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Civil and Environmental Engineering The air gap response of a specific semi-submersible platform subjected to irregular waves
Department, is considered. Detailed model tests for this structure are studied in depth. Using time-
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Introduction are currently under development to predict extreme air gap statis-

. . . tics consistent with linear and/or nonlinear diffraction analyses,
The air gap response, and potential deck impact, of ocean strgclg- [1,2]

tures under random waves is generally of considerable interes
While air gap modeling is of concern both for fixed and floatin —
structures, it is particularly challenging in the case of floaters bEroblem Definition
cause of their large volume, and the resulting effects of waveOur test data come from a 1:45-length-scale model of Vesle-
diffraction and radiation. These give rise to two distinct effecjs: frikk, tested in the wave tank at Marintek under various types of
global forces and resulting motions are significantly affected byregular waved3]. Figure 1 shows a plan view of the platform,
diffraction effects; and Rthe local net wave elevation;,.(t), together with the nine, locations for which the air gap responses
can also be considerably influenced by diffraction, particularly &&ave been measured as a function of time. As Fig. 1 shows, all
locations above a pontoon and/or near a major column. Both &sts studied here apply long-crested waves in a diagonal direction
fects are important in air gap prediction: we need to know bothith respect to the structure.
how high the waves rise, and how low the deck translates verti- Table 1 summarizes the geometric properties of the platform.
cally (due to net heave and pitclat a given point to meet the Tests have been run for two different draft leveds: 75.5 ft (23
waves. We consider here both effects, but focus primarily on tﬁ@ and d:_85_-3ft (26 m)._ The cases with degper draf_t confqrm
net wave elevationy,.(t)—as we believe this to be the mostWith the orlglnz_al Veslefrikk operating conditions, during Whlch
challenging modeling step to predict the air gap response. wave impact with the _undersnde of the deck was observed in the
We consider in this paper a specific semi-submersible platfor Id (and reproduced in these model t¢sWe focus here on the

Veslefrikk, which is currently operated by Statoil in the North sef served results for the more shallow dral 5 75.51 (2.3 m. .
at a water depth of 574 ftL75 m). Our focus here is to compare In th% n|10del tanlé testS,tthhe_wg\c/jes thave first been |mdpo?e|d with
detailed model test results with the predictions from Iineardiffra(:-e model removed, and the incident wayft) measured at lo-

tion theory. Specifically, we have two main goals:

* We seek to demonstrate how the test data can be efficiently Direction of Incident Waves
analyzed, relating fractiles of the input far-field wayé) and the \
output near-structure wawvg,e;. This results in an effective “crest
amplification factor” for use in air gap design. While applied here T\ 7N\
specifically to the air gap problem, we believe such a fractile- 1k 2 5
based approach can be useful in calibrating design wave proce- alh T )
dures in a wide range of applications. N4 3 46" y

* We seek to test the adequacy of linear diffraction analysis.
We recognize here that ocean waves are inherently nonlinear, and
that this nonlinearity cannot be ignored in predicting statistics of
extreme crests. The hypothesis to be tested here, however, is that  107.5m .
the main source of nonlinearity lies in the input incident waves,
and that the correction in wave crest amplitude due to diffraction

can be well-estimated by the corresponding correction predicted |
by linear theory. 12.57111( N 8 9
Note that this paper describes ongoing work into the statistical T ] i
analysis of the air gap problem. In conjunction with studying ex- \__/ \__/
perimental results directly, statistical post-processing algorithms
Contributed by the OMAE Division and presented at the 18th International Sym- 79.5m

posium and Exhibit on Offshore Mechanics and Arctic Engineering, St. Johns, New-
foundland, Canada, July 11-16, 1999, ¢fETAMERICAN SOCIETY OF MECHANI- . . . . .
CAL ENGINEERS Manuscript received by the OMAE Division, March 10, 2000;Fig. 1 Plan view of Veslefrikk platform and location of air gap
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Table 1 Characteristics of Veslefrikk platform in terms of the rigid-body motiong;, &4, andés in heave, roll,
and pitch, and the field-point locatidr,y) of interest. Finally, the

Platform Particulars available air gam(t) is the difference between the still-water air
Length Over All (LOA): 107.50 m gap.a,, and the relative wave(t)
Longitudinal Column Spacing: 68.00 m a(t)=a,=r(t) ®)
. In the following we shall focus mainly omy.e(t), which is
Transverse Column Spacing: 67.00 m likely the most challenging quantity to model, and then on the
Column Length w/o Sponson: 12.50 m relative wave elevatiom(t)—and hence, by implication, the air
gap responsa(t). Note, however, that we infer these quantities
Column Breadth: 12.50 m from measurements in the inverse order; that is, air gap probes
. directly measurea(t), from which we use Eq(3) to infer r(t),
h: 14.2
Pontoon Breads Sm and Egs(1)—(2) to infer §(t), and hencey,«(t). (The test results
Pontoon Height: 9.50 m include measurements of the motiogs in all 6 degrees of
Draft, D: 23.00 m freedom)
Displacement: 40,692 tonnes Crest Amplification From Data Analysis
Airgap to Still Water Level: 17.50 m In a design wave approach, it is common to consider the con-
. sequence of a single incident wave cycle, with critical values of
Center of Gravity (from keel): 2413 m amplitude and associated period and profile. The resulting critical
Pitch Radius of Gvration: 33.76 m response level during this cycle is then taken as the basis for
Y ) ) design procedures, generally with appropriate load factors; e.g.,
Roll Radius of Gyration: 34.26 m [4]. We consider here the use of a similar cycle-by-cycle analysis

to predict extreme values of the net wayg, and also of the

Transverse Metacentric Height: 2.36 m relative waver (t) with respect to the structure.
Water Depth: 175.00 m Cycle-by-Cycle Results From Concurrent Data. In estab-
lishing appropriate calibration factors for a design wave approach,
) it is common to seek a relationship between the input and output
Table 2 Seastate parameters for which model tests were amplitude inconcurrentcycles. Specifically, from the input wave
conducted processy(t) we define “cycles” as periods separated by succes-
sive upcrossings of the mean leve] =0. The input wave ampli-
Hs [m] | Tps] | v | Number of tudesX; ... Xy are then the pea(crelél amplitudes for each cycle
3-hour tests of n(t), and the response amplitudés...Yy are the correspond-
ing maximum values of the respon@eere, 7,,¢) Occurring during
12.0 115 140 5 each of theN input wave cycles.
14.0 135 | 3.0 6 One may then seek to use linear regression to relate the ampli-
tudesX; andY; of the input and output wave
15.5 16.5 | 2.0 2
Yi:ac+ bCXi+ € (4)

The subscript is used here to indicate that one is trying to predict
the output wave amplitud¥; as a function of the concurrent input

cation 7, where the platform is to be centered. Following commqaﬁng;lﬁgﬁé‘tg; égﬁn?;rgs cycle. Regression estimates then yield

practice,n(t) histories have been generated from a stationary ran-
dom process model, applied over a fixed “seastate” duration of oy ) o o
Tss=3 h. Its spectral density functior,(f ), is described by be=p i a=my—bmy; o=(1-p%oy (5)
three basic parameters) the significant wave heightis=40,,, X
which determines the total spectral powey;tBe peak spectral in terms of the estimatetsamplé meansmy andmy of X andY,
periodTp, at whose corresponding frequenigy= 1/T, the spec- the corresponding variance§ and 03, and the correlation coef-
trum is maximized; and)3the peakedness factgr which deter- ficient p betweenX andY. Note that these statistics are the means,
mines precisely how narroypeaked the spectrun§,(f) is near variances and correlation coefficient of the peaks of the processes,
f,. There different test conditions were performed for the and not of the entire processes. These rms peak values reflect the
=75.5 (23 m) draft; Table 2 describes th¢g, Tp, andyvalues nonlinear nature of the extremes to a greater extent than the rms of
for each of these three test conditions. the process, which only weakly reflects nonlinear eff¢bis
To illustrate, we focus first on the seastate with parameters
Hs=45.9t(14.0m, Tp=13.5s, for which most data are avail-
. . . able (T=3 hx6tests=18 h). Concatenating these tests yields a
Relating Wave Elevation to Air Gap total of N=5422 input wave cycles. Figures 2—4 show the result-
As noted in the foregoing, it is useful to first consider the néng N=5422 (X;,Y;) data corresponding to output wav@s,; at
wave elevation,,, With respect to a fixed origin. The nextlocations 7, 5, and 1, respectiveli.he input waves are the same,
logical step is to consider the relative wave elevatigt) mea- hence only they; values differ in these figurgsRecall from Fig.
sured with respect to the moving structueg., that would be 1 that location 7 corresponds to the platform center, while loca-

measured by a wavestaff attached to the strugture tions 1 and 5 are just in front of major columns. As may be
_ expected, the near-column locations show somewhat larger maxi-
F(6) = 7nef ) = (1) 1) mum crest levelsY ., is roughly 66 ft(20 m at location 5 and

ft (25 m) at location 1, compared with an input maximuodg .,
of roughly 59 ft(18 m).

To characterize this amplification statistically, Figs. 2—4 also
S(t)=&5(t) +y- &a(t) —x- &5(1) (2) show the mean trend.+ b X; from linear regressionThe other

Here, 5(t) denotes the net vertical displacement at the field poi
of interest, which in turn is generally a mixture of the form

Journal of Offshore Mechanics and Arctic Engineering AUGUST 2001, Vol. 123 / 119



25 1

20 1

15

DATA, LOC 7
REGRESSION
PRED FRACTILE

CREST, NET ABSOLUTE WAVE [M]

o 4

0 5 10 15 20
CREST, INCIDENT WAVE [M]

. 2 Concurrent crest data; location 7

(platform center )

25

20

15

10

CREST, NET ABSOLUTE WAVE [M]

5 © DATA,LOC5 - -
2 REGRESSION -
PRED FRACTILE -
0 . . 1 1 1 1
0 5 1 15 20 25
CREST, INCIDENT WAVE [M]
Fig. 3 Concurrent crest data; location 5
E 25 0 g
1] .
< 20 ASRSS - '
2 o ® e n &8&0 o 9 .*'5::;
11} g o“ © e s @00
'5 ° % P °<8®<>®8%8 &6’@ @
= 15 o © Sa P 4
(@] ° " & (2?/9’
) -
Q S
— 10 ]
1]
P4
[ ]
n 5 DATA,LOC1 « A
% REGRESSION ——
O PRED FRACTILE -
o 1 1 1
0 5 10 15 20 25

CREST, INCIDENT WAVE [M]

Fig. 4 Concurrent crest data; location 1

lines shown, which predict fractiles gf will be explained later in
connection with Figs. 5—Y Note the following difficulties with

using the regression trend only:
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zontal trend b.—0), regardless of how high the marginal vari-
ability oy becomes with respect @y . As a result, we often find
» Because the mean trend line neglects the effect ottteem here thato,<1, despite the fact that extrenvevalues are gener-
in Eq. (4), it will generally underestimate the marginal variabilityally larger than corresponding values.(For convenience of vi-
of Y. Indeed, in the limit ap— 0, we will generally find a hori- sual comparison, note that all figures have identXadnd Y
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scales; hence a “neutral” slope=1 would connect the lower- 1.6 — . : : . T T . T
left and upper-right vertices of the figure windgwNote espe- e _ .
cially the results for location 1Fig. 4): the regression slope is EEEB:%;ES Hz;lim%;}égz ——
found to be onlyb,=0.66, despite the fact that extrenYeout- 14+ ¢ OBSERVED; HS=12m_TP=11.5§ o1
comes appear systematically larger than corresponding exiXeme OBSERVED; HS=14m,TP=13.58 —*—
values.

e The relatively small slope value, in Eq. (5) arises from the
goal of standard regression, which is to minimize errors in pre-
dicting Y; for givenX; . One may instead seek a best prediction of
X; for given Y;; this yields a steeper line, with slopk,
=dY/dX=(1/lp)-oy/oyx. This, however, neglects the corre-
sponding variability ofX at givenY, thereby giving a systemati-
cally low dX/dY, and hence higldY/dX.

* We may seek other, modified versions of regression analyses
that produce “more reasonable” trends. Fundamentally, however,
one may question the adequacy of any single trendline, when 0.6 /— . . . . . . . .
based on data as scattered as in Fig. 4. We show in the forthcom 1 2 3 5 6 7 8 9
ing how such regression results can still be used in a design-wave FIELD POINT LOCATION
approach, even when the data show such large cycle-to-cycle vari-
ability as in Fig. 4.

CREST AMPLIFICATION BP

Fig. 8 Theory versus data: absolute wave amplification

Fractile Results From Ordered and Nonordered Data. For
design of structures against extreme waves, one is often mdsted K,,Y) data. Note that this agreement holds even at loca-
interested not in the respon¥e in a specified wave cyclg but tion 1 (Fig. 7), despite the significantly scattered cycle-by-cycle
rather in the response levé|, with a specified exceedance prob-data (Fig. 4 on which it is based. This suggests that we can
ability p. If we have a corresponding estimate of the input wawveredict the fractile trendline from Ed6) without reordering the
amplitudeX,, at the same probability level, we may seek a newdata, in one of two ways:

deterministic linear relation betweet), andY,, directly « by=by/p; i.e., inflating the regression slopg by a factor of

Yo=a,+byX, (6) 1/p.
) o o * by=0y/oy, the ratio between the standard deviations of the

Note that the notatioa, andby, for these coefficients is intended Y andX. This avoids the regression analysis of paired data.
to denote that the resulting trend is intended to apply on a fractile-
by-fractile basis(i.e., for givenp). In contrast,a, and b, have Note that this fractile trendline is preserved if the roleXand
been derived from a concurrent ba€is., for given wave cyclg, Y are interchanged; in this caseX/dY=oyx /oy, and henceb,
or alternate choices of concurrent input/output “events” =dY/dX remains equal tory /oy . Note also that like both mean

We may seek to estimate the coefficieatsin b, in Eq. (6) regression linegof Y given X and vice versp the line relatingy,,
directly from the reprocessed data, in whip is plotted versus to X, from Egs.(6) and (8) also passes through the mean pair
Y, . Effectively, this amounts to reordering both thg andY; ~ (mx,my) from the data. At all other points, E¢6) passes be-
data vectors; for example, the largé§t and Y, value are both tween these two regression trends, in view of its intermediate
assigned the same fractile leyek 1/N, the second largest valuesslope.
p=2/N, and so forth. Alternatively, we suggest here a simpler

way to directly predict the parameteag andb, without reorder- lopeb, , from Eq.(8), serves as a useful “response amplification

ing data—which can be inferred directly from the statistics ctor,” relating input and output levels at corresponding fractiles.

cycle-by-cycle data. In particular, if we assume thatand Y; 50 thata,, is found to be nearly zero here; i.e., the predicted
each have marginal normal probability distributions, we m actile lines in Figs. 57 nearly pass through the origifhe

Results Across Field Points. The foregoing suggests that the

write “OBSERVED” results in Fig. 8 shows the resulting crest ampli-
Yp—my Xp—my fication factorsby,, found for all field points from the two sea-
—=—=U, (7) states with most data:Hs,Tp)=(39.4ft,11.5s}(12m,11.55)
Oy Tx

and (45.9t,13.5sy (14 m,13.5s). The largest observed amplifi-
in which U, is the corresponding fractile of standardnormal cation, roughly 1.4, is found at location(ih front of the up-wave
distribution(e.g.,U,=0.0 forp=0.5,U,=1.0 forp=0.84, etcl.  column). Other near-column locatiori@, 5, 6, and 9 show am-
Each statistical quantity expressed in K@) refers to just the plification factors of roughly 1.2. As might be expected, some-
peaks of the process, rather than to the process itself. One mayat greater amplifications generally occur for the smallgr
rewrite the equation in the form of E¢), in which the trendline case(with shorter wavelengths, hence larger relative effect of the

parameters are simply structurg. The largest amplifications, however, at the near-column
b locations are relatively constant for the tW@ cases considered.
bp=2= =. a,=my—bymy 8) The corrt_esponding predicted results in Fig. 8 are described in the
ox P forthcoming.

Note that Eqs(7)—(8) are not restricted to the Gaussian distribu; L . .
tion model. They apply to any distribution that has an additivgreSt Amplification From Diffraction
shift parameter and a multiplicative scale parameter; common ex+ormally, we may split the input incident wavg(t) into a
amples include both the Gumbel and Gaussian distributions. Fdinear part” 7 (t) and a remaining “nonlinear contribution”
some other distributions, such as the Weibull and lognormal, thigy,(t)
assumption should be applied toY)(versus InK). The choice of = (D) 4+ t 9
distributions can be dictated by the appearance of the data as 7= (O + 7 (D) ©)
plotted on linear or on log scales. The air gap results presentedvifhile »(t) describes the actual wave surfagge(t) describes our
Figs. 5—7 plot as nearly straight lines on the linear scale showtinear approximation in solving its governing equatidns., im-
Figures 5—7 show that this simple predicted fractile line, witposing the free-surface condition at the still water level, rather
b,=0oy/ox, generally agrees quite well with the observed, oithan at the actual time-varying surfacerhe nonlinear term
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Fig. 9 |Hue(T)|=amplitude of transfer function from input un- Fig. 10 Theory versus data: relative wave amplification

disturbed wave to output net wave 7, in the presence of the
structure. Predictions are from first-order diffraction analysis.

in Fig. 10 again predich, as in Eq.(8), now treatingr (t) as the
relevant response history. “PREDICTED” results in Fig. 10
; : ; ain use Eq(11), now with a transfer functioH,(f) to the
Eo?jféff‘e]accurate'y predicted by a second-order, random waligei e - T e (2). whioh include thelin.
In 3 Smiar way, e may decompose he et “output” near£ rEdied ranste unetons o heave pich, and o, Agen,
structure waveyne(t), into linear and remaining nonlinear terms‘behavior. The most striking difference now occurs at field points

e 1) = Mnet (1) + Pneen (1) (10) near the platform center in the along-wave directilmtations 4,

Linear diffraction codes, e.d.7], estimate the transfer function 5, 6, 7, whose vertical motiors is dominated by heave rather
H,.(f ) that relatesy, (t) t0' < ('t) at a given wave frequendy "than pitch or roll. Our predictions here overestimate the relative

.nel ST Tnet \%) give d wave elevation, suggesting that they underestimate the platform
Figure 9 shows the transfer function amplitutié,.{, as a func-

. oo ! ' heave motion.
tion of wave periodr = 1/f, _for a sglected set of f.'eld points. As The heave motion measured in the model basin has been spec-
expected, results across field points converge in the long-wa

r%llly analyzed and is presented in Fig. 11. The first-order pre-
largeT limit. Significant differences are predicted, however, af. . A “ }
smaller periods: af =8 §H,¢{ varies from 1.0 at location #nid- icted spectrum of heave motigshown in the figure as "PRE

! DICTED”) has been calculated using only the first-order transfer
platform), to 1.9 and 1.5 at the near-column locations 1 and 5'.functions from linear diffraction. The spike that can be observed

To c_onsider th_e consequence of sampling this t_ransfer func“ﬁpthe measured spectrum, at about 0.045 Hz, coincides with the
according to a given wave spectruiy(f ), we consider the am- heave natural frequency of the vessel. The analysis omits this

plification factor brys in the RMS value predicted by linear resonant effect, as no model of slow drift motions was available.

7 (1) is thus defined implicitly, as the difference betwegft)
and 7, (t). In fact, detailed statistical studies suggest that(t)

theory Inclusion of the effects of vessel motion in the statistical analysis
* 2 is straightforward 2], and is a topic of ongoing study.
f [Hne( f)[%S,(f )df
O-Vnet 0
brvms= p = E) (11)
7 f . S,(f)df
The resulting values digrys are shown as the “PREDICTED” g OBSERVED ——

results in Fig. 8(Note again that our hypothesis here is not the
the linear model will yield the correct extreme value of eithyer

\ PREDICTED -~ ]
7net» DUt merely that it can yield a useful estimate of the correc /\ /\/ \/\ / \

tion factor between themin fact the predictions show the same

general trends as the observations: larger results at the ne 4 h .
column locations and in the small@g seastate. Amplification € / | / \/\/\ / \/ \
levels are somewhat underpredicted at several near-column Ic® 3 i U\J kd
tions: at location 1pgyus=1.2—1.3 compared with an observec \" / \

bp,=1.4, whilebgys=0.9-1.0 at locations 4, 5, 6 compared witr 2 :
b,=1.1-1.2 from the observed data. These additional amplific ﬁ U \/\
tions may be the result of nonlinear diffraction, or may represe /
near-column effects beyond the realm of a conventional diffra
tion analysis. ; =

Finally, Fig. 10 shows similar results for the relative wave el g0 0.04 0.06 0.08 0.1 0.12
evation,r(t), with respect to the moving structure. Because th
structure generally moves with the waves, the relative wave Is
generally less than the absolute wave level, yielding factors in Figig. 11 Comparison of observed and predicted heave motion
10 that are generally lower than in Fig. 8. “OBSERVED” resultspectra

Frequency, f (Hz)
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Summary and Conclusions observed data. These additional amplifications may be the result
of nonlinear diffraction, or may represent near-column effects be-

° A new, fractile-based approach has been proposed to defiighd the realm of a conventional diffraction analysis.
an amplification factorb,, on extreme wave crest levels due to

diffraction. This is calculated as the rms-ratio between input and

output peaks in all wave cycld&q. (8)). The scaling factor re- Acknowledgments
sulting from this new approach is found to describe the output
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