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Two separate studies are presented here that deal with analytical predictions of the air

Bert Sweetman gap for floating structures. 1) To obtain an understanding of the importance of first and
second-order incident and diffracted wave effects as well as to determine the influence of
Steven R. Winterstein the structure’s motions on the instantaneous air gap, statistics of the air gap response are
studied under various modeling assumptions. For these detailed studies, a single field

Department of Civil point is studied here—one at the geometric center (in plan) of the Troll semi-submersible.

and Environmental Engineering, 2) A comparison of the air gap at different locations is studied by examining response
Stanford University, statistics at different field points for the semi-submersible. These include locations close

Stanford, CA 94305 to columns of the four-columned semi-submersible. Analytical predictions, including first

and second-order diffracted wave effects, are compared with wave tank measurements at
several locations. In particular, the gross root-mean-square response and the 3-h extreme
response are compared.DOI: 10.1115/1.1372195

Background Results are shown here from frequency-domain analyses which
The air gap response. and potential deck impact. of ocean str ermit careful study and isolation of various effects: e.g., wave

gap resp ' p pact, . ces on a fixedlocked-down structure, the effect of structural
tures under random waves is generally of considerable inter

>T€8btions on air gap response, and, finally, the effect of different
o . ; . Yocal wave elevation models. For reference, a complete second-
structures, it is particularly complicated in the case of floatefiqer giffraction model is formulated and studied. Compared with

because of their large volume, and the resulting effects of waygs complete model, various simplified models are imposed and

diffraction and radiation. These give rise to two distinct effecis: l\5yated:(a) second-order wave elevation effects are neglected
g!obal _forces and resulting motions are §|gn|f|cantl_y affected %mpletely, or(b) these second-order effects are approximated by
diffraction effects; and Plocal wave elevation modeling can alsonaytical Stokes theory, which retains second-order effects on the
be considerably influenced by diffraction, particularly at locationgcigent wave, but neglects second-order diffraction. Uséapf
above a pontoon and/or near a major column. Both effects ajgd (h) would significantly simplify the analysis, avoiding the
important in air gap prediction: we need to know how high thgostly step of second-order diffraction. The local wave modeling
wave rise(step 3, and how low the deck translates verticalélue i step(b) is found to be quite important in predicting the air gap
to net heave and pitgfat a given point to meet the waves. Moreyesponse of two semi-submersibles studied here.
over, effects 1 and 2 are correlated in time, as they result from the
same underlying incident wave excitation process.

We focus here on analytical diffraction models of air gap reFheory
sponse, and its resulting stochastic nature and numerical predic- . ) )
tions under random wave excitation. Attention is focused on a Voltérra Series and Transfer Functions. In modeling non-
semi-submersible platform, for which both slow-drift motiondn€ar systems, such as floating structures, it is common to employ
(heave/pitch and diffraction effects are potentially significant.”Olt€rra series that permit one to describe the respamsipu of
This air gap response presents several new and interesting cRHED Systems. The nonlinear system is defined in terms of first and
lenges. It is the first response limit state where we need to sim Ie_cond-order. transfer funptlons. FOI" floating structures, these
taneously include both second-order sum and differenc ansfer functions are obtained from first and second-order wave

frequency effects(on the wave surfage and second-order iffraction analysis programe.g., WAMIT [.2])'
difference-frequency effectsn slow drift motions and, generally, '™ Order to study the response of a floating structure to random
! ' seas, we start by defining an irregular sea surface elevajiah,

on the wave surface as wellThe sum and difference-frequency . ; e ;
. . . as.a sum of sinusoidal componentd\atlistinct frequencies
waves and the difference-frequency heave and pitch motions can

both influence the air gap. The air gap response is further compli- N N

cated because the heave, pitch, and roll motions of the floating n(t)=2 a, coq w,t+ ak)=ReZ A expli wit) 1)
structure are generally coupled. Moreover, the motions and the net k=1 k=1

wave elevation, both of which affect the air gap, are correlated {{here

time as they result from the same underlying incident wave exci-

tation process. Note that air gap modeling has been the subject of a=v2S, (0w )Aw;  Ag=aexpiby)

previous work within the Reliability of Marine Structures Proyn \which S,(w) represents the wave power spectrum.

gram at Stanford University. For example, Winterstein and Sweet-any response quantityx(t), may be described by a second-
man[1] apply a fractile-based approach to develop a scaling fagrger volterra series representation

tor between the statistics of the incident waves and those of the

associated air gap demand. X(1) =Xq(1) +Xo(1) = X1 (1) + Xz (1) + X2 (1) 2

wherex;(t), X,_(t), andx,, (t) are the first-order, second-order
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N Once these response moments are found, the response process
X1(t)= Rez AkH<k1) exp(i wyt) x(t_) is assum_ed to be relateq to a standard Gaussian protgss
k=1 using a Hermite transformation modél|

x(t)=g(u(t))

=M+ ko [U(t) +Cau((U(t)?— 1) +can((u(t))®=3u(t)]

(@)

in which c3y andc,y are chosen to preserve the skewness and
kurtosis ofx(t), and k= (1+2c3,+6c3,) Y2 is chosen to pre-
In Eq. (3), H{Y denotes the first-order transfer function, whileserve the standard deviation xt).
H®") and H?™) are the second-order sum and difference- The key assumption of Eq7) is that it relates the actual non-
frequency transfer functions. Also, these transfer functions c&Russian response(t), to a standard Gaussian respons), at
describe any quantity of interest such as wave loads, platfo@ach point in time. It follows that for any realizations of these

motions, forces, etc. processes over timg, their respective extreme values—denoted

o . Xmaxt andU . —are related by the same functional transforma-
Response Moments and Extremes. In the reliability analysis  tjon,'g

of offshore structures, response quantities of interest include ex-
tremes and fatigue damage. Exact statistics of these quantities are Xmaxt=9(U maxT) (7a)

not known even for linealGaussian responses, much less for te that in practice, the cubic transformatigis constrained to
second-order Volterra models such as we use here. Hence, Wg P ' 0

must approximate these quantities, using limited response staffgnamn monotonic, so that extremat) andx(t) are ensured to

! . - directly)
tics for the total(first plus second-ordgprocess given by Eq$2) map ) . -
and(3). We choose here to characterize the total response proc I;mally, since Eq/(7a) applies to each realization &, and

by its first four statistical momentémean, standard deviation, emgg{ééze samaenrgtatlon must also apply to theiractile values,
skewness, and kurtogjsvhich are then used to estimate respons% maxT.p maxT.,p

N
X, ()=Re Y, > AAHE exdi(w—w)t]  (3)
11=1

x|
> uMz

N
X2 (D=ReY, > AAHZ" exi(w+w)t]
k=1 1=1

extremes. These first four statistical moments of the response are XmaxT.p= 9(UnaxT p) (7b)
defined as , ' ' .

It only remains to use standard results for Gaussian process theory

m,=E[x(1)] to estimateU . With the assumption of Poisson upcrossings
7
o2=EL(X(D) ~m, ] w 2
u
a3X=E[(x(t)—mx)3]/a§ P[Umax‘T<u]=exp{—voT exp{ - 7) (7¢)

_ N4 A
an=E[(x() =m0 Setting this probability tgp and solving foru, the corresponding
In order to obtain moments of the response process given frfractile is found to be
Egs.(2) and(3), it is convenient to rewrite(t) in terms of stan- LT\ 112
0
In(l/p)” ®

dard Gaussian processes(t). In general, whether second-order

diffraction effects are included or neglected, the first and second-
where v is the average rate at whioh(t), and hencex(t),
upcross their median values. Hence, the Hermite response esti-

order processes,(t) andx,(t), can be rewritten in terms of the
standard Gaussian processggt)
2N mate of extreme statistics—specifically, arbitrary fractiles of the
Xl(t)ZE c;u;(t) maximum value in duratioi—are found from Eq(7), using for
=1 (5) u(t) the corresponding Gaussian extreme fractile from (By.

UmaxT,p= 21In

2N Air Gap Response. In order to determine the instantaneous
xz(t)=2 Ajujz(t) air gap, it is useful first to consider the net wave elevation,
i=1 nnet(t), with respect to a fixed origin. The logical next step is to
in which N is the number of frequency componentsxgft). The consider the relative wave elevatiar{t), measured with respect
coefficientsc; and\; are obtained by solving an eigenvalue probto the moving structure
lem of sizeN for problems involving difference or sum frequen-
cies only[3,4], or%f size N for probglems—such as these a?r gap ()= 7ner(t) = o(1) ©)
response problems—which involve ba#ag.,[5]). The resulting At the field point of interest,X,y), 8(t) denotes the net vertical
moments ok can be found directly from the coefficierdgsand\;  displacement, which, in turn, is generally given in terms of the

in Eq. (5 heave §3), roll (¢£4), and pitch &) motions
§ N 8(t)=E3(t) +y- Eq(t) =X Es(1) (10)
m = .
= I The available air gap(t) is the difference between the still-water
N air gap,ap, and the relative wave,(t)

afz_El (c2+2\?) a(t)=ap—r(t) (11)
]
® In Fig. 1, a schematic diagram is shown where various quantities

N ) 3 defined in Eqs(9) to (11) needed to define the air gap response
X3 (6CyN;+8A7) are indicated.
x1=1 The instantaneous net wave elevatigRger(t), in Eq. (9) is a
2N result of both the incident waves that would occur if the structure
ag=3+ _42 (4801-2)\j2+ 48>\]4) were not present, and the diffracted waves that arise because of
Oy j=1 the presence of the structure that alters the flow field
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Fig. 1 Definition of the instantaneous air gap, a(t), in terms of
the net wave elevation and the net vertical displacement
7ner(t) = 71 ner(t) + 72ner(D) v U
H v

niner(D) = 71, (1) + 71p(1) (12)

N1 = 72, (1) + 72p(1)

In Eg. (12), we see that the net wave elevation is made up of firbtg. 2 Plan view showing four columns of the Troll semi-

and second-order waves: moreover, individually the incidesubmersible and the three field points ~ (Nos. 1, 5, and 6) studied
waves(subscript:l) and the diffracted wavegubscript:D) will

contribute to the first and second-order waves. The first-order in-

cident waver, | is modeled here as a stationary Gaussian process;The air gap response, as described by E@sthrough(12), has

and consistent values of,p, 7,,, and»,p are calculated from been analyzed in an extended, air gap-specific analysis methodol-
hydrodynamic theory. Note that this second-order diffraction ter@gy, based on second-order Volterra series and Hermite extreme
is likely to be the most expensive quantity to calculate within thenodels[11]. This methodology permits one to selectively include
numerical, boundary-value diffraction analysis. It is also perha®s exclude the various contributions to the net wave elevation in
the quantity most subject to questions of adequate modelirigg. (12). Thus, one can study the relative influences of first versus
meshing, etc. Therefore, we shall study here the adequacy o$econd-order waves, and of incident versus diffracted waves.
“hybrid” model that omits 7,5 ; i.e., retaining incident wave o

effects to second order, but diffraction corrections to first ordétlatform Description

only. ) o ) . The structure chosen for the numerical studies is the Troll con-

~ In Eq. (12), the first-order incident wavey, , is the Gaussian crete semi-submersible platform. Figure 2 shows a plan view of
input wave process, which was denotg(t) for simplicity in EQ.  the platform that has four columns and plan dimensions, 100
(1). Also, we approximate the spectrum gf, by that of the total mx100 m. The still-water air gap is 25 m and the mean water
incident wave,n,, + 77, . Differences between these spectra, dugepth is 325 m. Wave tank measurements of air gap were made at
to second-order Stokes contributions, have been found to be gggyen different field point locations. At these same locations, WA-
erally negligible. MIT diffraction analyses were performed for waves with different

Application of Methodology to Floating Structures. The headings and with wave periods ranging from 7.4 to 20.0 s. In the

methodology using Volterra series models to describe the following, we discuss comparison of the air gap response statistics

sponse of floating structures and the moment-based extreme &&three field point locations indicated by the numbers 1, 5, and 6

mation has been implemented in a post-processing analysis r8uf19: 2-

tine, TFPOP[8]. This routine uses first and second-orderce . . . . .
transfer func[tic])ns(from force calculations involving diffraction Results I: Parametric Study at Midpoint Location

analysi$ as well as added mass and dampiifigm first-order We first consider analytical predictions of the relative wave
wave radiation TFPOP combines these load transfer functionslevation for the Troll semi-submersible. We are interested here in
together with stiffness, damping, and inertia properties of th@edicting the influence of alternative modeling options in de-
structure and, thus, constructs first and second-order transfer fusecribing the relative wave. For the sake of this exercise, we will
tions to any response quantity(t). In general, an analysis canstudy the air gap at a location directly below the center of the
include forces/moments in any of six degrees of freedom and cplatform. This is field point no. 1 in Fig. 2. We consider a single
be used to estimate response quantities such as motions, accekastate o3 h duration that is characterized by head s@adeg
tions, tether tensions, etc. The implementation and its theoretitedading with a significant wave height of 10.6 m and a spectral
basis(second-order model with moment-based extremes and faeak period of 12.5 s. This is a seastate for which model tests are
tigue estimatiop have been verified in several previous studiesvailable for comparison.

The different structures analyzed include TLPs, semi- To isolate the effects of incident and diffracted waves of first
submersibles, and spar buoys. Cases studied included TLP amd second order, and the effect of net vertical motion, we con-
sponses that were sensitive to second-order high-frequency loaiter the following cases:

(e.g., tether fatigue and heave accelerafibl) as well as slow Case 0 Only first-order incident waves() included; struc-

I‘ 100 m N

< '!

drift motions that were influenced by second-order low-frequency ture locked dowr(i.e., motions preventedi=0).
loads(e.qg., surge motions of a TLIB] and of a semi-submersible Case 1 Only first and second-order incident waygs, and
and a spar buo}9]). Winterstein et al[5] verifies the accuracy of 772;) included; structure locked down.

the Hermite model, for both sum and difference-frequency applicase 2 First-order incident and diffracted waves,;, and
cations, through detailed comparison with simulation. An associ- 71p), second-order sum and difference-frequency ef-
ated study{10] shows the ability of these second-order models, fects on the incident wavespg,) included; structure
with Newman'’s approximation, to accurately predict both slow- locked down. This is the “hybrid” model(incident
drift and wave-frequency motions found from spar buoy model waves correct to second order; diffraction corrections to
tests. first orde) referred to in the foregoing.
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Table 1 Response statistics for cases involving different modeling options

Type of Run | Response | Mean (m) { Std. Dev (m) | Skewness | Kurtosis %igis?mlfglx;n Peak Factor
Case 0 TOTAL 0.00 2.65 0.00 3.00 10.08 (-10.08) 3.8
Case 1 1"-order 0.00 2.65 0.00 3.00 10.08 (-10.08)

TOTAL 0.00 2.70 0.20 3.06 11.17 (-8.91) 4.1
Case 2 1*-order 0.00 3.25 0.00 3.00 12.08 (-12.08)
TOTAL 0.00 3.27 0.09 3.04 12.11 (-11.05) 37
Case 3 1¥-order 0.00 3.25 0.00 3.00 12.08 (-12.08)
TOTAL 0.00 3.50 0.54 4.12 19.23 (-12.54) 5.5
Heave 1¥-order 0.00 0.78 0.00 3.00 2.81 (2.81)
TOTAL 0.07 0.79 0.21 3.13 3.34 (-2.54) 4.1
Base 1*-order 0.00 2.52 0.00 3.00 9.44 (-9.44)
TOTAL -0.07 2.85 0.50 4.55 17.18 (-12.38) 6.1

Case 3 Full first and second-order incident and diffracted waves
(715, mp, M2y, and n,p) included; structure locked
down. Note that second-order diffraction results are
available here for sum-frequency effects only. AccordCase 3
ingly, the difference-frequency transfer function for
wave elevation is again estimated by Stokes theigy
noring the presence of the structues in Case 2. From
experience with other cases, we anticipate the neglect of
diffraction effects on difference-frequency terms to have
relatively minor consequence, although their inclusion
will typically serve to mildly decrease nonlinear effects.
Structure’s have motiog4) studied.

First and second-order incident and diffracted waves
(71, mp. M2, andn,p) included; structure permit-
ted to move in heave, pitch, and rdile., 5+0).

Table 1 summarizes the predicted response statistics for tdeave
Troll submersible in each of the cases defin@dbte that all re-
sults seek to model the air gap response except “Heave,” which
reflects only the vertical structural motignthe statistics for the
total responséi.e., including first and second-order contributipns
are presented in Table 1. Also included are response statistics i%
only the first-order terms are retained. ase
From Table 1, the following findings may be noted as we move
across the various cases:
Case 0 Because Case 0 includes only first-order incident waves,
the net wave elevatio(TOTAL) is seen to be Gaussian
as expectede.g., skewness0 and kurtosis3). Also,
the rms responsg.65 n) is equal to one-fourth of the
significant wave height(10.6 n), as expected. The
Gaussian character of the response is also confirmed by
the peak factor on the median extreme of 3.8, as found
from Eq. (8) with p=0.5, T=3 h=10800s, and re-
sponse median-upcrossing ratg=0.1s 1.
Case 1 includes a second-order Stokes incident wave

process response is 3(iZe., the total process is more
Gaussian than in Case 1 due to the larger relative con-
tribution of the first-order effecjs

Addition of second-order diffracted waves in Case 3
(relative to Case 2causes a large increase in response,
most notably in its extreme levels. In particular, the rms
level changes only from 3.27 to 3.50, while the peak
factor grows from 3.7 to 5.5. As we shall see in the
forthcoming, these larger peak factors may be more
consistent with the observed behavior in model test ex-
periments. Note also that these enhanced peak factors
are due to the marked non-Gaussian behavior predicted
in this case: the skewness value is predicted to be 0.54,
and the kurtosis value to be 4.12, both far exceeding
corresponding values in all earlier cases.

The results for heave motions again show that nonlinear
effects (here, the effect of difference-frequency slow-
drift motions only mildly influence rms value$0.78
increases only to 0.79 but more notably increases
skewed, non-Gaussian behavigskewness value of
0.21).

Finally, the base case results predict the relative wave
response, from a structure now permitted to move.
These results combine our “best” model of the wave
elevation(including second-order diffraction effects as
in Case 3 with our correlated model of associated ver-
tical motions (at this midpoint location, due to heave
only). As in Case 3, the results here show particularly
strong non-Gaussian behavior: skewness value of 0.54,
kurtosis of 4.55, and peak factor of 6.1. In view of their
similarity with Case 3 values, these strongly non-
Gaussian effects appear due to the presence of second-
order diffracted waves, and are not weakened when
structural motions are included. Of course, by permit-

Heave
Base

Case 1l

Case 2

Journal

process, which causes the net wave elevation to be non-
Gaussian and positively skewed. The second-order pro-
cess provides a small contribution to the total response:
the total process rm&.70 m) is only 2 percent larger
than that of the first-order proce$®.65 m). This sug-
gests that the spectrum of the first-order process is well
approximated by that of the total process, as implicitl

ting the structure to move with the waves, the relative
wave response is reduced as compared with the locked-
down structure in Case 3: reductions in standard devia-
tions from 3.50 to 2.85 m, and in median extremes from
19.23 to 17.18 m. These reductions appear quite consis-
tent with the marginal heave statistics shown in Table 1.

assumed here. The peak factor of the total process is k@sults Il: Best Predictions Versus Observations at Se-

(only slightly non-Gaussign
Addition of the first-order diffracted waves in Case 2
(relative to Case J1has the effect of raising the rms of
the first-order process by 23 percent and the medi
extreme by 20 percentBecause a linear effect has been

lected Locations

We next study three different field point locations and compare
analytical predictions with model test results. Four different sea-
Yates are considered:

added, we would expect roughly proportional increases 1 Hg=10.6 m,T,=125s

in rms and extreme leve)sThe peak factor of the total

of Offshore Mechanics and Arctic Engineering

2 Hg=12.6m,T,=13.5s
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Table 2 Predicted and measured response statistics at three field point locations for four seastates

. . Analysis w/o 2"-order diff. TF | Analysis w/ 2"°-order diff. TF | Wave Tank Tests
Field Point | H,(m) | T, (s) o (m) PF o (m) PE o (m) BF
10.6 12.5 2.55 3.7 2.85 6.0 . -
No. 1 12.6 13.5 2.96 3.8 3.37 6.2 2.78 6.5
at center 133 13.0 3.19 3.8 3.71 6.4 - -
14.5 14.0 3.34 3.8 3.89 6.4 3.20 4.3
10.6 12.5 3.16 4.1 3.26 5.3 - -
No. 5 12.6 13.5 3.53 4.1 3.68 5.6 3.56 4.6
ondiagonal | 133 | 13.0 3.87 4.2 4.05 5.7 - -
14.5 14.0 3.93 4.2 4.15 5.8 4.10 5.1
No. 6 10.6 12.5 3.62 3.7 3.66 3.7 - -
in front of 12.6 13.5 3.78 3.7 3.85 4.1 2.69 6.3
column 13.3 13.0 4.29 3.7 4.37 4.0 - -
14.5 14.0 4.13 3.8 4.24 4.4 3.17 5.7
3 Hg=13.3m,T,=13.0s arise from a single 3-h test, and are therefore rather noisy esti-
4 Hg=145m,T;=14.0s mates of the median values across many similar 3-h conditions.

ven with that caveat, these results strongly suggest that second-

These four seastates are chosen to conform with 3-h model teg%er diffraction effects should not be ignored. Models that ignore
all performed for head seas. In Table 2, results are shown for thrge

field points, including again the platform midpoint and two othe, efseaifgegia:gﬂzrgzggggetge observed peak factors, across all
locations nearer to columns. In all cases, we focus on numeri ) . 8 .
values of the rms and peak factdtF) only. hen second-order diffraction effects are included, peak fac-

We first compare results from two different models: the moé?brs are no longer _syst'ematically underestimated. Agreer_nent with
servations remains imperfect, however. At some locations such

detailed modelthe earlier “base” casg and its nearest competi- 0 . . .
tor (which neglects second-order diffraction effects on the wa® the platform midpoint, the predictions may appear somewhat
elevation, calculated at each field poins discussed earlier, this 00 nonlinear.” Nonetheless, these results suggest that nonlinear
simpler (“hybrid” ) model is significantly less costly. As such, itdiffraction effects can be important, and should be studied further.

is interesting to consider whether it can usefully approximate th¥e believe that the general statistical models presented here,
more expensive base case results. which estimate extremes from a limited set of statistical moments,
Comparing the results of the two modéis Table 2, second- Offer an efficient approach to assess the impact of various nonlin-
order diffraction is found to Ylonly moderately increase the rms€ar models on extreme response levels. To support this, Fig. 3
response, but)2markedly increase peak factors, and hence préompares predicted model test resuiee[1]) from a smaller
dicted extremes. Thus, even if second-order effects in the incidg@mi-submersible platform, Veslefrikk for two seastdteigh 12
wave are retained, unconservative air gap predictions may resul@ffd 14-m significant wave heightsResults are shown for a
second-order diffraction effects are neglected. The strength of tisked-down structure across nine measured field points. Two
second-order diffraction correction is found to depend on the Iaoment-based Hermite predictions are shownresults using
cation; particularly strong non-Gaussian behavior is predicted moments from the “hybrid” diffraction model, and) 2esults us-
the platform midpoint, as compared with predictions correspongig moments from the measured time histories. As with the Troll
ing to other points nearer a column. results, the hybrid model consistently underestimates the air gap
Finally, we compare the model predictions with the observedtemand. Knowledge of the actual moments generally improves
wave tank statistics, shown in the final two columns of Table Prediction, particularly in the 12-m seastate. Although accurate
We first note that these observed extrenqesak factors each results have been found for 20-min extremes, for the 14-m sea-

7.0 7.0

—0~ Average of Measured —O— Average of Measured
6.5 --~-Measured Incident Wave 6.5 1 --=-Measured Incident Wave

—&— Predicted from 4 Measured Moments —&— Predicted from 4 Measured Moments
6.0 8- Hybrid 60 | —&— Hybrid

Mean Peak Factor on Extreme Air Gap
Mean Peak Factor on Extreme Air Gap

Air Gap Channel Air Gap Channel

Fig. 3 Veslefrikk air gap response (peak factor in 3 h )—measurements versus analytical predictions at nine
different field points for two seastates; Hs=12 and 14 m
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state, results diverge for the longer 3-h seastate duration showrsupport was provided by the sponsors of Stanford University's
may be that more than four moments are necessary in this cas®uadiability of Marine Structure$RMS) program. The authors ac-
capture the behavior of the largest extremes. Physically, in thkieowledge the assistance received from Norsk Hydro, and espe-
more severe seastate, there may be some change in the waaky from Gudmund Kleiven for supplying the diffraction analy-
process, such as minor wave impact with the vessel at locatiasis results for the Troll semi-submersible.
other than those with air gap probes, which leads to a reduction in
the most extreme measured air gap events.
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