surface elevation spectrum at wind speed 10 m/sec
is 0.86 rad/sec, nearly midway between the two
natural frequencies. However, if the frequency of
the appolied force is less than the natural frequency
of the structure, then its dynamic effect is greater
than that of a force having frequency greater than
the natural frequency of the structure.
that the natural frequency of the structure is nearly
midway between the frequencies of the force. [12]

In analyzing the frame with the base fixed it was
found that the effect of relative motion on the
response has nearly no effect. However, with a
flexible structure, this mmay not be the case. The
frame was subjected to a wave train with wind speed
20 m/sec the foundation is supposed to be
represented by case C introduced above. The deck
displacement where calculated twice. Once with the

- effect of relative motion neglected and once with the

effect taken into account. The values of the deck
displacement standard deviation where 0.33 and 0.28
m, respectively. This show the importance of
" considering the effect of the relative motion in case
of flexible structures.

CONCLUSIONS

From the results obtained, we conclude the
following: ’

1. For drag dominant structures there are needs to
consider the effect of currents, free surface
fluctuation and 'to use the non-linear form of
the drag term to compute accurate--structure
response. T

2. The non-linear drag term of Morison equation
causes a deviation of the response distributions
from Gaussian, as indicated by Kurtosis value,
for these distributions greater than 3. Thus the
non-linear drag forces increase the probability
of extreme values of structure response.

3. In case of linearizing the drag term of Morison
equation, the distribution of displacement is
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Assuming

Gaussian, if we ignorsd surface fluctuations.
For the space frame presented the linearized
Morison equation were accurate in computing
the deck displacement 2t wind speeds 10and 1§
m/sec and undersstimated the deck
displacement for wind speed 20 m/sec.

4, For the specific space frame considered, we
noticed that frece surizce fluctuation has no
effect on the Skewness cf the distribution of the
deck displacement. Tre standard deviation.of
deck displacement wezs larger for the case in
which we considered surface fluctuations, see
Figures (5) and (6).

S.  Deck mass has pronounced effect on the deck
displacement. It varies the natural frequencies
of the space frame so that, the first mode
frequency was shifted closer to the peak
frequency of the force spectrum.

6. Soil characteristics have important effects on

the response of the structure, not only through
changing its stiffness but also through changing
natural frequencies and bringing them closer to
the peak frequency of wave force.

7. The effect of current on “the - struciure
displacement should be considered especially
when current directon coincide with the
direction of wave propagation and suriace
fluctuation is taken in consideration.

8. In computing the respoase of flexible struciures

the motions of the structure relative to the flow
fieid should be considered.

9. Frequency domain solutions were much fzsier
‘than time domain. solutions. For example, we
have noticed that for the space frzme
considered, -the time ratio between the two
methods was about 1:30. The frequency demzin
solutions require linearization of the drag farce
term of Morison equation. In addition it is
difficult to incorporatc the effect of currents in
response computation.

10. In the frequency range between 0 and 2 raf/sec
the stiffness of foundaton system may be tzken
constant.

From the results obtzined the following is
recommended:

1. Offshore structures may be clzssified either ¢rag
dominant or inertia dcminant structures. The
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classification must be carried out for all the
ranges of wind speeds, wave energy, and for all
the possible combinations of the drag and inertia
coeificients. The ratio between the variance of
the force caused by{' drag and inertia forces, taken
separately may be considered as a measure for the
classification.

. For inertia dominant structures the full analysis
may be carried out in the F.D. Also, this is true
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For further research work we recommend
considering the effect of wave directionality on the
structure “response computation. Further the (9]
procedure presented here need to be verified
experimentally in a random wave tank or versus
measurements obtained from random seas. It appears
from this study that deck mass and foundation
sysicm play an important role in the dynamic
performance of offshore structure. Time domain
solutions need io be developed such that foundation
system stiffness and damping properties can be
incorporated in the solution procedure or a
combined time and frequency domain should be
developed to take the advantages of both The
computer programs presented in this study can be
used to study the effect of the failure of a member
or a group of members on the response of the
structure.
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