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Abstract : ‘

The practlce of assummg full steady state, vortex-mduced-
vibration response, .to- wind s excessively conservative:[1].
This paper presents:a practical method for::estimating.the
reduction of the fatigue damage rate  due to the natural
unsteady. - fluctuations in: wind speed. Two dimensionless
parameters are.shown to be particularly important. The. first

is the ratio of the lock-in bandtwidth to the turbulence intensity

level of the wind::- The second is the ratio of the fength of time
the wind speed remains in the lock~in interval to the rise time
of the member to steady state response levels. The paper:also
shows that one must account for the discrete nature of wind
speed and direction scatter diagrams:in estimating the probabll-
ity of occurrence of the crmcal wind spced v

Introduetlon ' o,
A 1992 review [2].of. stateuofvthe-art desxgn calculatrons for
wind-induced fatigue. damage: of structural members revealed
substantial excess conservatism due to the assumption of steady
state structural response to: wind. - Further work:was recom-
mended-to. establishthe effect of unsteady wind speed varia-
tions, turbulence, and. finite. structural response rise . time.
These factors have now been:investigated by -means of wind
tunnel tests, analysis of extensive:North Sea wind records; and
development of appropriate dynamic and probabilistic models.
The theoretical results, wind tunnel data, and statistical
analysis of the wind data have been published in two recent

papers and a Ph.D. thesis {3, 4 & 5). This paper synthesizes’

these results in the form of a proposed practical procedure for
predicting the fatigue life of structural members excited by
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.vortex shedding in. wmd S

it

1In'this paper the members are assuméd to v1brate in the ﬁrst

‘mode in the cross-flow direction. The only types of members

studied are restrained at both ends; with boundary conditions
which may vary from pinned toifixed: ' Other structural
configurations such as cantilevers could be addressed by the
methods described here, but no emphasns has been given to
such apphcatlons in thls ;study SRS

Assumptlons, Defimtlons and. Objectives

- Accepted practice in the industry today is to compute D,,, the

steady state fatigue damage rate that results from:wind at the
critical wind speed, V.,: which: causes.maximum vibration

.response. - This damage rate is-thén multiplied:by the fraction

of the year that the-wind is expectedto blow 4t or near to.the
critical velocity: for.that-member. :In: this: paper three adjust-

. ment factors, y,, v,, and y,,, are introduced, so as to obtain the

adjusted damage rate, D,, as shown below.

D, = Y*¥1*Dy*(Yoin " ZPyp) -

.,‘Where EP\,9 is the summation of probabllmes over the

appropriate wind speed and direction. bins: of the wind scatter
diagram. One such scatter diagram is presented in Table 1,
which summarizes ten minute mean wind speed and direction

-data measured over a fifteen year period at:Ekofisk in the

North Sea [6]. Thls data will be used in an example calcula-

thl’l . o v 1y

The. first two factors, Yo and Yis acgount for the unsteady
behavior of natural.winds and the finite rise time required by

. the structural member to reach steady, state, given the wind.is

at the critical wind speed. The third correction factor, Yy

_ aceounts ifor the ;use .of: discrete wind speed and. direction

scatter dlagrams rrather. than smooth wmd speed probability
density. functions. - ‘
;To understand the purpose of Yo and yl lt 1.s helpful to deﬁne

“two time scales which are important. in predicting the fatigue

damage rate in unsteady winds. The first is the expected value
of the "duration of visit" er uninterrupted length of time that
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the actyal unsteady wind speed stays sufficiently close to the
critical Mnd : to result in vortex-induced-vibration with
lock-in cham” rigti s The second is the "rise time" or length
-,f0r\,,structura1 response to reach steady state.

In this paper the statistical characteristics of unsteady winds
are of great importance and therefore must be defined careful-
ly. By unsteady, we do not mean small length scale, high
frequency turbulence. Turbulence with a length scale of a few
diameters and up to ten per cent in intensity has been shown
to not have much effect on response amplitude [5], and will
not be discussed further in this paper. When the term turbu-

~ lence'is uséd-in this paper, it refers to unsteady fluctuations of =
wind speed'with a frequency content lower than 0.4 Hz. This -

is because the maritime wind data used to calibrate the
methods proposed in this paper were forty minute records
sampled at 0.85 Hz. and only in mean wind speeds greater than
or equal to 10.0 m/s {7].. Thus the minimum observed length
scale was approx1mately 25 metres and the maximum frequen-
cy of use in the data 'was 0.42 Hz. :
The proposed procedure is a convenlent modlﬁcatlon of
accepted practice, which is to,compute the fatigue damage rate
that would result from steady state response of a structural
member to the critical wind speed for that member. In the
interest of keeping the total paper length within imposed limits,
it is assumed that the reader is familiar with methods for
determining the critical wind speed of the member in question
as a function of reduced velocity and Reynold’s number, and
that .the reader is able to. estimate the :steady state, lock-in,
response amplitude, Y., /D, and the resulting fatigue damage
rate, D,. ~ Typical example ‘calculations are presented in
references [2:& 8]. It remains to show-how one obtains yo, yl,

-and Yoin-

Estimation of v,

Y o accounts for the reduction in fatigue damage which results
from the random fluctuation of the wind speed around its
mean. “In this study it has béen assumed that the steady state
response amplitude i is'a s:mple functlon of Reduced Velocrcy,
whlch is defined as:

\A V/(fD) T v. By t. @

For subcrmcal Reynold’s numbers the peak steady ‘state
response amplitude;'Y,.,/D, corresponds to a reduced velocity
of approximately 6.0 [3 & 5].- When the value of wind speed
is such that the résponse 'is'maximum, then the wmd speed is
said to be at the ¢ritical wind speed, V..

The wirid tunnel data presented ‘in references’[2] and [5]
revealed that respofise amplitude dééreases from the peak value
as an approximate linear function of reduced velocity.  Such a
model is used hete for'the purpose of com'putmg Yoo Tt is

~assumed that the'réspotise amplitude decreases linearly with

redueed velocity until it reaches zero at winds speeds given by
V =Vl +a). Fortypical structural membets in'winds o is
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approximately 0.125. In other words the lock-in bandwidth is
approximately + 12.5% of V.. When the reduced velocity at
peak response is 6.0, this lock-m bandwidth corresponds to a
reduced velocity range of 5.25 < V, <6.75. Factors, such as
small length scale turbulence, angle of incidence and Reynold’s
number may alter these values and other values may be
substituted if better information is available. This point w111
be discussed further in the example calculation.’ '

In wind tunnel measurements reported in [2 & 5] it was con-
cluded that for subcritical Reynold’s numbers the lock-in band
extended over a range of reduced velocities from 5.0 to 6.5

“ with'the peak‘af6:0. . This | range is asymmetrié with respect to

V. and-has.a lower limit at V' = Vi(1-oc), with .o =167, and
the upper limit is ‘at: V = V (1+a), with o= .083.  This
asymmetric model has been evaluated in [5] and results in
values for y, and y, which are equal to thosé obtained ‘when
using the proposed symmetric model. with lower and. upper
values of o equal to the average of 8.3 and 16.7%; i.e.

- $12.5%. Other asymmetric lock-in ranges may be approxi-

mated by an equivalent symmetrlc one by the same averagmg
method. C

If the steady state response amphtude is related to reduced
velocity as described above, then natural fluctuations ‘of the

~wind speed will cause the steady state response amplitude to

rise and fall. Even if the mean wind speed equals the critical

“wind speed, the temporal variations of the wind speed will
-result in lower average response ‘amplitudes than: would be
experienced-if:the wind speed stayed constantly at Vi

-accounts for the resulting reduction in fatigue life. : The

computation of y, assumes that the response amplitude of
vibration is always at the steady state value: corresponding to
the instantaneous ‘value -of the reducéd - -velocity:. :In:other
words, the finite vibration response rise time is not taken into
account.in the: computatlon oft % That will. come .in: the

computation of y;.
¥, is a function of 'm’, the slope of the S-N curve, and- o/T,,

the ratio ‘of half: the lock-m bandwidth to .the turbulence
intensity, T,. The-meah wind speed of interest isiequal to the
critical wind speed, hence T, is defined as T, = 6,/V,. Where,
o, is the standard deviation of the wind speed with:respeot to
the ‘mean. - The data used to calibrate thé computation of'y,

~-and y, were based onforty minute wind records. Turbulence
~data based on more conventional one hour -samples: are
‘adequate-for the purpose of applying the methods. presented

here.. Wind speed magnitiide but not-direction isused in the

-computation of T;. | Typical values of ‘o/T; vaty from 0.3 to
~-about 3.0 for values of turbulence varying from30% down to
about 4%. 'y is given by'the following expression [5]. -
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Y, is plotted in Figure 1, for.various values of 'm’ between
3 and 6, as a function.of &/T,. A very.typical value of o/T,
is 1.0. For this value, y, varies from 0.1 to 0.2, depending-on
'm’. In other words, just the natural variability of the wind
typically reduces the fatigue damage rate by. a factor.of 5 to
10. - y, increases with the ratio o/T,. - This is- intuitively
satisfying, because; if 0/T, is large, it means that the wind
speed variations will be-small compared to the lock-in band-
width, resulting in:long: periods wof  large -amplitude fock-in
vibration. . Conversely, as o/T, is made smaller the wind is
more 11kely to stray outside of the lock-in region, resultmg in
smaller average response values.

Estimation of vy, and the Statistlcal Characterlstlcs of
Natural Winds - =+ ¢ -

¥, accounts for the finite length 'of time required for a
structural member t6 reach fiill steady state response, compared
to the typical length of time that the wind speed stays in the
lock-in band. 'In this paper this is expressed as a non-dimen-
sional ratio of the "duration of visit" of the wind speed in the
lock-in interval to the rise time of the structural member.

The duration of visit, E[7]. The concept of the expected
duration of visit of the wind speed is depicted in Figure 2, in
which time varying wind is shown crossing into and then out
of the lock-in wind speed band, defined by the levels ’a’ and
'b’. E[1] is the expected value of the length of time the wind
spends in thé initerval. The duration of visit is shown in [4] to
be strongly dependent on the statistics of the wind speed and
in particular on the turbulence intensity, T, = 6,/V,, and
'6,/0;, the ratio of the standard dev1at10n of the wind speed to
the standard deviation of the time derlvatlve of the w1nd speed.
T, has been widely used to descrlbe wind characterlstlcs in the

lrterature o Jo, is new to the Jiterature and when this study
began data was unavailable.

Natural wind statistics. The authors conducted .an- in.depth
statistical study of approximately 500 hours of maritime wind
data from  the -Statoil-Joint Industry Project on.:Maritime
Turbulent Windfield Measurements [7]. The essential results
of this study. are summarized in Figures 3 and 4.. Figure.3 is
a plot of T, versus mean wind speed, V,,,  Figure 4 is9,/0;
versus: To. The plot of T, versus mean wind speed is very
disordered.. This is.because turbulence is. sensitive to .atmo-
spheric stability and in this plot no attempt has.been made to
account for variations in stability. The turbulence levels above
20% mostly come from days with highly unstable temperature
profiles, which resulted in considerable vertxcal conyection.
The low turbulence cases correspond to, stable condmons
Figure 4 shows 0,/9; versus T, as computed from the. same
500 hours of data. In:contrast to Figure 3, which appears
disordered, this data: is :clearly height dependent with -an
apparent linear relationship betweeri' 9,/0; and T,. Straight
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Jline fits to this data are shown in equation 4, which has a slope

which is given by a logarithmic: function of "h’. The height
above the sea, ’h’, is expressed in metres,
oJa = 26log(1 35h)T in seconds ....... S «)

Thrs functlon is plotted in Flgure 4 for two values of "W,
and 46 metres. Equation 4 is for North Sea maritime wmd
data. - We believe it to be useful as an approximate model for

‘~other maritime locations. ' The North Sea wind data from the
“Statoil project show that ¢ /o, varies from 2 to 15 seconds; as
_shown in Figure 4.

TIn ordet ‘to model natural winds mathematlcally it has been

“'necessary to assume ‘a probabilistic model for the random
fluctuation of the wind speed with respect to the mean wind
speed. The model for the wind that has been assumed here is

~a Gaussian one. Winds are known not to be truly Gaussian.

However, it has been shown that the approximation of a

" Gaussian | probability model for the wind provrdes conservative

estimates for fatlgue damage rates [4 & 5]

E['c] may be
expressed as: R

E[t] = (o Jo 2*G(a/T) == (seconds)

~ where

and is plotted in Figure S.

Response rise time, t.: - When a structural member, initially
at rest, is excited by a steady sinusoidal lift force at the natural
frequericy of the member, the.envelope of the positive response
peaks A(t) has the following mathematical form.

AW = Ym,x*(r-ef‘“’?*’), Where 0 =2mf, .
A lightly damped structural member will take considerdble
t1me to reach steady state response amplitude. The rise time,
, is defined : as the time taken for the amplltude of vibration
to reach 63% of its steady state valug.' “Tri'the function shoWn

in equation 7 this occurs when the exponent -2nift = 1,

implying that t = 1/(2n(f,). -An additional interpretation is
possible by noting that t*f, = t/T = 1/(2xn{), which is the
number of vibration cycles or periods that it takes the structure
to reach 63% of the steady state value. When the damping
ratio is .002, this number is 80. The same structure would
reach 86% of steady state after 160 cycles and 95% after 240
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cycles. Note further that the lower the value of dampmg the
longer it takes the structure to reach steady state. o

A typical duration of visit of the wind speed to the lock-in
band is about 24 seconds. A structural member with a
damping ratio of 0.002 and a natural frequency of 10 Hz
would reach 95% of the full steady state value in that time,
whereas, a structural member with the same damping:but a 4
Hz natural frequency would require 60 seconds to reach the
same level. The member with the 4 Hz natural frequency
would rarely reach full steady state response levels and would
tend to sustain less fatigue damage during the exposure period.

The ratio of duration of visit to rise time, r. In this study
the dimensionless parameter ’ 1’ is the ratio of the expected
value of the duration of visit to the rise time of the member.

¢

r=E[T]*(21t§fn) e e e ®

If 'r’ is much larger than 1.0 then the member may approach
steady state vibration levels. If this number is smaller than 1.0
then the structural member will never reach full steady state
response.

The computation of v,. It has been shown in [5] thaty, is a
monotonically increasing function of 'r’ as shown in Figure 6
for various values of *'m’, the slope of the S-N curve. The
function for vy, is given by:

Y, =[l-exp(-BP)] ..o
The parameters p and 6 depend on 'm’, the slope of fhe S-N
curve. These parameters are tabulated with common values of
'm’ varying from 3 to 6 in Table 2.

Estimation of vy,

Tvin» accounts for the use of discrete wind speed and: direction
scatter diagrams rather: than smooth wind speed probability
density functions, and-adjusts for errors that would be caused
by using finite:wind speed bin widths.

If AV, the wind speed bin width, is very small then y,,, must
be larger than 1.0 to account for the  occurrences of. lock-in
outside of the wind speed bin that includes V.. Conversely, if
AV is large then y,;, will be smaller than 1 0 to reduce the
probability of occurrence of the critical wind speed to the
appropriate level. vy, is a function of T,, o/T, and V, as
shown below in. equatlon 10. The theory behlnd the estimation
of v, is given in [5].

Yo = (VJAVY*2.6T, +0.015/Ty} .....0... ...
Typical values for v,,, range for 0.2t0 8.

§
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V@) = Vc(O)/cos(é)

“The Estimation of the Probability of Occurrence of the

Critical Wind Speed as a Fufnction of Wmd Incidence
Angle !
VIV may occur when the wmd is not perpendlcular to the

-member. ‘In such caseslock-in occurs when the perpendicular

component of the wind is sufficiently close to the critical wind

~ velocity. - Let 8 be the angle between the perpendicular to:the

member and the mean wind direction. The critical wind speed

for the member with-a wmd mcldence angle of © may thensbe
expressed as - T

D L R

- This: formula, is ‘valid up to approximately 45 degrees, the

typical resolution of wind compass roses and scatter diagrams.
VIV in winds at greater than 45 degrees is small and not

, consldered funher in this analysls In the, example calculatxon

to follow, the Ekofisk data i is divided: up. into sixteen dlrectlon-
al bins of 22.5. degrees. each Reference to this data w1ll be

‘made in the forthcoming dlscussron

RecalAlririgequat’ion 1 for fatigue damage rate,

D, = yo*yl*D,,"‘(ybi,,*ZPve),, Ceee N ()
we are remmded that we must sum the probabilities over. both
wind mcrdence angle and velocity bins. For vertical members,
the appropnate summation is over all 16 wind directional bins
in mean wind speed bins which. include V.. For horizontal
members, the appropriate summation is over ten wind direction

~ bins. Thus, for example, for a member with its axis aligned

east-west one would sum the probabrlmes Py, corresponding

“to the north and south direction bins and the " associated
'velocity bins which include V,, plus Py, at +22.5 from north

and south (NNW,NNE,SSW,& SSE) in’those velocity bins
which include V/cos(+22.5) = 1.08V,, plus Py, at +45
degrees from north and south (NW,NE,SW,& SE) in those
velomty bms which mclude VJcos(i45) = 1 41V..

The Effect of Wind Incldence Angle on the Product of v,
Y1 and yy,

An exhaustive study was conduoted which 1ncluded evaluating
wind statistics such as Ty and o /o for the component of the
wind nofmal to the mémber, as a functién of wind incidetice
angle varying from 0 t6'45 degrees from the normal. The
result is that ‘at 6 = 22.5 degrees for wide rangés of 'm’, 'r’
and oc/T the product Y o*Y1 *Y),,,, ‘varied less than +10% from
the same product at norrial ‘incidence. At 45 degrees the
varratron of this product was as much as +20%.

" The authors believe that increases in this product at large
incidence angles will be moré than offset by factors, such as
shielding from other members-‘and reduction in the lock-in
bandwidth, o::Such ‘factors need further experimental investi-
gation. At this time the authors recommend that the product
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Yo*11*Ysia @s computed for the normal incidence case be used
for all incidence angles. Thus, to include the effect of wind
incidence angle in the computation of fatigue damage rate
requires only that one account for the correct probability of
occurrence of the critical wind speed as a function of incidence
angle.

Example Computation

Member properties. A typical structural member on a flare
boom in use in the North Sea might have the following
properties: Length = 12.5 m, diameter = 0.324 m, wall
thickness = 0.00953 m, and an end fixity of 0.7 [9].

We adopt for this example the "T-curve" [10] for tubular
nodal joints, for which N*S™ =K, = 1.46*10'%, where S, the
stress range, is specified in N/mm? and "m" is taken as 3.0.
For the purpose of simplicity the stress concentration factor is
set for this example at 1.0. Any desired factor of safety may
be applied at the end of the fatigue life calculation.

Compute V.. Assuming that the peak response occurs at a
reduced velocity of 6.0, the critical velocity of the member is
given from Equation (2) by V_ = 6.0*f *D. A lower reduced
velocity might be appropriate at super-critical Reynold’s
numbers and would result in a correspondingly lower critical
velocity. This in turn may have dramatically different proba-
bilities of occurrence, which one may evaluate by consulting
Table 1. To compute V_ requires the natural frequency, f,
which may be computed from the following equation [2].

f = [1.59¢+=)* | EI
" 2nL? m,

Where m, is the mass per unit length of the member (73.47
kg/m), E is the Young’s modulus (2.11*10"' N/m?), I is the
area moment of inertia of the member (0.0001164 m*), and ¢
is the degree of joint fixity, which may vary from 0.0 to 1.0
for pin ended and fully fixed members respectively and is
commonly assumed to be 0.7 for fully welded tubular joints.

For this example, ¢ = 0.7 or 70% fixity. The natural frequen-
cy for this member is 10.64 Hz. At a reduced velocity of 6.0

this results in a value of the critical velocity of 20.68 m/s.
This corresponds to a Reynold’s number of 462,000 which is
in the transition range from subcritical to super-critical flow.
At these Reynold’s numbers the peak response reduced velocity
is not well known, but is in the range of 5to 6. 6.0 is used in
this example.

Compute response and steady state damage rate. Using, for
example, the method described in [2 or 8], the steady state
response amplitude may be computed from the following
equation:
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Y, 3.82y,C,
- e a3)
D 3.35

2xS’K
1+0.19 —2
CL

where, C, the lift coefficient is Reynold’s number dependent.
The C, recommended in [2] is 0.4 for 1000 < Re < 300,000,
0.3 for Re > 2*10° and varies linearly between 300,000 and
2*10° For this example the Reynold’s number at the critical
velocity is 462,000 and C, = 0.39. S, is the Strouhal number
which is fixed in this equation at 0.2,

Y; is the cross flow mode shape parameter and is computed
using equation 14, as a function of the assumed mode of
vibration. Table 3 presents typical values of this parameter for
arange of typical boundary conditions and fundamental modes
of vibration. Also included in Table 3 are the corresponding
maximum values of the strain response parameter, F,, which
may be computed using equation 15 and relates the proportion-
ality between the strain at some location on the member to the
maximum modal deflection.

It is important to note that F,(x) should be evaluated at the
location of the peak hot spot stress, S,. This location may not
be coincident with the maximum value of F,, since it is also a
function of the appropriate stress concentration factor. The
general formulas for y; and F; are given below.

| o]

Y, =Y 120 (14)
[y*enax
o
_ lonie?
F, T (15)

K, is the response parameter or reduced damping. It is given
by:

K,=4nlm/(p,D*) =13.64 ..................
where m, is the mass per unit length and p, is the mass density
of air(1.29 kg/m®). The damping ratio for the first mode is
taken to be 0.002. Substituting the above information into

equation (13) results in an estimate of the steady state mid
span maximum response:

Y,./D = 0.065

Once Y,,,/D is known and the strain response parameter for
the location of interest is evaluated (In this case at the member
end F; = 22.4), then the corresponding stress range is given by
S, = (Ya/D)*E*F*SCF*D%L?

P

2.064*10° N/m? = 206.4 N/mm’
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Equation (17) above is also in reference [2] as equation (15).
In reference [2] equation (15) should have the factor S, and
not 2S,, where S, is the stress range, the same as here. The

error in reference [2] propagates through the example calcula-

tion in that paper. A summary of the errata may be obtained
from the authors of reference [2].

Knowing the form of the T-curve, allows one to find the
number of cycles to failure as follows:

N*S™ =N *S," = 1.46*10" (S in N/'mm?) . . . ... ..
This can be solved for N (166,000 cycles), the number of
cycles to failure at the steady state response level Y, /D.
From this the steady state damage rate, D, is simply given as,

D,, = f/N, = 0.000064 s

Steady state vibration at this level would lead to failure in 4.3
hours. Even if the mean wind speed equals the critical wind
speed the actual damage rate would be less by the factor y,*y,
due to the variability of the winds and finite response rise time
of the structure. This will be further reduced by the probabili-
ty of encountering the critical wind speed. The next step is to
compute vy, and v,.

Compute y,. Assuming a value of o/T, = 1.0 and T, = 0.125
then the value of y, may be computed from equation 3 or
taken from Figure 1 at /T, = 1. From Figure 1 the value is
approximately y, = 0.19.

Compute ¢,/0,, G(«/T,), E|[7], r, Rise time and v,. y, may
be computed in order from equations 6, 5, 4, 8 and 9. Assume
the member is forty five metres above the ground (h = 45 m).

Then from equation 6, o /o, = 5.8 seconds. From Figure 5,

G(a/T, = 1) = 3.5, and from equation 4, the expected duration

of visit, E{tr] = 19.8 seconds. The rise time of this member
is 1/2n&f, = 7.5 seconds and from equation 8, ’r’, the ratio of

the duration to rise time is 2.65. If 'm’ the slope of the S-N
curve is taken as 3.00, then, using Table 2 and equation 9, v,
=0.7.

Damage rate reduction factor. The product of y, and v, is
0.133. The fatigue damage rate is reduced by this factor due
to the effects of the unsteadiness of the wind and the finite rise
time required by the structure to respond to changes in wind
speed. This is a factor of 7.5 increase in fatigue life.

Evaluate the probability of encounter of V. It remains to
evaluate the probability of encounter of the wind speed. In
this example this is done using the wind speed and direction
scatter diagram, for example, from Ekofisk in the North Sea as
shown in Table 1. This is wind data gathered over 15 years at
Ekofisk. It represents 10 minute mean wind speeds and
directions. The increment in wind speed, herein defined as the

478

bin size AV, is 1.0 m/s. The angular bin size is 22.5 degrees
or 16 compass headings. The total number of wind conditions
is 42436. .

Table 1 is shows the probability of occurrence of the wind
speed and direction at 10.0 metres above the sea. Our example
member is 45 m above the sea. A boundary layer profile must
be assumed for the wind and used to determine which wind
speed bin at 10 m above the sea corresponds to V, = 20.68 m/s
at 45 m above the sea. A typical industry standard profile is
given by:

V@)=V @10 ..
where V, is the velocity at 10 metres above the sea and ’p’ is
an exponent which depends on the averaging period for the
wind data being used. ’p’ is 0.125 for 1-hour mean wind
speed data, 0.120 for 10-minute mean wind speed data , 0.113
for 1-minute mean wind speed data, and 0.1 for 3 second gust
data. The data presented in Table 1 is 10-minute mean wind
speed data and therefore we will use p = 0.120.

Let 6 be defined as the angle between the mean wind
direction and the perpendicular to the member. In order to

calculate the probability of occurrence of the critical wind
speed, it is necessary to identify the relevant wind speed and
direction bins in table 1. Since the directional discretization is
in steps of 22.5 degrees, then the appropriate directional bins

are those for which 8 = 0, £22.5 and 45 degrees incidence
angle to the member. The corresponding critical wind speeds

at these incidence angles are from equation 11, 20.68, 22.38
and 29.24 m/s, respectively. Substituting these values into
equation 20 for V(z=45 m) and solving for V, yields 17.26,
18.68 and 24.41 m/s respectively. This allows us to enter
Table 1 for P(V,0).

This example computation is for a horizontal member that

has a perpendicular in the north-south direction. Therefore the

direction bins corresponding to 6 = 0 degrees are the N and S
bins. Similarly, for 6 = £22.5 degrees, the corresponding bins
are NNW, NNE, SSW AND SSE and at +45 degrees the bins
are NW NE,SW AND SE. Table 1 shows the total number of
occurrences for each speed and direction combination. To get

the correct probability one sums the number of occurrencesand

~ divides by the total number, 42436.

IP(V,0) = ZP(V,0=0) + TP(1.08V_0=122.5)
+ ZP(1.41V_0=145)

IP(V,0) =
£P(17.26,N+S)+ ZP(18.68, NNW+NNE+SSW+SSE)
+ £P(24.41 NW+NE+SW+SE) @1

= [(17+30) + (38+3+35+21) + (5+0+1+1))/42436
= 0.00356
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Compute v,,.. It remains only to compute v,,, from equation
(10). In this case V/AV = 17.26 and y,, = 5.87. Where V,
is taken as 17.26 m/s, the value of the wind speed at 10 m
which corresponds to the true V, at 45 m above the sea
surface. Returning to equation (1), the adjusted damage rate
is

D, = YO*YI*Dss*(Ybin*EPV,e)

0.19*0.7*0.000064(5.87*.00356) = 1.78*10” 5!
1/D, =5.62x10°s=65days.................

This is 7.5 times longer than would have been computed using
Dy, Ysin and ZPy g, but with no correction for y, and y,. Even
with the 7.5 times increase, this member is unsuitable for use.

Lengthening the fatigue life of the member

The member evaluated above is unsuitable. Had a more
conservative SCF been applied, the resulting fatigue would
have been much lower. There are three approaches to solving
the problem. The first is to reduce the L/D of the member.
If L/D is reduced sufficiently, the critical wind speed will

increase to the point that the probability of encountering the

wind speed becomes very small(i.e. Py, =0). If this is not
feasible or too costly, then one must increase the damping or
decrease the lift coefficient. Both of the latter methods
requires attachments to the member. Increasing the damping
may be accomplished by adding tuned mass dampers, such as
Stockbridge or AR dampers [1,10]. Reducing the lift coeffi-
cient may be accomplished by helical strakes or by putting
sleeves on the member, which changes the diameter at select
locations [2,9]. -

Conclusions

This paper has shown how one may account for unsteady wind
speeds in estimating fatigue damage rates for vortex-induced
vibration of structural members. It has also shown how one
accounts for the discrete nature of the wind speed and wind
direction scatter diagram in estimating the probability of
occurrence of the critical wind speed for the member.

Two previously unrecognized dimensionless parametershave
been identified as being important in characterizing VIV in
unsteady situations. They are a/T,, the ratio of the bandwidth
of the lock-in interval to the turbulence intensity, and 'r’ the
ratio of the duration of visit to the rise time of the structural
member. There are areas needing further investigation. There

is inadequate data on the lock-in bandwidth parameter, «, as
a function of Reynold’s number, especially in super critical

regimes. The knowledge of turbulence intensity, T,, as a
function of geographic region and height above the sea, and
the relation to the wind scatter diagram is at present not
adequate. Both of these factors affect o/T,,.
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wind direction in DEG AZIMUTH ) To
NRE | RE | ERE ETESE | SE | S3E STSSW ] SW [ WSW T WIWNW T NW | NNW|
7] 10 11| 28 71 13 6| 17 151 24 22| 281 14| 19 25| 557 |
29| 50 50) 55| 30| 14| 27| 50| 123 42 54| 115 45| 63 59 | 820
701 81 86| 135| 47| 48] 75| 136 631 101 141 | 243 110 | 80| 113 | 1787
104 {119 | 102 | 127] 94| 100| 173 | 279 1131 188 | 218 410 154 | 152 | 161 | 2891
120 J 1137 128 | 156 104 | 136 | 219 | 400 227 ] 250 252 441 255 | 265 173 | 3760
145 | 105 | 99| 164 | 120 | 160 | 204 | 388 | 330 | 294 | 290 | 429 310 | 300 | 203 | 4089
111|106 | 129 | 163 | 132] 142 | 215] 377 | 3671 305 335 | 451 308 | 240 | 253 | 4177
106 ) 89| 115| 182 | 165| 150| 236 | 371 | 200 | 328 | 316 488 267 | 211 | 220 | 4034
851 62 75| 215| 176 174 | 211 | 381 318 | 335] 313 | 395 261 | 214 | 231 | 3805
48| 40 73| 188 150 173 163 | 298 | 290 | 302 258 | 370 212 | 157 175 | 3216
391 51 88| 164 | 183 161 170 | 262 | 245 | 296 263 348 190 | 183 | 182
221 a1 71 ] 167 | 126 | 130§ 111 | 166 | 192 | 240 | 206 306 144 | 98| 127 2342
27| 23| 48| 116 105| 100 | 109 | 168 | 1451 211 108 | 274 129 | 81 138 | 2022 |
9 21 31| 79| 16| 74| 73| 103 121 ] 155 145 | 216 94| 73 75 | 1440
7] 13 28| 72| 6| 85| 42| 72| 118 108| 143 | 188 82| 62 65 | 1221
20| 10 13| 64| 67| 49| 351 80| 82| 97 80| 142 80 | 60 57 | 985
2] 3 S| 39| 27 17| 29| 25 34| 47 18| 66 25| 24 30 | 432
0| 2 15| 65| 47| 18| 15] 301 52| 57 3| 92 30| 27 33| 543
3| 3 13] 36| 34| 20| 21| 23| 35| 36 38| 79 0| 24 38 | 451
3] 1 2| 19| 24| 11| 12| 12 19| 30 23 45 23| 13 13| 256
0] 0© 1| 15| 13 6 9 15 12| 18 16| 39 24 7 16 | 194
0] 1 0 3 6 3 ] 6 3 5 8] 20 6| 10 1 80
0 1 1 0 3 1 1 5 p) 2 4] 14 5 1 9 56
01 o0 0 1 0 5 1 p) 1 1 3| 12 3 7 9 55
0] 0 0 1 5 1 0 0 1 1 1 5 3 5 3 29
o © 0 0 0 p) 2 1 1 0 3 4 p) 1 3 22
0| 0 0 0 0 0 0 0 0 0 1 3 0 i 2 7
0] 0 0 0 0 0 0 0 ] 0 0 1 0 2 0 3
0] 0 0 0 0 1 0 0 0 ] 0 3 0 1 0 5
0] 0 0 0 0 0 0 0 0 0 0 1 1 0 0 2
0| 0 0 0 0 2 0 0 0 0 0 0 1 ] ) 3
01 0 0 0 0 0 0] o0 0 0 0 0 0 1 0 1
0] O 0 0 0 0 0 0 0 0 0 (] 1 0 0 1
0| 0] . 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0] 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
967 | 945 | 1184 | 2258 | 1826 | 1796 | 2162 | 3676 | 3105 | 3473 | 3431 | 5228 | 2834 | 2397 | 2413 | 42436

Table 1. Number of Occurrences of Wind Speed and Direction at 10 |[m] based on 15 year measurements. Wind speeds are from 10 minu
averages recorded every 3 hours. Total Number of Wind Occurrences is 42436.

m B 8 Boundary Conditions vy, F, Strain location
3.0 9309 2583

35 7721 2773 Free-Fixed 1304 352  Fixed end
3.74 7093 2859 Pinned-Pinned LIS5 987  Mid span

4.0 16488 2952 Fixed-Pinned 1.161  20.4  Fixed end
438 5718 -3085 70% Fixity 1.163 224 Either end
5.0 4693 -3302 Fixed-Fixed 1167 282  Either end

55 4023 3478

6.0 3462 3657

Table 3. Mode shape parameters and mid-span strain respon

. . parameters for various boundary conditions
Table 2. Parameters governing the relationship between

v, and ’r’ the ratio of the duration of visit to the rise time.

480



QTC 8081

JK. VANDIVER, C.Y. FEl, RB. CAMPBELL, D. RUDGE

008 + ¥ L] 1] T ¥
07t | - me3 P
11— m=438 - i
0.6f - -m=6 //,, 4
0.5 -7 _em T
’ ” i -
Yo oa} % P -
d e
I - ‘
7/ v
/7 P -
0.3F , 4 e -4
7/ P -
/ s
7/ rd
0.2} ’ g .
/ e
/ Va
/ .,'
0.1 o V4 g 4 < -4
v/
/)’
0 " 3 1 L H 1
0 1 2 3 4 5 6 7
o/T,, Lock-in bandwidth to turbulence intensity ratio
Figure 1. Y, versus o/T,, the ratio of lock-in bandwidth to turbulence intensity.
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Figure 2. Duration of visit, T,,,, of the wind speed, V, to an interval [a,b]
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G(a/T,) versus a/T,, the ratio of the lock-in bandwidth to turbulence intensity.
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