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ABSTRALT

Methods are described which enable dynamic effects to
be accurately incorporatsd inte a statie structural
analysis by the application of dynamic amplification
factors {d.a.f's)-

A spectral dymamic amplification factor {d.a.f.)
is derived which takes into account the frequency
spread of the sea states represented by design waves.

Consideration of frame action loading {(or loading
due to global structural response} indicates that
for members mear the splash zcne a d.a.f. based
on a combination of local and zlobal natural
period is appropriate.

& fatigue d.a.f. is postulated which aveoids the over-
estimation of fatigue damage usually atiributed to
small, short waves.

Two realistic designs for fixed offshore structures
in 150m and 250m of water are examined to investigate
the effects of dynamic amplification.

Particular reference is made to the extension of
conventional d.a.f.'s to desp-water structural design.

NOWMENCLATURE

X One degree of freedom dynamic amplification
factor (d.a.f.).

T Torcing or wave period

n Natural structural period assoclated with the
nth mode

TL,T2 Natural sway or fundamental periods of jacket
o] Forcing or wave angular frequency {radianz/sec]

wn Naturai frequency asscciated with ath mode
{nth eigen value)

Zﬁ proportion of initial damping associated
with nth mode

g Standard deviation of dynamic response

Sqq (W}Wave energy specirum {one-sided)
Tdyn (@) Transfer function of dynamic response

Esz Significant wave height
S Zera crossing period
H wave height

Tstat (@)Transfer function of static response

&8s Standard deviation of static response
spectSpectral dynamic amplification factor

) Statically derived stress range

5t tress range from local hydrodynamic loading
s Stress range caused by [rame action

Kl d.a.f. for fundamental sway mode (= &)

In d.a.f for natural vibration of local structure
o Exponent to be applied to wave height to

give variation of stress range

m iope of the S-N fatigue cuTve

M Number of cycles to failure from S= curve
n Number of cycles at stress range S

D Damage density — damage at siress rangs S

from wave height H
Sd Stress range including dynamic effects

Dd Damage incorporating dynamic effects

di Cumulative damage to upper bound of wave heignt
range "i”

Xi Fatigue dynamic amplification factor associated
with wawe height range "i".

Hi Representative wave height for wave height range
"ill

X Horizontal displacement of copsides centrs of
gravity

F}z} Distributed loading on jacket due to wave

T Equivalent generalised force

Z Elevation above sea bed

frtd Generalised mass associated with x

m Mass plus added mass per unit length of the
subhstructurs

44 Generalised stiffness associated with x

M Mass matrix of jacket

C Damping matrix

LS Jacket stiffness matrix

X Node Displacement/rotation vector

T Load vector

i,ci, ki Generalised mass, damping and stiffress
associated with generalised displacement x2
i Generaiised force for ith mode.

H

rh

1.0 INTRCDUCTION

In the design of an offshore jacket structure it is
necessary teo perform numerous fatigue and extreme load
analyses to arrive at an optimum configuration.
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Thiz iterative process can be performed most
economically by using a static approach and applying
dynamic amplification factors (d.a.f.'s) to the member
stresses derived. .

Extensions of the conventional single degree of freedom
(d.a.f.) representation necessary for Jjackets in
deeper waters-are described.

The spectral d.a.f. 3

1. spect which takes into
account the frequency spread in the sea state
representad by design waves.

2. The fatigue d.a.f. §3 which correctly amplifies

the damage associated with representative

Tatigue waves.

Two actual jacket designs are used to evaluate the
impact of dynamic effects om stress levels (see figures
la and 1b). One was a conventional barge launched
design (Jacket 1) for 150m and the other was a self-
floater designed for 230m {Jacket 2). The jackets
were analysed both dynamically and statically for the
same wave climate and the member and hot-spot siresses
compared directly. Static backsubstitution was used Lo
correct for the higher modes {above mode 30) not
explicitiy derived.

The environmental conditions assumed are given in
Table 1. The waves examined for both struciures are
given in Table 2. Realistic pile spring stiffnesses
were used.

The topside mass of each jacket was taken to be 17,000
tormes giving a fundamental sway peried for jacket 1
of 3.02 secs and for jacket 2 a fundamental period

of 3.47 secs. The two periocds were arranged to be
similar in order to isolate any effects associated
with water deoth.

The main aim of this paper is o guantify in
realistic circumstances the contribution of global
Sway response or frame action and dymamic effects
te local stress levels and fatigue damage. These
methods are applied by John Brown in the desipgn of
actual structures for the North Sea.

2.0 ONE DEGREE OF FHEEDOM APPROXIMATION

2.1 General Remarks

Inplicit in the use of the conventional dynamic
amplification factor f,is the assumption that the
response of the structure to wave loading may be
closely represented by an eguivalent one degree of
freedom system.

-

L we chose the horizontal displacement of the centre
of gravity of the topsides x as a representative or
generalised degree of freedom and define a generalized
force F' to represent the distributed loading Fiz}
due to an incoming wave by integrating wave force
moments about the sea bed, then a system shewn in
Figure 2 may be used to represent the global platform
response.

If m' is the generalised mass taken to be M+0.23ml

where M is the topside mass and m is the mass plus added
Mmass per unit length of the jacket over g length 1,

we may define K to be the generalised stiffness

defined numerically as that force which will give
umit displacement at the topside centre of gravity.
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This equivalent continucus system may then be mathe-
matically represented by the spring, mass system in
the lower part of Figure 2. The constant ¢ repra-
sents the contributions of structural and hydrodvnanic
damping usually expressed in terms of the proporsion
of ¢ritical damping and is taken to be 0.02 for walded
steel structures in sea-water.

C
= 23
Z N

The natural frequency of this system is given by:-

L3, = l(.: p=acl K’
! J m’ M+ 023 mlL

K may be derived from a static stiffness anzlysis of
the jacket computer model.

A 2}

The equation of motion of the idealised system
is given by:-
- - £ J
m'E + e K =F 3)

or for karmonic loading at freguancy w

bt = L { (- (B P g TR

uermé of periods:- ,
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G

By definition * .7

jxsl = :

where xs is the statically derived displacement.

Hence the one degree of freedom d.a.f.J] may be delined
by

lx] =}ocs} ¥ ... 8)

This function J is plotted in figures 3a and 3b
for § = 3 and 6 secs.

The fundamental sway mode of a steel Jacket in water
corresponds closely to the global response shape under
leng wave loading. ‘This global response shape is clese
to the fundamental sway mode and gives rise to "Trame
action" loads in structural members.

For the storm condition where harmonic loads with
perieods between 14 and 19 seconds are applied to the
structure this approach may be used as “hese periods
are far enough from strucitural resenance for +he
method to give reasonable results, More difficulties
arise however, when fatigue is assessed using shorter
period waves or when the structural fundamental
period is close to periods of appreciable wave ener
within the storm sea state.

This point is addressed by the construction of a
speetral doa.f. spect which takes into account the
frequency spread of the sea state revresented by
the given wave. Its derivation is dealt with below.

2.2 Spectral Dynamic Amplification Factors

For a representative degree of freedom (e.g.

horizontal deflection of the deck) fwe may calculate the
standard deviation of the dynamic response &4 -

This is given by:—
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where T dyn is the dynamic transfer funection for the
chosen degree of freedom for the structure
considered and is calculated the dynamic
Tesponse g a series of linear waves with
differing periods.

Srﬂ {3} is the spectral form for the sea stace
considered,

w is the angular frequency.

A suitable form for S},-} (@) is the Pierson Moskowitz
spectrum given by:—

z-r— -5 T -4
Srm () = He T3 (IL‘.‘.D_. ex?[___l_ (-C—Jz—;‘) @)

4t rAy a
where T ig the zero crossing period for the sea
3 oz
Tate
and Hs is the significant wave height for the

sea state.
It is assumed that for a 12 hour Storm,

T5 =T x 0.8
& Hs = H/1.8

where H and T are the height and periods of the
representative wave. T

Now assume that the dynmamic respense for each frequency
corponent may be written in terms of the conve cienal
d¢-a.f. and the static response, then:—

-}:‘Jh ("’-) = Tsaq'..- C‘*’) cha GD,.) ... 13}

wheres €Spn  is the nazural angular {requency of <hae

relevant sway mode,

Ther the static standard deviation of response & g
is given by )

E &t = J::,S;],} () 1 Tonee ()™ deo .. 14)

hence the ratio of the dynamic to the static
stancard deviations, the spectral d.z.f. spect is
given by:-—

LWSI)Q {w) lTs;u.- (f-ﬂ)] 12?’("’;*—"»)300
- -[:" Sl}[) (Q.) l_r;h*C&)‘)] x dh’ o

Evaluation of this expression regquires detailed
knowledge of the form of the transfer fundsion Tstatfe)

o

S3

Yspect = 15;

by
»

A fair estimate of the spectiral dynamic amplificatian
factor may be obtained by assuming that the functign
Tstat is flat over the peak of the wave energy
specIrum Sqq ().

Canceilation of this functicon now becomes possible and:

1 Spp o) Y2 (e, 00)deo

Xs.L e = w
~ J-a Sr}() ("‘-’) de

=
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This is now a dynamic amplification factor which
takes due account of the spread of frequencies in
the sea state represented by the design wave and
their dynamic interaction with the structure.

This factor can be applied without prior knowledge
of the transfer funciion Tsiat.

This spectral d.a.f is compared with the conventional
d.z.f. for a range of sea states in Figure 3a for

& one degree of freedom system with a natural period
of 3 seconds. The design period is that period
corresponding to the design wave for each sea-state,
here taken to be T3/0.81. In the range of interest
{24 to 17 gseconds) the spectral d.a.f. lies above the
one degree of freedom d.a.f. commonly used.

The situation for a structupe with natural period &
Svconds 18 somewhat worse (figure 3b). Care must
however be taken in assuming a flat transfer function
for the structure for the moderate sea states ancd
hence for design periods below 7 or 8 seconds.

2.3 Relatjoaship with Multi Degres of Freedom Systems

The response of Multi degree of fresdom systems such
as the computer models shown in Figures la and 1h may
be represented by the matrix equations:

+*~

o
[
(13
I »

+ X X=F aee 17)
=T

Where M, C and K are the (nxn} mass, damping and

stiffness matrices for the structure, X is the nodal
isplacement vector and F is the lecad vector.

Assuming that ¢ is a linear combination of M and X
these matrix equations may be de—coupled into n linear
equations by solution of the corresponding eigen—
value problem.

(-elm+rrddi=0
where @i (i = 1 .--...n) are the eigen-frequencies

(Iowest first) and gi are the eigeNevectors or mode
shapes for each of the n solutions of 18.

ees 18}

If the transformation matrixi consisting of the n eigen-
vadcTs as ¢columns is consiructed, pre-multiplication

of 17 by the transpose $7T results in the n uncoupled
equations -

mixe ¥ 6 XS e ke X = £ saste-n) oL 19y

Exy c“
and we may define PR ——
Y ?" 2 Smixe
with mi, ¢i and ki being the generalised mass,
damping and stiffnesses associated with the generaiised
¢oordinates xi.

-es 20)

fi is the generalised force given by the elements of
I defined by:-

£rac

and xi is the gensralised displacement given by the
elements of x defined by:-
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X=8z orx-% x
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e 22)

The solution for xi under harmonic loading at angular
freguency @i is given by:

£ {0- )Y (eI REY




where'ﬁi may be interpreted as the dynamic amplificatien
factor associated with the ith mode.

fi/ki may be interpreted as the generalised static
response-

The correspondence betwesn equations € and 23 is now
clear and the following points may be noted:-

1. For the first mode (i=1) .Siﬂx the conventional
one degree of freedom d.a.f. This iz inherently
larger than %1 5 i = Ze.ewn for wave
frequencies & below wi.

2. The first mode shape _éa corresponds to the total
deformed shape under wave loading for jackets
such as those shown in figures la and lb.

3. The wave force vector T has a vertical distribution
which closely mirrors the first mode shapedl
due to the attenuation of water particle
velocities and accelerations with depth. As a
result 1 the first generalised force will be
the largest element of f (depending on wave
direction correspondence withfﬁl oriéz} as
can be seen from eguation 21 and the fact that
the first row of Eéris gﬁ. For the same reason,
the first generalised coordinate x1 may be
associated with the horizontal displacemeni of
the topside centre of gravity as asamed in Section
Zrt

For the above reasons the plopal dynamic amplif-

ication under harmonic loading is often determined

by the one degree of freedom dynamic amplification
factor associated with the fundamental sway mode
im the appropriate directiond. This amplification
is applicable %o stress ranges induced by global
frame action deformations- Local wibraticn

effects should be dealt with using the appropriate

local modal freguency.

In order to quantify the errors associated with

these assumptions, a direct comparison study was .
performed by direct calculation of dynamic and

static stresses for the realistic structures

shown in Figures la and 1b.

2.0 COMPARISON STUDY

3.1 Description

The wave casas shown in Table 2 were applied in three
directions to the computer models of jacket 1 and
jacket 2 and loads derived using the Morison
egquation formulation [2].

These loads wers then applied to the jacket stiffness
models and static member end loads and moments derived.

Mdal analyses were performed on both dynamic models
which contained mass and added mass distribution
informaticn for the structures, o produce 30 mode shapes
and freguencies.

The dynamic response to the waves shown in Table 2 was
then calculated by modal superposition using the
results of the static analyses to correct for higher
modes by static backsubstitution. A damping value

of 0.02 (2% of critical) was used for all applied waves.
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3.2 Results

The axial forces in the legs were found to be
menotonically decreasing with height above the sea
bed as would be expected. For waves with periods at
or below structural resonance, substantial dynamic
amplification occurs. In the legs the correction
assocciated with static backsubstitution is minor
{only 7% at resonance) as the load values are largely
determined by the global response of the jackst.
The general high level of load at the base of it
structure indicates the importance of correct
dynamic amplification at these locations.

el

Figure 4  shows the d-a.f's associated with
wave loading for 9 second waves with heights from 1

te 12 metres for both jackets, these d.a.f's werz
obtained from direct caleulaticn of static and éynazlic
response. In general there is little variation with
wave heipht at the base of the structure where the
conventional d.a.f. is conservalive.

Towards the still water level for both jackets thers

is an increase in d.a.f. over and above the conventional
value, thiz effect decreases with increasing wave
height bringing the amplification on the higher lozg
values closer to their expected wvalue.

Figure = shows the corresponding resulis for

the axial brace loads for both structures. Again there

is little variation with wave height with the conveniticnal
d.a.f. giving conservative results except at the lower
levels. The unconservatism in this case is eliminazed

by the use of the spectral d.a.f. described above.

Figure 6 shows the variation of d.a.f. for waves of
unit height with pericds from 2.5 to 17 seconds for
jacket 2 {Jacket 1 similar). The leg axial lcads
were used. Waves near resonance indicate the
unconservatism in the conventional d.a.f.

3.3 Frame Action and Dynamic Amplification

In Section 2.3 reference was made to the importance of
the application of the correct d.a.f. to the siatically
derived stresses bearing in mind the relasvant mode for
that part of the structure. hsually the d.a2.f.
corresponding to the sway mode period is conservatively
applied to the total stresses/displacements.

This sway mode component of response corresponds closely
to the frame action response of the structure and so

the component of stress caused by frame action can
safely be amplified by the conventionmal c¢.a.f. The
component of stress caused by local hydrodynamic loading
should be amplified by the d¢.a.f. corresponding o local
vibration at a lower natural pericd. Hence:-

S; =¥, S +¥nS < X (Se+S)=¥S
as Y < Y,

X,is
Leis the
En is the

of the
S5¢ is the
§ is the
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, above global rescpance
where the d.a.f. for the fundamental sway mode

stress caused by frame acticn

d.a.f. for the natural vibration

local structure

stress from local hydrodynamic leading

and total statically derived stress.




Figures 4 , 5 and 6 exhibit the expecied behaviour in
+hat the d.a.f's associated with positions near the base
of the structure are largely associated with frame
action only and hence the larger d.a.f., from the sway
made is applicable here.

In order to quantify this effect the member end
leads for the members indicated in figure 7

were determined with and without local hydro—
dynamic loading. Frame action loading = total -
lecal loading.

As expected, the largest contribution of local wave
loading occurs in horizontal members near the splash
zone. Figure 8 shows the variation of {vertical)
shear force for such a member at -1Sm for jacket 2 for
waves travelling perpendicuiar to the member axis
with heights of 1, 3, 6, 9 and 12m at % second period.

In this case dirsct loading contributes BO% of the total
shear. The axial load due to frame action thougn smail
still dominates for this member and wave direction.

The frame action component of force varies linearly

with wave heignt at this period, The local wave

induced shear exhibits a small degree of non=linearity
as drag becomes dominant for the higher waves.

For waves travelling parallel fo the member axis the
variation of axiai forcs with height shows
that the frame actions load dominates.

The same gualitative behaviour was
chserved for axial load in the other members ¢onsidered.
Both components vary almost linearly with wave height.

The resulis indicate that a combinaticn of local
and giobal d.a.f’'s is appropriate for degrees of
reedom associated with shear at the ends of braces
near the splash zone for waves perpendicular to the
member axis. Our results indicate that axial forces
may be safely amplified using a d.a.f bhased on the
sway natural periecd.
4.0  FATIGUE AND DYNAMIC AMPLIFICATION
In order to accurately represent 2 wave climate In a
deterministic fatigue analysis it is necessapry to choose
a small number of characteristic waves, each of whiegh
results in a proportion of the total fatigue damage.
Icdeally each charaeteristic wave should give rizse to
an egqual proportion of the damage.

4.1 The Choice of Fatigue Waves

The selection of wave heights is based on the
following assumptions:-

1. tress range (S) is proportiecnal to HQ
2. Mumber of cycles to failure (N) is progoriicnal
o 57 where n = 'siope' of SH curve and is
taken to be equal to 3 for the D.Ea. 'T' curve.ls]
-5 =3k
Therefors Nes ~aug > ve. 28}
3. Damags is ithe ratioc of number of

occurrences to the number of gycles to
failure (¥) at stress range $ from %he SH
curve [3].

D

This process is illustrated in figures 10z and 10b.
The cumulative damage curve aay be used to define the
wave height ranges represented by each wave, The
n?mber of ¢ycles may be chtained from an exceedance
g;agram for the area. Particular care must be taken
ir cheosing Hl in the lowest interval because of the

(s}

oA S® o n 8:5 PR
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large number of cycles here and the changing slope
of the sumulative damage curve. This may be achieved
by subdividing this interval and itaratively
calculating Hi to give equal damage to that given by
all waves in the range-

The crucial parameter isd,in the past taken to be 1.8.
we use a value between 1 and 1.4. OQur results
indicate that a vajue of near unity gives the best
fit. Figure 9 shows thisg, as for varying
wave heights (at 9 seconds) the curves of variation
of stress/HT lie on top of one another for this
value.

4.2 Dynamic Amplificaticn Factors

Oynami¢ amplification has two major effects:—

i- The damage distribution shown in JigurelCa is
biased towards the sway period,
and hence the curve is displaced toward lower
wave heights and periods giving different
represeatative waves.

The damage associated with each wave height
»ange will be amplified wirich must then he
reflected in an appropriate dymamic amplificaticn
factor for each representative wave. This
amplification factor will not necessarily

e the same as the conventional d.a.f. which
would normzlly be associated with each represen—
tative wave height.

As dynamic stress range 54 1is related to the
statically derived stress range S byi-

S; = s¥

with X being evaluated at each wave period,

.- 27

then the damage incorporating dynamic effects Dd
has the following functional form:-

3 ETEIS 3
D, = & ~n{¥$) =nS¥"=D3 ver 28)
rence point by point
3= ( %%L)%S ... 29)

{for the 'T' SN curve with ‘slope' 3}

The cumulative damage curve may now be constructed
ard is displaced towards lower wave heights and
periods {see figure 10b).

The represeniative wave heights will now be lower
than their statically derived eguivalents.

TS di is the cumulative damage up % the upper end of
wave height range i and d'i is the same cumulative
damage incorperating dynamic amplification, then the
damage associated with range 1 is given by:

di - di-l
and with dynamic amplification
di - d*'i-1

Taking the ranges and representative wave heights
derived from the dynamic cumulative damage curve.



|
|
|

- d*i-1 ... 30)

- di-1

. . fl
Damage for range i (dynamic) = di
Damage for range i (static) di

Given tha*t the damage amplification is proportional
to the gube of the amplification of stress range we
may define a dynamic amplification factor‘Xi for each
range in the following way:-

3?:d§.-—d'i—~l ... 31}
SR T T ]
Trese 'fatigue' dynamic amplification factors will
now fully represent the effect of dynamic amplification

across each range.

These fatigue d.a.f's depend in a complex way on the
cumilative influence of ¥ over the range and hence on
structure sway natural peried.

In Table 4 the fatigue d.a.f's for Jacket 1 are compared
with the conventional d.a.f. for the representative
waves appropriate for a fatigue analysis of this
structurs.

In thiz table the first columm shows the representative
wave heights derived from static considerations only,

the second column contains the representative waves
taking into account dynamic amplification. The
representative wave for the first interval is greatl
reduced reflecting the bias towards structural resonance.
The fatigue d.a.f. is larger than would be calculated
for the period corresponding to this wave reflecting

the increased amplification for waves near resonance.

In practice during design a cut-off frequency would
be derived to represent fatigue thresholds and shert-
crestedness associated with short waves.

It becomes even more crucial to use this approach for
structures with higher sway natural periocds as
the conventional approach will wvastly overestimate
the damage associated with representative waves noar
sway resonance._

5.0 CONCLUSIONS

1. & spectral dynamic amplification factor
has been derived which takes inte account the
fregquency spread of sea states asscclated with a
desigrn wave. Results indicate that the convent-
ional d.a.f. will be unconservative for design
waves above structural sway resconance.

2. Consideration of frame action loading indicates
that for bracing members near the splash zone a
d.a.f. based on the local natural period in
combination with a global sway d.a.f. is more
appropriate for shear loads especially for
waves travelling perpendicular to the member.
The global d.a.f. is suitable for amplifiecation
of axial loads.

3. Investigations of the relationship between stress
range S and wave height H, indicate that:

S H with less than the 1.8 normally
assumed. & value of between 1 and 1.4
has also been found on other major jacket
structures desipned by John Erown. The
value to be used in design will depend on
the assumed wave slope and hence the
relationship btetween H and wave period.
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4. A fatigue Q.a.f. has been postulated which is
based sn damage amplification. Use of this
d,a.f. will affect the choice of the represent-
ative wave and avoid overestimation of Tatigue
damage due to small, shori waves.
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TABLE ! ENVIRONMENTAL CONTITIONS

Water Deoth Jacker 1 150m LAZ
dacker I 250m LaT
Yavas
Wave Occorrences (30 year period)
Uave hr Period ITotzl Fumber
(m) (s} aof Cycies
o-1 5.5 §6 380,000
1=z 5.4 35,370,000
2=-3 Tab 1K, 850,000
34 8.5 10, 100, 000
4=5 4.5 5,447 000
36 9.9 2,948,000
&= 10.5 1,502,000
7-8 10.8 373,560
£-9 1.2 177,400
-1 1l.6 251,760
1011 1.9 143,760
il-12 12.2 79,050
12-13 12.8 43,560
1314 i2.9 24,0840
14~13 13.2 13,290
15-16 13.5 7.349
16-17 12.8 4,070
17-13 4.1 Z,25%6
18-19 14,4 1,251
19-20 1.7 &85
Floyal 15.0 386
2122 15.2 ‘s 215
22-23 15.5 121
23~-24 15.8 GE
24=2% 16.0 35
5~26 6.3 0
26-17 16.5 : 10
27-28 16.8 7
23-24 17.0 3
30 yr Emax (3 hr) 8.2
TOTAL 143,100,000

Marine Grouth

50mn rnickness on radius will be assumed betWeen clevarblons +1.5m
end =iJm with refarence to L.A.T.

Table 2 Wave Cases Examined {both Jackets)
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